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“Great	things	have	little	beginnings.”	
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“Farming	is	a	profession	of	hope”	
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This	 section	 presents	 a	 review	 of	 literature	 on	 arable	 farming	 systems	 modelling	

beginning	with	the	concept	of	sustainable	agriculture	as	the	foundation	for	the	need	

for	innovative	and	multifunctional	agricultural	systems.	It	continues	with	a	review	on	

sustainable	 farm	 management	 practices	 in	 soil/nutrient,	 pest/weed,	 water,	

machinery/labour	management	and	crop	rotation	as	well	as	the	policies	such	as	the	

Common	 Agricultural	 Policy	 (CAP),	 which	 influence	 farming	 decision.	 Some	 of	 the	

challenges,	 opportunities,	 objectives,	 constraints	 and	 complexities	 in	 sustainable	

arable	 farming	as	well	as	 the	main	research	aim	and	objectives	are	presented.	The	

section	also	presents	a	review	of	mathematical	programming/modelling	approaches	

beginning	 with	 the	 choice	 of	 mathematical	 programming,	 specifically	 linear	

programming	based	approaches	as	a	means	of	modelling	and	testing	out	innovative	

farming	 systems.	 This	 is	 followed	 by	 a	 review	 of	 existing	 farm	 models	 to	 identify	

model	capability	gaps	and	continues	with	the	research	framework,	research	aim	and	

thesis	chapter	specific	research	questions,	 identified	research	data	needs	and	finally	

the	key	messages.	
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,'! /;! 0$T-0-,-17! *)+! 1+*! /+1+5-*! *'! ,'9-+*;! #)+1! $44! 9',*,! $1%! /+1+5-*,! '5! *)+!

23$9*-9+,! $3+! 9'1,-%+3+%P[! @3'0! $44! *)+! $/'>+! %+5-1-*-'1,L! -*! 9$1! /+! ,$-%! *)$*!

,.,*$-1$/4+!$73-9.4*.3+!,++F,!*'!23'0'*+!+1>-3'10+1*$4!G+9'4'7-9$4I!#+44U/+-17!'5!

,'9-+*;!'3!)'4-,*-9!$223'$9)!*'!5''%!23'%.9*-'1!#-*)!+9'1'0-9L! +1>-3'10+1*$4!$1%!

,'9-+*$4!7'$4,P!?.,*$-1$/4+!$73-9.4*.3+!-,!*).,!0.4*-5.19*-'1$4!GV',,-17!et	al.L!ABBDIP!

! 9-./0'(0,$"*10+2*20(0)"2"(/*&+07/'7". *

<)+! ,)-5*! 53'0! 9'1>+1*-'1$4! *'! $! 0'3+! ,.,*$-1$/4+! $73-9.4*.3+! -1>'4>+,! *)+!

$%'2*-'1! '5! ,.,*$-1$/4+! 0$1$7+0+1*Y$73'1'0-9! 23$9*-9+,P!?.,*$-1$/4+! 5$30-17!

23$9*-9+,!23'0'*+ !+55-9-+19;!-1!-12.*!.*-4-,$*-'1f +55-9-+19;!-1!*)+!.,+!'5!4$1%Y,'-4L!

5+3*-4-,+3L! #$*+3L! 2+,*-9-%+L! 4$/'.3! $1%! 0$9)-1+3;!G*+1! R+37+!et	 al.L! ABBBIP! (4,'L!

*)+3+!0.,*!/+!+55-9-+19;!-1!5$30!).,/$1%3;!23$9*-9+,!,.9)!$,!93'2!3'*$*-'1!$1%!,'-4!

*-44$7+P! <)+3+! $3+! 0+$,.3+,! '3! ,*3$*+7-+,L! #)-9)!9$1! /+! $%'2*+%! *'! +1,.3+!

,.,*$-1$/-4-*;! '5! $3$/4+! 5$30,!G<$-*! $1%! J'33-,L! ABBBIP! <)-,!,+9*-'1! *)+3+5'3+L!

5'9.,+,! '1! 23$9*-9+,L! #)-9)! +1)$19+! ,.,*$-1$/4+! -12.*! .,+ f +55-9-+1*! .,+! '5!

5+3*-4-,+3,L!2+,*-9-%+,L!#$*+3L!4$/'.3!$1%!0$9)-1+3;P!

:;:;:;: ! 9-./0'(0,$"*$0(<=.%'$*0(<*(-/+'"(/*20(0)"2"(/*0(<*1"+/'$'."+*-." *

d$1%!'3!,'-4!5'3!$73-9.4*.3+!-,!>+3;!-02'3* $1*!-1!$3$/4+!93'2!23'%.9*-'1!/+9$.,+ !*)+!

*;2+!'5!,'-4!'1!$!2$3*-9.4$3!4$1%L!$1%!*)+!4'9$*-'1!'5!*)+!4$1%!9$1!-154.+19+!*)+!4+>+4!

'3!*)+!,9)+%.4-17!'5!5$30!'2+3$*-'1,L!-12.*!.,+!$1%!;-+4%!'/*$-1+%!53'0!$1!$3$/4+!

,;,*+0P! S'#! *)+! 4$1%! -,! .,+%! 9$1! -02$9*! '1! *)+! 6.$4-*;! '5! *)+! 4$1%,9$2+! $1%!
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/-'%->+3,-*;! '3! -*,! +9',;,*+0! 5.19*-'1,! G8'3$1L! ABBAi! V'.1,+>+44!et	 al.L! ABBai!

(.%,4+;! et	al.L!ABBbIP!!H4+1%-11-17!GABB`I!5'.1%!*)$*!4$1%!.,+!-,! '1+! '5!*)+!0',*!

-02'3*$1*!5$9*'3,!*)$*!%+*+30-1+!,;,*+0U#-%+!,.,*$-1$/-4-*;P!?'-4!)+$4*)!'3!6.$4-*;!

9)$17+,!'>+3!*-0+!$,!$!3+,.4*!'5!1$*.3$4!+>+1*,!'3!).0$1!-02$9*!)'#+>+3L!-*!9$1!/+!

+1)$19+%! /;! 0$1$7+0+1*! $1%! 4$1%! .,+! 23$9*-9+,L! #)-9)! 5'9.,! 1'*! '14;! '1! *)+!

23'%.9*->-*;! 5.19*-'1! '5! ,'-4! /.*! '1! 0.4*-24+! 5.19*-'1,! '5! ,'-4! G8'3$1! $1%! l+-,,L!

ABBBi!8'3$1L!ABBAIP!!

O-*3'7+1!-,!*)+!0',*!%;1$0-9!1.*3-+1*! %.+!*'!-*,!/+-17!#$*+3!,'4./4+L!0'/-4+!

$1%!+$,-4;!4+$9)+%!-1!*)+!,'-4!$1%!$,!$!3+,.4*!)$,!*'!/+!$224-+%!$11.$44;!*'!+1,.3+!

+1)$19+%!$1%!,.,*$-1$/4+!;-+4%,!G%+!c-*L!C``AIP!O-*3'7+1!.,+!+55-9-+19;!GO=KIC!-,!

,-71-5-9$1*! -1! 9+3+$4! ,;,*+0,L! #)-9)! 23'>-%+! '>+3! bBg! '5! ).0$1! %-+*$3;! 1++%,P!

<)., L! *)+3+! ,)'.4%! /+! +55-9-+1*! 1.*3-+1*! 0$1$7+0+1*! *'! 3+%.9+! 1.*3-+1*! 4',,+,!

*)3'.7)! 4+$9)-17L!+3',-'1L!%+1-*3-5-9$*-'1L!$00'1-$ !$1%!1-*3'.,!'T-%+!>'4$*-4-,$*-'1!

G"-17L! C``Bi! M$,,0$1!et	 al.L! ABBAIP! "-17!GC``BI!3+9'00+1%+%! *)$*! 0$T-0-,-17!

1-*3'7+1!GOI!-12.*!*)3'.7)!/-'4'7-9$4!O!5-T$*-'1L!.*-4-k$*-'1!'5!*)+!1.*3-+1*,!23+,+1*!

-1! *)+! ,'-4!$1%! *)+!$/-4-*;! *'! 3+9;94+!1.*3-+1*,! 53'0! '55U5$30! ,'.39+,!9'.4%!0$F+!

$73-9.4*.3$4!,;,*+0,!0'3+!,.,*$-1$/4+P!H3'#-17!93'2,!*)$*!.,+!*)+!$224-+%!1.*3-+1*!

+55-9-+1*4;! 9$1! 3+%.9+! 1-*3$*+! 4+$9)-17L! '3! 9'>+3! 93'2,! 9$1! /+! 73'#1! *'! 3+%.9+!

1.*3-+1*!4',,!*)3'.7)!+3',-'1L!4+$9)-17!$1%!>'4$*-4-,$*-'1!G"-17L!C``Bi!<-40$1!+*!$4PL!

ABBAIP! M3'2! 3'*$*-'1,! $,! 2$3*! '5! *)+! -1*+73$*+%! 0$1$7+0+1*! 23$9*-9+,! )$,! /++1!

5'.1%! *'! +1)$19+! ,'-4! 5+3*-4-*;! $1%! -154.+19+! ,'-4! $773+7$*-'1L! /.4F! %+1,-*;L!

0-93'/-$4!/-'0$,,!$1%!#$*+3!-15-4*3$*-'1!$1%!+T*3$9*-'1!G@3$19-,!$1%!M4+77L!C``Bi!

8'74-'**-!+*!$4PL!ABBaIP!H3'#-17!94'>+3!93'2!$,!2$3*! '5!*)+!3'*$*-'1!9$1!3+%.9+!*)+!

-12.*! '5!5+3*-4-,+3!$,!#+44!$,!5$30!9',*! -1!$3$/4+!5$30-17! ,;,*+0,!Gc-44-$0,!et	al.L!

ABCBI!G,++!?+9*-'1!CPCPCP]!5'3!0'3+!/+1+5-*,!'5!93'2!3'*$*-'1I P!!!

:;:;:;> ! 9-./0'(0,$"*&"./*20(0)"2"(/*0(<*&"./'7'<"*-." *

:+,*,!,.9)!$,!#++%,!9'02+*+!#-*)!93'2,!5'3!,'-4!1.*3-+1*,L!#$*+3!$1%!,.14-7)*i!$1%!

'*)+3! 2+,*,! $1%! %-,+$,+,! $4,'! %+,*3';! 93'2,L! )+19+! 3+%.9+! *)+! ;-+4%! '3! ;-+4%!

2'*+1*-$4!'5!$3$/4+!93'2,P!Q*!-,!*).,!-02+3$*->+!*'!23+>+1*!'3!9'1*3'4!2+,*,!G#++%,L!

!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
C!O=K!-,!*)+!3$*-'! '5!5+3*-4-,+3!O!3+0'>+%!53'0!*)+!5-+4%!/;!*)+!93'2!$1%!*)+!$0'.1*!'5!5+3*-4-,+3!O!

$224-+%P!
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-1,+9*,L!5.17-L!3'%+1*,I!-1!$3$/4+!,;,*+0,P!<)+!1'30$4!23$9*-9+! '>+3!*)+!;+$3,!)$,!

/++1!*)+!.,+!'5!9)+0-9$4,!G2+,*-9-%+,!$1%!)+3/-9-%+,I!*'!9'1*3'4!2+,*,L!3+,.4*-17!-1!

2'44.*-'1! '5!#$*+3! ,'.39+,! '3! *)+!+1>-3'10+1*! Gc-&1$1%,L!C``Di!M$3>$4)'L!ABBbi!

KML! ABBDIP! <)+! K.3'2+$1! M'00-,,-'1m,! GKML! ABB_I!23'2',+%! ,*3$*+7;! *'! +1,.3+!

,$5+3! .,+! '5! 2+,*-9-%+,! /+9$0+!0$1%$*'3;! -1!ABC\!$1%!-*!3+6.-3+, !+$9)! 0+0/+3!

,*$*+! 93+$*-17! *)+! 9'1%-*-'1,! 1+9+,,$3;! 5'3! -024+0+1*-17! Q1*+73$*+%! :+,*!

J$1$7+0+1*!GQ:JI!,;,*+0 P!!

!<)+!Q:J! ,;,*+0 !23+,93-/+,!0-1-0.0 L!'3! ,' 0+*-0+,!1'! .,+! '5!9)+0-9$4, !'3!

23+>+1*,! *)+! .,+! '5! 9)+0-9$4,! #-*)! 9+3*$-1! $9*->+! -173+%-+1*,! '3! ,./,*$19+,!

Gc-&1$1%,L! C``Di! S-44'9F,L! ABCAIP!S-44'9F,!GABCAI! 23'>-%+%! ,'0+! 2',,-/4+! Q:J!

$4*+31$*->+,! *'! 2+,*-9-%+,P!Rn37+3!et	 al.! GABCAI! 5'.1%! *)$*! #-1*+3! #)+$*! 5-+4%,!

0$1$7+%! /;! Q:J! ,*3$*+7-+,!,.9)! $,! 4$*+! ,++%-17! $1%! 3+,-,*$1*! 9.4*->$3,! #+3+!

*3+$*+%! #-*)! 4'#+3! 2+,*-9-%+! -1*+1,-*;P!Q1*+73$*+%! c++%! J$1$7+0+1*! GQcJI! )$,!

$4,'!/++1!93+$*+%!$,!2$3*!'5!Q:J!*'!23'0'*+!,.,*$-1$/4+!#$;,!'5!0$1$7-17!#++%,!

GM)-F'#'! et	 al.L! ABB`i! :$3%'!et	 al.L! ABCBIP! N1+! '5! *)+! ,.,*$-1$/4+! 0+$1,! '5!

0$1$7-17!#++%,!$1%!2+,*,!#-*)!4+,,!'3!#-*)'.*!9)+0-9$4,!-,!*)3'.7)!93'2!3'*$*-'1!

*' !/3+$F!*)+!3+23'%.9*->+!9;94+! '5!%-,+$,+!2$*)'7+1,L!-1,+9*,!$1%!#++%,!G@3$19-,!

$1%!M4+77L!C``Bi!?$4$,,-!et	al.L!ABCaIP!<)+!.,+!'5!93'2!3'*$*-'1!#-*)!,23-17!93'2,!-,!

$4,'! /+-17!+19'.3$7+%!$,!1'1U9)+0-9$4!0+$1,!'5!9'1*3'44-17!#++%,!,.9)!$,!/4$9FU

73$,,!#)-9)! )$, !%+>+4'2+%!$1%!9'1*-1.+!*'!%+>+4'2!3+,-,*$19+!*'!0$1; !)+3/-9-%$4!

$9*->+! -173+%-+1*,! GJ',,! $1%! d.*0$1L! ABCaIP! !(4*)'.7)L! *)+! $%'2*-'1! '5! ,.9)!

,*3$*+7;! 9'.4%! 3+%.9+! $3$/4+! 5$30! 23'5-*! -1! *)+! ,)'3*! *+30L! -*! )$,! $! 4'17! *+30!

/+1+5-*!'5!3+%.9-17!#++%!-15+,*$*-'1!$1%!3+%.9-17!9)+0-9$4!9',*!G,++!M)$2*+3!\ IP!!!!!

:;:;:;? ! 9-./0'(0,$"*@0/" +*-."*0(<*'++')0/'%( *

c$*+3!-,!$!>+3;!-02'3*$1*!3+,'.39+!-1!$3$/4+!93'2!23'%.9*-'1!$1%!-1!$3+$,!'5!4'#!

3$-15$44,! '3! ,'-4,! #-*)! 2''3! #$*+3! 3+*+1*-'1!9$2$9-*;! -33-7$*-'1! -,! .,+%! *'!

,.224+0+1*! 3$-15$44P!N1+! ,*3$*+7;! '5! ,.,*$-1$/4+! #$*+3! .,+! -1! $3$/4+! 5$30-17!

, ;,*+0,!-,!/;! $9)-+>-17!-33-7$*-'1!+55-9-+19;!G,++!@-7.3+!CUC!5'3!2$*)#$;!*'!$9)-+>+!

-33-7$*-'1!+55-9-+19;I!*)3'.7)!+55-9-+1*!-33-7$*-'1!,9)+%.4-17P!Q33-7$*-'1!+55-9-+19;!-,!

$/'.*!2.**-17!*)+!3-7)*!$0'.1*!'5!#$*+3!' 1*'!93'2,!-1!*)+!3-7)*!24$9+!$1%!*)+!3-7)*!

*-0+! #-*)! 0-1-0$4! #$,*$7+! G"1'T! $1%! "$;L! ABB_IP!S'#+>+3L! $99'3%-17! *'!

(1$%3$1-,*$F-,!et	al.!GABBBI!5$9*'3,!,.9)!$,!$*0',2)+3-9!%+0 $1%!5'3!#$*+3!>$2'.3L!
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24$1*! *3$-*,! $1%! ,'-4! 9)$3$9*+3-,*-9,! ,)'.4%! /+! 9'1,-%+3+%! 5'3! 23'2+3! -33-7$*-'1!

,9)+%.4-17! *'! $9)-+>+! +55-9-+19;P! (/'.*! _Bg! '5! ="! 5$30+3,! .,+! &.%7+0+1*,! 1'*!

/$,+%! '1! 0+$,.3+0+1*,! -1! %+9-%-17! #)+1! *'! -33-7$*+L! /.*! ,.9)! &.%7+0+1*,! $3+!

23'1+! *'! 9'1,-%+3$*-'1! +33'3,! G8+53$L! ABCCi! J9R.31+;L! ABCCIP!@'3!93'2,! 4-F+!

2'*$*'+,L! 2''34;! *-0+%! -33-7$*-'1! 9$1! 3+,.4*! -1! 2'*$*'! 93'2,! %+>+4'2-17! ,9$/,i!

#)+3+$,! '>+3! -33-7$*-'1! 9$1! 9$.,+! #$,*$7+! '5! #$*+3L! 4$/'.3! $1%! +1+37;!

GJ$9F+33'1L! C``ai! S+,,! et	 al.L! ABB`IP!Q1!K174$1%L! %+0'1,*3$*-17! -33-7$*-'1!

+55-9-+19;! -,! 1'#! $! 3+6.-,-*+! 5'3! 3+1+#-17! -33-7$*-'1!#$*+3!$/,*3$9*-'1! 4-9+19+!

G"1'T!et	al.,!ABCAIP!!

!
?'.39+^!V+U%3$#1!53'0!"1'T!$1%!"$;!GABB_I!$1%!"1'T!et	al.!GABCAI!

@-7.3+!CUĈ !:$*)#$;!*'!$9)-+>+!-33-7$*-'1!+55-9-+19;!

:;:;:;A ! 9-./0'(0,$"*$0,%-+*0(<*2076'("+3*-." *

?.,*$-1$/4+!93'2!23'%.9*-'1!$4,'!%+2+1%,!'1!+55-9-+1*!4$/'.3!$1%!0$9)-1+3;!.,+!-1!

'3%+3! *'! $9)-+>+! *)+! %+,-3+%! ;-+4%,! $1%! 2',,-/4;! 3+%.9+! 9$3/'1! +0-,,-'1! G53'0!

0$9)-1+3;IP! <)-,! 9$1! /+! $9)-+>+%! *)3'.7)! /+**+3! F1'#4+%7+! '5! *)+! 23'%.9*-'1!

23'9+,,L!$!9'1,-%+3$/4+!0$1$7+0+1*!+55'3*!$1%!$1!+55-9-+1*!24$11-17! '3!*-0 -17!'5!

$44! 5$30! '2+3$*-'1,!G%+! c-*L! C`D`IP! (4,'L! 0+*)'%,! 5'3! -193+$,-17! 0$9)-1+3;!

+55-9-+19;! ,)'.4%! /+! +1)$19+%! $7$-1,*! -*,! %+*3-0+1*$4! +55+9*! '1! /-'%->+3,-*;!

GV'%3j7.+k! $1%! c-+7$1%L! ABB`IP! J$1$7+0+1*! 23$9*-9+,! $%'2*+%! /;! 5$30+3,! $,!

#+44! $,! *)+! 23+>$-4-17! #+$*)+3! 9'1%-*-'1,! $1%! ,'-4! *;2+! 9$1! $55+9*! 4$/'.3! $1%!

0$9)-1+3;! .,+! +55-9-+19;!-1!$3$/4+! ,;,*+0,! G:$3%'!et	al.L!ABCBIP!@'3!+T$024+L!*)+!

,'-4! *;2+!$1%!3$-15$44!9$1!$55+9*!*-0-17! '5!24'.7)-17!%.+!*'! *)+-3! -154.+19+! '1! *)+!

#'3F!3$*+!$1%!*)+!#'3F$/4+!)'.3,!$>$-4$/4+!*'!*)+!5$30+3P!K55-9-+1*!93'2!3'*$*-'1L!

=1%+3,*$1%-17!;'.3!,;,*+0 !

N2*-0-,+!2+35'30$19+!'5!;' .3!
-33-7$*-'1!1+*#'3F!$1%!+6.-20+1*!

8+0'1,*3$*+!o/+,*!23$9*-9+m!

B11'7'"(/*'++')0/'%( *

N2*-0-,+!;'.3!,'-4!$1%!#$*+3!
0$1$7+0+1*!23$9*-9+,!
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,'-4!0$1$7+0+1*L!#$*+3!0$1$7+0+1*!+*9P!9$1!-02$9*!2',-*->+4;!'1!+55-9-+1*!4$/'.3!

$1%!0$9)-1+3;!.,+!+55-9-+19;P!!:$3%'!et	al.!GABCBI!5'.1%!*)$*!5$30,!-024+0+1*-17!

3+%.9+%! *-44$7+! /+1+5-*! 53'0! 4'#+3! 4$/'.3! 3+6.-3+0+1*! $1%! V'%3-7.+k! $1%!

c-+7$1%!GABB`I!5'.1%!*)$*!0$9)-1+3;!+55-9-+19;!9'.4%!$4,'!/+!$9)-+>+%!#-*)!4'9$4!

'2+3$*'3,!'5!0$9)-1+3;!#)'!)$>+!0.9)!-15'30$*-'1!$/'.*!*)+!5$30!$3+$,P !

:;:;:;C ! D+%&*+%/0/'%(*0(<*.-./0'(0,$"*0+0,$"*7+%&*&+%<-7/'%(*

N>+3! *)+! ;+$3,L! 5$30+3,! #'34%#-%+! )$>+! 23$9*-,+%! 93'2! 3'*$*-'1! $1%! #-*)! *)+!

0;3-$%!/+1+5-*,!$,,'9-$*+%!#-*)!-*L!23'2+3!$1%!+55-9-+1*!93'2!3'*$*-'1!24$1,!9$1!/+!

>+3;! ,-71-5-9$1*! '3!2->'*$4! -1! ,.,*$-1$/4+!$3$/4+!5$30-17! ,;,*+0,P!<)+! /+1+5-*,! '5!

93'2! 3'*$*-'1! -1! 5$30-17! ,;,*+0,! )$>+! /++1! #+44! %'9.0+1*+%! G+P7P! @3$19-,! $1%!

M4+77L!C``Bi!8'74-'**-!et	al.L!ABBai!R$4%#-1L!ABBbi!?9)'1)$3*!et	al.L!ABCCi!(:VN8KWL!

ABCAi! ?$4$,,-!et	 alPL! ABCaIP! <)+,+! /+1+5-*,! 9.*! $93',,! $44! $,2+9*,! '5! *)+! 5$30-17!

,;,*+0 f 93'2! 3'*$*-'1! )$,! $73'1'0-9! $1%! +9'1'0-9! $,! #+44! $,! +1>-3'10+1*$4!

/+1+5-*,! $1%! $,! $! 3+,.4*! -154.+19+,! *)+! ,.,*$-1$/-4-*;! '5! $73-9.4*.3$4! ,;,*+0,!

GR$4%#-1L!ABBbi!?9)'1)$3*!et	al.L!ABCCi!(:VN8KWL!ABCAIP!Q1!*)+!9$,+!'5!,'-4!6.$4-*;L!

93'2!3'*$*-'1! )$,! *)+!2'*+ 1*-$4! *'! -193+$,+! *)+! ,'-4! '37$1-9!0$**+3L! ,'-4! ,*3.9*.3+!

-023'>+0+1*L!,'-4!%+73$%$*-'1!3+%.9*-'1L!*3$1,4$*-17!-1*'!4'17U*+30!)-7)+3!;-+4%,!

$1%!73+$*+3!5$30!23'5-*$/-4-*;!G(:VN8KWL!ABCAIP!M3'2!3'*$*-'1!$4,'!-154.+19+,!,'-4!

$773+7$*-'1L!/.4F!%+1,-*;L!0-93'/-$4!/-'0$,,!$1%!#$*+3!-15-4*3$*-'1!$1%!+T*3$9*-'1!

G@3$19-,!$1%!M4+77L!C``Bi!8'74-'**-!et	al.L!ABBaIP!<)+!-023'>+0+1*,!-1!,'-4!'37$1-9!

0$**+3!$4,'!)$>+!*)+!2'*+1*-$4!*'!3+%.9+!*)+!.,+!'5!,;1*)+*-9!5+3*-4-,+3L!#)-9)!-,!'1+!

'5!*)+!'/&+9*->+,!-1!,.,*$-1$/4+!$3$/4+!5$30-17!,;,*+0P!!M3'2!3'*$*-'1!9$1!/+!.,+%!

*'!9'1*3'4!#++%,L!2+,*,!$1%!%-,+$,+,!/;!/3+$F-17!*)+!3+23'%.9*->+!9;94+!'5!%-,+$,+,!

2$*)'7+1,L!-1,+9*,!$1%!#++%,!G@3$19-,!$1%!M4+77L!C``Bi!(:VN8KWL!ABCAi!?$4$,,-!et	

al.L!ABCai!SHM(L!ABC\IP!M3'2!3'*$*-'1!$4,'!-02$9*, !2',-*->+4;! '1!*)+!+1>-3'10+1*!

/;!3+%.9-17!73++1)'.,+!7$,!+0-,,-'1!GHSHI!$1%!#$*+3!2'44.*-'1L!$1%!-1!*+30,! '5!

+9'1'0-9!'3!5-1$19-$4!/+1+5-*,L!93'2!3'*$*-'1!$55+9*,!5$30!-19'0+!$1%!9',*!*)3'.7)!

9)$17+,!-1!;-+4%!$1%!-12.*!>$3-$*-'1!G?9)'1)$3*!et	al.L!ABCCi!(:VN8KWL!ABCAIP!!

(99'3%-17!*'!?9)'1)$3*! et	al.!GABCCI!%->+3,-5;-17!93'2,! )'#+>+3L!9$1!4-0-*!

+9'1'0-+,! '5! ,9$4+! $1%! 9$1! 3+,.4*! -1! 3+%.9*-'1,! -1! +T2+9*+%! 5$30! 1+*! 3+>+1.+,P!

O'*#-*),*$1%-17L!*)+! /+1+5-*,! '5!93'2!3'*$*-'1! ,.00$3-,+%!-1! @-7.3+!CUA!-1%-9$*+!!

*)+! -02'3*$19+! '5! 93'2! 3'*$*-'1! -1! ,.,*$-1$/4+! $3$/4+! 5$30-17! ,;,*+0,P! 8.+! *'!
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*)+,+! /+1+5-*,L! 93'2! 3'*$*-'1! )$,! +-*)+3! /++1! +T24-9-*4;! '3! -024-9-*4;! 0'%+44+%! -1!

5$30!0'%+4,!.,-17!%-55+3+1*!$223'$9)+,!*'!,.22'3*! *)+!%+9-,-'1!'5!5$30+3,!$,!#+44!

$,!2'4-9;!0$F+3,!$*!%-55+3+1*! ,9$4+,!G+P7P!K4UO$k+3!$1%!J9M$34L!C`_bi! (11+**,!$1%!

(.%,4+;L!ABBAi!V'.1,+>+44!et	al.L!ABBai!8+*4+5+,+1!$1%!X+1,+1L!ABBDi!?9)'1)$3*!et	

al.L! ABCCi! ?$4$,,-! +*! $4PL! ABCaIP! ! KT$024+,! '5! 93'2! 3'*$*-'1! 0'%+4,! $3+! VN<(<!

G8-74-'**-!et	 al.L! ABBaIL! VN<NV! GR$9)-17+3! $1%! l$1%+3L! ABBDI! $1%! M3'2V'*$!

G?9)'1)$3*!et	al.L!ABCCIP!

!
?'.39+^!R$,+%!'1!-15'30$*-'1!53'0!(:VN8KW!GABCAI!

@-7.3+!CUÂ !R+1+5-*,!'5!93'2!3'*$*-'1!!

!

:;:;:;E ! F%$'7'".* 0..%7'0/"<* @'/6* .-./0'(0,$"* 0)+'7-$/-+"4* D%22%(*
G)+'7-$/-+0$*F%$'73*HDGFI*+"1%+2.*

Q1!C`bAL!*)+!M(:!#$,!4$.19)+%!$,!$!2$3*1+3,)-2!/+*#++1!$73-9.4*.3+!$1%!,'9-+*;f

/+*#++1!K.3'2+!$1%!-*,!5$30+3,!*'!-023'>+!$73-9.4*.3$4!23'%.9*->-*;!-1! '3%+3!5'3!

9'1, .0+3,!*'!)$>+!,*$/4+!,.224;! '5!$55'3%$/4+!5''%!$1%!+1,.3-17!*)$*!K=!5$30+3,!

0$F+!$!3+$,'1$/4+!4->-17!GK=L!ABCAi!R$4$9+$1.L!ABCaIP!?-19+!-*,!4$.19)L!*)+!M(:!)$,!

.1%+37'1+!0$1;!3+5'30,!G,++!@-7.3+!CUa!5'3!$!,.00$3;!' 5!M(:!3+5'30,!53'0!C`bA!

*'! ABC]I! /;!0'>-17 !*)+!M(:!53'0!23'%.9*! *'!23'%.9+3! ,.22'3*!$1%!1'#!$!0'3+!

4$1%U/$,+%! $223'$9)L!#)-9) ! 23'>-%+,! ,$5+*;! 1+*! 5'3! 5$30+3,L! +1>-3'10+1*$4!

-1*+73$*-'1!-023'>+0+1*,!$1%!3.3$4!%+>+4'20+1*!,.22'3*!GK=L!ABCaIP!!

¥ ?'-4!,*3.9*.3+!
-023'>+0+1* !

¥ :+,*!$1%!%-,+$,+!
9'1*3'4!
+1)$19+0+1*!

¥ ?0$3*+3!1.*3-+1*,!
.,+ !

¥ c'3F4'$%!,23+$%-17!
'>+3!*-0+!

¥ H3++1)'.,+!7$,!
+0-,,-'1!3+%.9*-'1 !

¥ c$*+3!2'44.*-'1!
3+%.9*-'1!

¥ J-*-7$*-'1!'5!3-,F!'5!
#+$*)+3!9)$17+,!

¥ ?'-4!+3',-'1!
4-0-*$*-'1!

¥ V+%.9+%!)+$4*)!9$3+!
9',*, !

¥ K6.-*$/4+!
9'1*3-/.*-'1!*'!
74'/$4!5$30-17!
,;,*+0, !

¥ V+%.9+%!5$30!9',*,!
¥ Q193+$,+%!93'2!;-+4%!

$1%!5$30!23'5-*!

J0+2=G)+%(%2'7*
8"("1'/. *

B(#'+%(2"(/0$*
8"("1'/. *

B7%(%2'7*
8"("1'/. *

8"("1'/.*%1*D+%&*K%/0/'%(*
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?'.39+^!83$#1!#-*)!-15'30$*-'1!53'0 !8+53$!GABC\I !$1%!K=!GABCAL!ABCaI!

@-7.3+!CUa^!V+5'30,!*'!*)+! M'00'1!(73-9.4*.3$4!:'4-9;!G M(: I !

!

Q1! *)+!="L!$73-9.4*.3$4! ,.22'3*! *'!5$30+3,! -,!0$-14;!23'>-%+%!*)3'.7)! *)+!

M(:!GO-TL!ABC\IP!N1+!'5!*)+!0$&'3!3+5'30,!*'!*)+!M(:L!%+9'.24-17!#$,!-1*3'%.9+%!

-1! ABB]P! c-*)! *)-,! 3+5'30L! 5$30! 2$;0+1*! #$,! %+4-1F+%! 53'0! #)$*! #$,! /+-17!

23'%.9+%! '1! *)+!5$30!$1%!4+%!*'! *)+! -1*3'%.9*-'1! '5! *)+!?-174+! :$;0+1*!?9)+0+!

G?:?I!*'!,.22'3*!5$30!/.,-1+,,+,P!<)+!+4-7- /-4-*;!5'3!*)+!,-174+!2$;0+1*!#$,!4-1F+%!

*'! *)+! ?*$*.*'3;! J$1$7+0+1*! V+6.-3+0+1*,! $1%! F++2-17! *)+! 4$1%! -1! oH''%!

(73-9.4*.3$4!$1%!K1>-3'10+1*$4!M'1%-*-'1m!GO-TL!ABC\IP!Q1!*+30,! '5!93'2!3'*$*-'1L!

*)+!3+5'30!2',*!ABCa!3+6.-3+,!*)$*!'1!$1!$3$/4+!$3+$!/+*#++1!CB)$!$1%!aB)$!$1%!

$! 0-1-0.0! '5! *#'! 93'2,! $3+! 3+6.-3+%! GO-TL! ABC\IP! Q1! ABC]! *)+! ?-174+! @$30!

:$;0+1*! G?@:I! #$,! 3+24$9+%! #-*)! *)+! R$,-9! @$30! :$;0+1*L! #)-9)! -194.%+,! *)+!

o73++1-17m!3.4+,!*'!23'0'*+!93'2!%->+3,-5-9$*-'1!G8+53$L!ABC\i!V:(L!ABC]L!ABCbIP!!
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! D60$$"()".L* %&&%+/-('/'".L* %,M"7/'#".L* 7%(./+0'(/.L* 7%2&$"N'/'".* 0(<*
/+0<"O%11.*"N02&$".*'(*.-./0'(0,$"*0+0,$"*10+2'()*.3./"2.* *

c-*)! *)+! 5'9., ! '5! ,.,*$-1$/4+! $73-9.4*.3+! /+-17! -193+$,-17! 23'%.9*->-*;! G5''%!

23'%.9*-'1! $1%! 23'5-*$/-4-*;I! #)-4+,! 3+%.9-17! -*,! -02$9*! '1! *)+! +1>-3'10+1*! $,!

#+44!$,!,+3>-17!$,!$!,'.39+!'5!4->+4-)''%!+,2+9-$44;!-1!3.3$4!$3+$,L!*)+!'22'3*.1-*-+,!

$,,'9-$*+%!#-*)!,.,*$-1$/4+!5$30-17!,;,*+0,!9$1!/+!,$-%!*'!-194.%+!*)+!23'>-,-'1!'5!

+9',;,*+0! ,+3>-9+,L! -023'>+0+1*,! -1! +1>-3'10+1*$4! 6.$4-*;! -1%-9$*'3,! ,.9)! $,!

#$*+3!6.$4-*;L!$1%!*)+!23'>-,-'1! '5!&'/,!$1%!-023'>+0+1*,!-1!*)+!3.3$4!+9'1'0;P!

<).,!- 1!*)+!="L!*)+!+0+37+19+!'5!*)+!,.,*$-1$/4+!%+>+4'20+1*!9'19+2*!)$,!%3->+1!

*)+! 1++%! 5'3! $! 0'3+! ,.,*$-1$/4+! $73-9.4*.3+! '3! 5$30-17! ,;,*+0,L! #)-9)! $3+!

+1>-3'10+ 1*$44;! '3! +9'4'7-9$44;! 3+,2'1,-/4+! $1%! ,*-44! 23'%.9+! $55'3%$/4+! 5''%!

Gd->-17! M'.1*3;,-%+L! ABC\IP! Q1! ABBAL! *)+! ="! ?.,*$-1$/4+! @$30-17! $1%! @''%!

?*3$*+7;! G?@@?I! #$,! 2./4-,)+%! $1%! *)+! '>+3$44! $-0! '5! *)+! ,*3$*+7;! 9'1,-,*,! '5!

+9'1'0-9,L!,'9-$4!$1%!+1>-3'10+1*$4!'.*9'0+,!G,.00$3-,+%!-1 !@-7.3+!CU\ I!G8+53$L!

ABBAi!ABBbIP!c-*)!5$30+3,!,++1!$,!9.,*'%-$1,!'5!*)+!5$30!+1>-3'10+1*L!,./,-%-+,!

G5$30!2$;0+1*,I!3+9+->+%! /;!$3$/4+!5$30+3,! -1! *)+!="!$,!2$3*! '5! *)+! ,.,*$-1$/4+!

5$30-17! ,*3$*+7;L! )$>+! /++1! 4-1F+%! *'! *)+! ,$*-,5$9*-'1! '5! ?*$*.*'3;! J$1$7+0+1*!

V+6.-3+0+1*,! $1%! F++2-17! '5! 5$304$1%! -1! H''%! (73-9.4*.3$4! $1%! K1>-3'10+1*$4!

M'1%-*-'1! GO-T! ABC\IP! (1! $3$/4+! 5$30! -1! *)+! ="! )$,! *'! $9)-+>+! ,.,*$-1$/-4-*;! /;!

-1*+73$*-17! +9'1'0-9L! +9'4'7-9$4! $1%! ,'9-$4! $,2+9*,! '5! ,.,*$-1$/-4-*;L! '3! -1! '*)+3!

#'3%,! $! ,.,*$-1$/4+! $3$/4+! 5$30! -1! *)+! ="! 0.,*! 9'0/-1+! /'*)! +9'1'0-9! $1%!

+1>-3'10+1*$4!7'$4,!#-*)'.*!4',-17!,-7)*! '5!,'9-$4!$,2+9*,! GQF+3%!et	al.L!C``_i!%+1!

R-77+4$$3!$1%!?.>+%-L!ABBBIP!
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!
?'.39+^!R$,+%!'1!-15'30$*-'1!53'0!8+53$!GABBAi!ABBbI!

@-7.3+!CU\ ^!N.*9'0+,!'5!*)+!="!?.,*$-1$/4+!@$30-17!$1%!@''%!?*3$*+7;!G?@@?I!

!

S'#+>+3L!*)+!9'154-9*-17!1$*.3+! '5! ,-0.4*$1+'.,4;!$9)-+>-17!*)+!+9'1'0-9L!

+1>-3'10+1*$4! $1%! ,'9-$4! '/&+9*->+,! -1! ,.,*$-1$/4+! 5$30-17! ,;,*+0,! 2',+! /-7!

9)$44+17+,! G:$11+44L! C``L̀!H'%53$;!et	 al.L! ABCBIP! K9'1'0-9$44;L! $! ,.,*$-1$/4+!

5$30-17!,;,*+0!,)'.4%!/+ !$/4+!*'!23'>-%+!,.,*$-1$/4+!-19'0+!*'!5$30+3,!*)3'.7)!

*)+! 23'>-,-'1! '5! ,.,*$-1$/4+! 93'2! ;-+4%! 4+>+4,P! S'#+>+3L! *'! 3+%.9+! *)+!

+1>-3'10+1*$4! -02$9*L! *)+3+! -,! *)+! 1++%! 5'3! +55-9-+1*! -12.*! .,+L! #)-9)! 0$;!

,'0+*-0+,!3+6.-3+!3+%.9*-'1!-1!-12.*,!,.9)!$,!5+3*-4-,+3,!$1%!9)+0-9$4L!#)-9)!$3+!

.,+%! *'! ,$5+7.$3%! 93'2! ;-+4%! +>+1! -1! 4-7)*! '5! ,'-4! 5+3*-4-*;! $1%! #++%! -15+,*$*-'1!

23'/4+0,P!<).,! +1>-3'10+1*$44;L! *)+!9)$44+17+! -,! *'! 3+%.9+!+T*+31$4-*-+,! ,.9)! $,!

1-*3$*+! 4+$9)-17! $1%! %-55.,+! 2'44.*-'1! #)-4+,! 0$-1*$-1-17! ;-+4%! 4+>+4,! *'! 23'>-%+!

,*$/4+!-19'0+!5'3!5$30+3,P!<)+!23-0$3;!$-0!'5!5$30-17!-,!*'!23'%.9+!5''%!$1%!*).,!

$! ,.,*$-1$/4+!5$30-17! ,;,*+0! ,)'.4%!/+!$/4+!*'!23'>-%+!5''%!*'!5++%!*)+!73'#-17!

2'2.4$*-'1P!!

<)+! #'34%m,! 2'2.4$*-'1! 23'&+9*+%! *'! -193+$,+! /;! a\g! /;! AB]BL! *)+!,'9-$4!

9)$44+17+!-1!,.,*$-1$/4+!5$30-17!-,!*'!23'%.9+!+1'.7)!5''%!*'!+1,.3+!5''%!,+9.3-*;!

5'3!73'#-17!2'2.4$*-'1!#)-4+,!-023'>-17!-19'0+,!4+>+4,! '5!5$30+3,!$1%!3+%.9-17!

+1>-3'10+1*$4!-02$9*P!c-*)!,*$71$1*!;-+4%!2'*+1*-$4!/+-17!*)+!0$-1!-02+%-0+1*!'5!

B7%(%2'7*P-/7%2". *
¥ @$30-17!,+9*'3!5'9.,+%!'1!*)+!

0$3F+*L!,.99+,,5.4!$1%!0'3+!
+55-9-+1*!23'%.9*-'1! '5!5''%!
$1%!1'1U5''%!93'2,!*'!)+42!
+1)$19+!*)+!-19'0+,!'5!
9'02+*-* ->+!5$30!/.,-1+,,P!

¥ H3+$*+3!+55-9-+19;!'5!*)+!*'*$4!
5''%!9)$-1P!

¥ V+%.9+%!/.3%+1!'1!*$T2$;+3,!
$1%!*)+!3+,*!'5!*)+!+9'1'0;P!

!

B(#'+%(2"(/0$*P-/7%2". *
¥ V+%.9+%!+1>-3'10+1*$4!9',*!

'5!5''%!9)$-1P!
¥ R+**+3!.,+!'5!1$*.3$4!

3+,'.39+,P!
¥ Q023'>+%!4$1%,9$2+!$1%!

/-'%->+3,-*;P!

9%7'0$*P-/7%2". *
¥ R+**+3!2./4-9!)+$4*)L!

2$3*-9.4$34;!*)3'.7)!-023'>+%!
1.*3-*-'1!$1%!#'3F24$9+!)+$4*)!
$1%!,$5+*;P*

¥ S-7)+3!$1-0$4!)+$4*)!$1%!
#+45$3+P*

¥ J'3+!9')+,->+!$1%!23'%.9*->+!
9'00.1-*-+,P *

QR*
9-./0'(0,$" *
J0+2'() *S*

J%%<*
9/+0/")3 *
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$3$/4+!5$30-17!,;,*+0,!.1%+32-11+%!/;!,.,*$-1$/4+!$73-9.4*.3$4!23-19-24+,!G<-40$1!

et	al.L!ABBAIL!*)+!6.+,*-'1!-,!)'#!9$1!*)+!73'#-17!2'2.4$*-'1!/+!5+%!G'3!+1,.3+!5''%!

,+9.3-*;I! #-*)! 5$30-17! ,;,*+0,! .1%+32-11+%! /;! ,.,*$- 1$/4+! $73-9.4*.3$4!

23-19-24+,p! @'3! +T$024+L! )'#! 9$1! 9+3+$4,! G+P7P! #)+$*I! /+! 23'%.9+%! #-*)! 4+,,!

$224-9$*-'1! '5!1-*3'7+1!GOI!5+3*-4-,+3!$1%!9)+0-9$4,L!#)-9)!$3+!>-*$4!-1!$3$/4+!93'2!

23'%.9*-'1p! V+%.9-17! 1-*3'7+1! $224-9$*-'1! #-44! 3+%.9+! ;-+4%! $1%! $224;-17! 0'3+!

1-*3'7+1!-1!'3%+3!*'!-193+$,+!;-+4%!9$1!9$.,+!1-*3$*+!4+$9)-17L!#)-9)!2'44.*+,!#$*+3!

,'.39+,! $1%! +>+1*.$44;! $55+9*! $6.$*-9! /-'%->+3,-*;P! (4,'L! 3+%.9-17! 9)+0-9$4! -12.*!

9'.4%!4+$%!*'!4'#+3!;-+4%!4+>+4,!%.+!*'!#++%!-15+,*$*-'1P!<).,!*)+! '>+3$44!-,,.+!-1!

,., *$-1$/4+! 5$30-17! -,! *)+! ,-0.4*$1+'.,! $9)-+>+0+1*! '5! 9'154-9*-17! +9'1'0-9L!

+1>-3'10+1*$4! $1%! ,'9-$4! '/&+9*->+,L! #)-9)! $3+! *)+0,+4>+,! 9'1,*3$-1*,! *'! '1+!

$1'*)+3 !$1%!-193+$,+!*)+!9'024+T-*-+,!-1!,.,*$-1$/4+!5$30-17!,;,*+0,P!

?'0+! '5! *)+! 5$30+3,m! '/&+9*->+,! -1!,.,*$-1$/4+! $3$/4+! ,;,*+0,! $3+!

0$T-0-,-17! 23'5-*L!0-1-0-,-17! 3-,F! $,,'9-$*+%! #-*)! %-55+3+1*! 93'22-17! ,;,*+0,L!

%+$4-17! #-*)! 93'2! 0$1$7+0+1*! 9'024+T-*-+,L!0$T-0-,-17! '37$1-9! 0$**+3! GNJI!

/$4$19+L!0-1-0-,-17! 4$/'.3! 9',* !$1%!0-1-0-,-17! 1-*3'7+1! 4',,+, ! *)3'.7)! 1 -*3$*+!

4+$9)-17P! <).,L! *)+! $3$/4+! 5$30-17! '/&+9*->+! 9'.4%! /+! )-7)! 5-1$19-$4! 3+*.31! $1%!

+1>-3'10+1*$4! 7'$4,! *'! ,$5+7.$3%! *)+! ,.,*$-1$/-4-*;! '5! *)+! ,;,*+0! GH3''*!et!al.L!
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# )+3+$,!d:!23'%.9+,!$!,-174+! '2*-0$4!,'4.*-'1P!<)+3+!$3+!*)3++!0$-1!$223'$9)+,!

!"# $%& $' () *) $$$$$$$$$$$$$$$$$$$$$$$$

+

) , -

!

' . /0* 0 1 2/$$$$$$$$$$$$$/ & 3$45$6
7

0&3

!

* 0$8 9$$$$$$0& 3$45$7$$$$$!
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! !

AC!

*'! ,'4>-17! 4-1+$3! Q:! 23'/4+0,!GH+1'>$! $1%! H.4-$,)F-L! ABCCI^! 9.**-17! 24$1+,!

$223'$9)L! #)-9)! -,! $1! $47'3-*)0 ! /$,+%! '1! 2'4;)+%3$4! 9'0/ -1$*'3-9,L! *)+!

+1.0+3$*->+! $223'$9)+,! G/3$19)U$1%U/'.1%L! /3$19) U$1%U9.*! $1%! /3$19)U$1%U

23-9+I!$1%!*)+!3+4$T$*-'1!$1%!%+9'02',-*-'1!$223'$9)+,P!(99'3%-17!*'!"$-,+3!$1%!

J+,,+3! GABCCI!*)+! /3$19) U$1%U/'.1%!$223'$9)! -, !*)+!0',*! +55+9*->+!Q:! ,'4.*-'1P!

c-*)! *)+! /3$19) U$1%U/'.1%L! *)+! 0$T-0.0! 2+39+1*$7+! +33'3! +,*-0$*+%! /$,+%! '1!

*)+! .22+3!$1%!4'#+3! /'.1%! '2*-0$4! ,'4.*-'1,!7->+!0$T-0.0!2',,-/4+!+33'3!G,++!

"$-,+3! $1%! J+,,+3! GABCCI! 5'3! *)+! ,*+2,! -1>'4>+%! -1! *)+! /3$19)U$1%U/'.1%!

$223'$9)IP!Q:!GJQ:I!$223'$9)+,!)$>+!/++1!$224-+%!-1!5$30-17!,;,*+0,!'3!4$1%!.,+!

0'%+44-17!G+P7P!J$F'#,F-!et	al.L!ABBCi!W-$77-!et	al.L!ABCBi!M''F+!et	al.L!ABCaIP!<)+!

0'%+4!%+,93-/+%!-1!M)$2*+3!a!.,+,!$1!JQ:!$223'$9)P!

! 5-$/' O7+'/"+'0*<"7'.'%( *20U'()*H5D!5I* *

Q1!,.,*$-1$/4+! $3$/4+!5$30-17!,;,*+0,L!5$30+3,!G%+9-,-'1!0$F+3,I!1'30$44;!)$>+!*'!

0$F+!*3$%+U'55,!$0'17!%-55+3+1*!7'$4,!'3!'/&+9*->+,P!@'3!+T$024+L!$1!$3$/4+!5$30+3!

-,! 5$9+%! #-*)! 0.4*-24+! 7'$4,! '5! 0$T-0-,-17! 23'5-*,L! 0-1-0-,-17! 3-,F,L! 3+%.9-17!

1-*3$*+!4+$9)-17!$1%!)+3/-9-%+!.,+P!N1+!'5!*)+!*''4,!$/4+!*'!9$2*.3+!*)+,+!%-55+3+1*!

7'$4,!,-0.4*$1+'.,4;!-,!*)+!JM8J !$223'$9) P!?9)1-+%+3&$1,!GC``]I !%+5-1+%!JM8J!

$,!$!Z0+$1,!*'!,'4>-17!%+9-,-'1!23'/4+0,!*)$*!-1>'4>+!0.4*-24+!'/&+9*->+,[P!!JM8J!

0'%+4,! #+3+! %+>+4'2+%! *'! %+$4! #-*)! *)+! ,-174+! '/&+9*->+! 4-0-*$*-'1,! '5!

23'73$00-17! 0'%+4,! ,.9)! $,! d:! GN74+*)'32+L! ABCBIP! KT$024+,! '5! JM8J!

$223'$9)+,! $3+! 0.4*-24+! '/&+9*->+! 23'73$00-17! GJN:IL! 9'023'0-,+!

23'73$00-17!GM:I!$1%!7'$4!23'73$00-17!GH:IP!!

(99'3%-17!*' !K4UH$;$3!$1%!d+.17!GABBCI!JN:! -,!3+9'00+1%+%!#)+1! *#'!

'/&+9*->+,!$3+!/+-17!9'1,-%+3+%L!)'#+>+3L!M:!-,!3+9'00+1%+%!#)+1!*)+!1.0/+3!'5!

'/&+9*->+,! -,! 73+$*+3! $1%! *$37+*,! $3+! .1F1'#1! /+9$.,+! -*! ,+$39)+,! 5'3! $! /+,*!

9'023'0-,+%!,'4.*-'1!$0'17!*)+!+55+9*->+!,'4.*-'1,!$1%!23+,+1*,!-*!*'!*)+!24$11+3P!

H'$4!23'73$00-17!GH: I !'1! *)+! '*)+3! )$1%! -,! $224-+%! -1!$! ,-*.$*-'1! -1!#)-9)! *)+!

%+9-,-'1! 0$F+3! 5$9+,! 0.4*-24+! 7'$4,! /+9$.,+! -*! '2*-0-,+,! 0.4*-24+! 7'$4,!

,-0.4*$1+'.,4;! /;! 0-1-0-,-17! *)+! %+>-$*-'1,! -1! *)+! 4+>+4,! '5! *$37+*,!

G?9)1-+%+3&$1,L! C``]i! K4UH$;$3! $1%! d+.17L! ABBCi! "$-,+3! $1%! J+,,+3L! ABCCIP! H:!

%'+,! *)-,! *)3'.7)! *)+! ,.00$*-'1! '5! 2',-*->+! $1%! 1+7$*->+! %+>-$*-'1! >$3-$/4+,!



!
! !

AA!

$44'#-17! 5'3! +-*)+3! '>+3! '3! .1%+3! $9)-+>+0+1*!'5! 7'$4,! G,++! "$-,+3! $1%! J+,,+3L!

ABCCIP!

c-*)!H:L!7'$4,! $3+!,2+9-5-+%!'3!*$37+*,!$3+!,+*!$1%!*)+!H:!,'4.*-'1!7->+,!*)+!

'2*-0.0!,'4.*-'1!94',+!*'!*)+!*$37+*!'3!7'$4,P! <)+!2',,-/-4-*;!'5!.1%+3$9)-+>+0+1*!

'5!$!0$T-0-,$*-'1!7'$4!*$37+*!'3!*)+!'>+3$9)-+>+0+1*!'5!0-1-0-,$*-'1!7'$4!*$37+*,!

-,! ,'0+*-0+,! ,++1! $,! $! 4-0-* $*-'1! '5! *)+! H:! $223'$9)P! O'*#-*),*$1%-17L!H:! )$,!

/++1! $224-+%! +T*+1,->+4;! -1! $73-9.4*.3+! $1%! 4$1%! .,+! 24$11-17! '3! 0'%+44-17!G+P7P!

<$0-k! et	al.L!C``_i!<-#$3-!et	al.L!C```i!K4UH$;$3!$1%!d+.17L!ABBCi!*+1!R+37+!et	al.L!

ABBBi! N74+*)'32+L! ABCBIP!Q1! M)$2*+3! \! $!0-T+%U-1*+7+3!#+-7)*+%! 7'$4U

23'73$00-17!0'%+4!-,!$224-+%!*'!-1>+,*-7$*+!+55+9*!'5!9'1*3'44-17!/4$9FU73$,,!#-*)!

,23-17!93'22-17!'1!5$30!23'5-*P!

! F%.'/'#"*50/6"20/'70$*&+%)+022'()*HF5FI *

<)+! :J:! -,! $1!$223'$9)! -1*3'%.9+%! /;!S'#-**! GC``]I !*'! 9$4-/3$*+!23'73$00-17!

0'%+4,P!<)+!+0+37+19+!'5!*)+!:J:!#$,!%.+!*'!*)+!5$9*!*)$*!*)+!23+%-9*->+!$99.3$9;!

'5! +$34;! +T24-9-*! 0'%+4,! #$,! 5'.1%! *'! /+! 4-0-*+%L! 4$9F! '5! >$4-%$*-'1! '5! +T-,*-17!

0'%+4,!GS+9F+4+-!$1%!R3-*kL!ABB]I !$1%!-*,!2'2.4$3-*;!-,!%.+!*'!*)+!5$9*!*)$*!-*!9$1!/+!

9'1,*3.9*+%! 53'0! 0-1-0$4! %$*$! ,+*!GS'#-**L! C``]I P! :J:! 0$F+,! ,.224;! 3+,2'1,+!

$73-9.4*.3$4! 0'%+4,! 0'3+! 3+$4-,*-9! /;! $44'#-17! 2+35+9*! 9$4-/3$*-'1! *'! '/,+3>+%!

/$,+%! ;+$3! $1%! $>'-%-17! *)+! 23'>-,-'1! '5! $! 0'3+! ,0''*)! ,-0.4$*-'1! 3+,2'1,+!

9'02$3+%!*'!d:!0'%+4,! GS+40-17L!ABB]i!S+9F+4+-!et	al.L!ABCAIP!( 99'3%-17!*'!M''F+!

et	 al.! GABCaI! ,'0+! $,2+9*,! '5! *)+! ,;,*+0! *)$*! $3+! %-55-9.4*! *'! 6.$1*-5;! 0$;! 7+*!

-19'32'3$*+%!-1!*)+!+33'3!*+30!-1!:J:!0'%+4,!)'#+>+3L!*)-,!4-0-*,!*)+!$/-4-*;!'5!*)+!

0'%+4! *'! 0$F+! 23+%-9*-'1,! '5! *)+! 3+5+3+19+! %$*$P! :J:! 9$4-/3$*-'1! ,*$3*,! #-*)! $1!

'2*-0-,$*-'1! d:! 23'/4+0P! <)+! *#'! ,*+2,! '5! 0'%+4! 9$4-/3$*-'1! .,-17! :J:! -,!

,.00$3-,+%!$, !5'44'#,!G,++!S+9F+4+-!$1%!R3-*kL!ABBBi!S+9F+4+-!$1%!R3-*kL!ABB]I^!

?*+2!C^!<)+!d:!0'%+4!-,!+T*+1%+%!/;!$%%-17!9$4-/3$*-'1!9'1,*3$-1*,!#-*)!$,,'9-$*+%!

%.$4!>$4.+,P!?*+2!A^!<)+!%.$4!>$4.+,! '5! *)+!9'1,*3$-1*,!$3+!+024';+%!*'! ,2+9-5;!$!

1'1 U4-1+$3!'/&+9*->+!5.19*-'1!*'!0$F+!*)+!0$37-1$4!9',*!'5!*)+!23+5+3$/4+!$9*->-*-+,!

+6.$4!*'!*)+-3!3+,2+9*->+!23-9+,!$*!*)+!/$,+!;+$3P!KT$024+,!'5!:J:!$224-9$*-'1!9$1!

/+! 5'.1%! -1! S'#-**! GC``]I i! S+9F+4+-! $1%! R3-*k!GABBBIi! :3+9F+4!et	 al.!GABBAI!$1%!

S+9F+4+-!et	al.!GABCAIP!



!
! !

Aa!

! K'.U*&+%)+022'()*HKFI *

<)+!+T-,*+19+!'5!3-,F!-1!$3$/4+!5$30-17!,;,*+0,!-154.+19+!5$30+3,m!%+9-,-'1!0$F-17!

$1%! %.+! *'! *)+! 3-,FU$>+3,+! 1$*.3+! '5! $3$/4+! 5$30+3,L! *)+;! 1'30$44;! 9)'' ,+! 5$30!

24$1,! *)$*!23'>-%+!$! ,$*-,5$9*'3;!4+>+4! '5! ,+9.3-*;!GS$k+44!$1%!O'3*'1L!C`_bIP!@'3!

-1,*$19+L!$1!$3$/4+!5$30+3!0$;!9)'',+!93'22-17!,;,*+0,!#)-9)!$3+!4+,,!3-,F;!'>+3!

*)',+!#)-9)!$3+! 3-,F-+3!G+P7P!2'*$*'!23'%.9*-'1IP!V-,F!23'73$00-17! 0'%+4,!$224-+%!

-1! 5$30-17! ,;,*+0! 0'%+44-17! -194.%+! 6.$%3$*-9! 3-,F! 23'73$00-17L! sV:! G0+$1U

>$3-$19+! $1$4;,-,IL! 0-1-0-,$*-'1! '5! *'*$4! $/,'4.*+! %+>-$*-'1! GJN<(8! '3! *$37+*!

JN<(8IL!9)$19+ U9'1,*3$-1+%!23'73$00-17!$1%!%-,93+*+!,+6.+1*-$4!23'73$00-17!

G"$-,+3!$1%!J+,,+3L!ABCCIP!<)+!0',*!V:!$224-9$*-'1,! -1!$73-9.4*.3+!$3+! /$,+%! '1!

*)+! JN<(8! '3! *)+! 0+$1 U>$3-$19+! %+9-,-'1! 93-*+3-$!G<$.+3L! C`_aIP! JN<(8! #$,!

%+>+4'2+%!$,!$1!$223'T-0$*-'1! '5!+T2+9*+%!>$4.+ U>$3-$19+!GS$k+44L!C`DCI!$1%!-*,!

,'4.*-'1!9$1! /+!7+1+3$*+%!/;!d:!$47'3-*)0,! GJ9M$34!$1%!t1$4L!C`_`IP!Q1!JN<(8L!

4-1+$3!$223'T-0$*-'1!'5!+T2+9*+%!>$3-$/-4-*;!-,!.,+%!-1,*+$%!'5!1'1U4-1+$3!>$3-$19+U

9'>$3-$19+!0+$,.3+!'5!3-,FP!<)+!'/&+9*->+!5.19*-'1!-,!4-1+$3-k+%!*)3'.7)!*)+!.,+!'5!

0+$1!$/,'4.*+!%+>-$*-'1!GJ(8I! GS$k+44!$1%!O'3*'1L!C`_bi!(%+,-1$!$1%!N.$**$3$L!

ABBBIP!(4*)'.7)!*)+! 4-1+$3!$223'T-0$*-'1!0$;!/+! 4+,,!+55+9*->+!*)$1!#-*)!6.$%3$*-9!

23'73$00-17! G"$-,+3!$1%!J+,,+3L!ABCCIL!-1!,'0+!-1,*$19+,!#)+3+!*)+!+1*+323-,+!

-19'0+! %-,*3-/.*-'1,! $3+! ,F+#+%L! *)+! J(8! 0$;! '.*2+35'30! ,$024+! >$3-$19+! -1!

6.$%3$*-9!23'73$00-17!GS$k+44!$1%!O'3*'1L!C`_bi!(%+,-1$!$1%!N.$**$3$L!ABBBIP!!

JN<(8!3 +,.4*,!$3+!1'*! ,+9'1%U%+73++! ,*'9)$,*-9!%'0-1$1*A!$1%!$,!$!3+,.4*!

<$.+3!GC`_aI!%+>+4'2+%!*)+!*$37+*!JN<(8L!$!*#' U$**3-/.*+!3-,F!$1%!3+*.31!0'%+4L!

#)-9)! )$,! $%%-*-'1$4! 9'1,*3$-1*! *)$*! ,+*,! $! *$37+*P!O'*#-*),*$1%-1 7L!JN<(8! )$,!

/++1! .,+%! +T*+1,->+4;!*'! 0'%+4! 3-,F! -1!5$30-17! ,;,*+0,! +,2+9-$44;! -1! ,-*.$*-'1,!

#)+3+! ,'4>+3,!5'3!6.$%3$*-9!23'73$00-17!$3+!1'*!$>$-4$/4+!'3!%-55-9.4*! *'! '/*$-1P!

KT$024+,!'5!JN<(8!$1%!'*)+3!V:!0'%+4!$224-9$*-'1,!-1!5$30-17!,;,*+0!0'%+44-17!

9$1!/+!5'.1%!-1!8'3#$3%!GC``` Ii !(%+,-1$!$1%!N.$**$3$!GABBBI!$1%!@4$*+1!$1%!d-+1!

GABBDIL!N*)+3,!9$1!/+!5'.1%!-1!J$3*-1,!$1%!J$36.+,!GABBDIL!W-,$7-+!et	al.!GABBDI!

!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
A!=1%+3!*)+!?+9'1%U%+73++!?*'9)$,*-9!8'0-1$19+!G??8I!9'19+2*L!$!%+9-,-'1!0$F+3m,!9)'-9+!/+*#++1!*#'!3-,F;!

$4*+31$*->+,! -,! 23+%-9*+%! #-*)'.*! $! 23-'3! F1'#4+%7+! '5! *)+! %+9-,-'1! 0$F+3m,! .*-4-*;! 5.19*-'1! +T9+2*! *)$*! -*!

%-,24$;,! 3-,F! $>+3,-'1P! <)+! 1+9+,,$3;! $1%! ,.55-9-+1*! 9'1%-*-'1,! '1! *)+! *#'! 3-,F;! 23',2+9*,! $3+! 23'>-%+%! -1!

'3%+3!5'3!'1+!*'!/+!23+5+33+%!'3!-1%-55+3+1*!*'!*)+!'*)+3!/;!$44!3-,F!$>+3,+!%+9-,-'1!0$F+3,!GJ+;+3L!C`DDIP!

!
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A\ !

$1%!M''F+! et	al.!GABCaIP!Q1!M)$2*+3!]!$!0-T+%U-1*+7+3!JN<(8!0'%+4!-,!$224-+%!*'!

-1>+,*-7$*+!$3$/4+!5$30+3,!3-,F!$>+3,-'1!-1!K174$1%P!

! !3(02'7=+"7-+.'#"*&+%)+022'() *

<)+! %;1$0-9! 1$*.3+! '5! ,'0+! $,2+9*,! '5! $3$/4+! 5$30-17! )$,! -154.+19+%! *)+!

%+>+4'20+1*! $1%! $224-9$*-'1! '5! %;1$0-9! 23'73$00-17! G8:IP! 8;1$0-9!

23'73$00-17 !-,! .,+%! *'! ,'4>+!4$37+!$1%!9'024-9$*+%!23'/4+0,!/;!%->-%-17! *)+0!

-1*'!,0$44+3!,./ U23'/4+0,! $1%!*)+!$223'$9)!/+7-1,!/;!4''F-17!$*!*)+!5-1$4!,*$7+!'3!

2+3-'%!$1%!*)+1!#'3F!/$9F!*'!*)+!-1-*-$4!'3!9.33+1*!2+3-'%!GR$31$3%!$1%!O-TL!C`DaIP!

8;1$0-9! 23'73$00-17! )$,! ,'0+! $%>$1*$7+,! '>+3! *3$%-*-'1$4! d:! -1! *)$*! -*!9$1!

)$1%4+!1'1U4-1+$3!$1%!-1*+7+3!23'/4+0L!-19'32'3$*+!,*'9)$,*-9! +4+0+1*,!$,!#+44!$,!

)$,!$%>$1*$7+!-1!,'4>-17!-1>+1*'3;!$1%!%+9-,-'1U*3++!*;2+!23'/4+0,!GR$31$3%!$1%!

O-TL! C`Dai! "$-,+3! $1%! J+,,+3L! ABCCIP!<).,! 8:! 9$1! /+! ,$-%! *'! 3+4$T! *)+! 4-1+$3-*;L!

%->-,-/-4-*;!$1%!%+*+30-1-,*-9!$,,.02*-'1,!'5!d:!G"$-,+3!$1%!J+,,+3L!ABCCIP!!

S'#+>+3L!.14-F+!d:!0'%+4,L!8:!0'%+4,!$3+!>+3;!%-55-9.4*!*'!7+1+3$4-,+!$1%!-*!

$4,'! ,.55+3,! 53'0! curse	 of	 dimensionality! $,! *)+! 1.0/+3! '5! 9'02.*$*-'1,! 9$1!

-193+$,+! +T2'1+1*-$44;! #-*)! -193+$,+! -1! *)+! 1.0/+3! '5! ,*$7+,! '3! ,*$*+! >$3-$/4+,!

GR$31$3%!$1%!O-TL!C`Dai!"$-,+3!$1%!J+,,+3L!ABCCIP!<).,!9'1,*3.9*-17!$!8:!0'%+4!

5'3!$1!$3$/4+!,;,*+0L!-19'32'3$*-17!0'3+!,*$7+,!'3!2+3-'%,!9$1!/+!*+%-'.,!$1%!*-0+!

9'1,.0-17P! !

Q1!,'0+!-1,*$19+,L!8:!0$;!/+!$224-+%!#-*)'.*!*)+!-1*3'%.9*-'1!'5!*)+!+4+0+1*!

'5!*-0+!$1%!-1!,.9)!,-*.$*-'1L!8:!9$1!/+,*!/+!%+,93-/+%!$,!$!3+9.3,->+!23'73$00-17!

G"$-,+3! $1%! J+,,+3L! ABCCIP! V+9.3,->+! 23'73$00-17! %+$4,! #-*)! ,+6.+19+,! '5!

-1*+33+4$*+%!%+9-,-'1,!)'#+>+3L!*)+!$223'$9)!%'+,!1'*!,++F!*'!%+>-,+!'2*-0$4!3.4+,!

5'3!%+9-,-'1U0$F-17! /.*!+T24$-1,! '14;! *)+!9)$17+,! *)$*! '99.3,!GR$31$3%!$1%!O-TL!

C`DaIP! O'*#-*),*$1%-17L! *)+! %3$#/$9F,! $,,'9-$*+%! #-*)! 8:! $1%! 3+9.3,->+!

23'73$00-17L!+T$024+,! '5! *)+-3!$224-9$*-'1!9$1! /+!5'.1%!-1!$73-9.4*.3$4! ,;,*+0,!

0' %+44-17! G+P7P!:$1%+;! $1%! J+%%L! C``Ci!c$44$9+! $1%! J',,L! ABBAi! W-$77-!et	 alPL!

ABCBi!"+11+%;L!ABCAi!?)3+,*)$!et	al.L!ABC]i!d-.! et	al.L!ABCbIP!

!
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! 9/%760./'7*&+%)+022'()* *
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Myriad	 of	 MMAs	 exist	 in	 agricultural	 land	 use	 modelling	 however,	 the	 choice	

depends	 on	 the	 modelling	 objective	 as	 well	 as	 the	 capabilities	 of	 the	 modelling	

approach.	 Different	 modelling	 approaches	 have	 their	 strengths	 and	 weaknesses	

(limitations).	 LP	 models	 are	 more	 popular	 as	 far	 as	 optimisation	 of	 farming	

objectives	 is	 concerned	 however,	 it	 has	 limitations,	 which	makes	 its	 application	

unsuitable	 in	certain	scenarios.	LP	 is	restrictive	due	to	 its	 linearity	of	constraints	

and	fixed	input-output	coefficient,	it	is	also	associated	with	problem	of	infeasibility.	

The	limitations	of	LP	led	to	the	development	of	other	approaches.	IP	deals	with	the	

problem	of	infeasibility	in	LP	models	due	to	rounding	up	and	down	of	activities.	IP	

can	 incorporate	 integers	 into	 the	model	 and	 can	 also	 produce	 both	 optimal	 and	

suboptimal	 solutions.	MCDM	modelling	 approaches	 such	 as	 GP	 is	 able	 to	 handle	

multiple	 objectives	 simultaneously	 and	 this	 makes	 it	 suitable	 for	 modelling	

multiple	 arable	 farming	 objectives.	 However,	 there	 is	 the	 possibility	 of	 over	 or	

under	achievement	of	goals.		RP	approaches	such	as	MOTAD	deals	with	the	linear	

approximation	 of	 expected	 value-variance.	 Although	 approximation	 can	 be	 less	

effective,	 in	 a	 situation	 where	 solvers	 for	 quadratic	 risk	 programming	 are	 not	

available	or	difficult	to	obtain,	MOTAD	models	are	more	suitable	since	they	can	be	

solved	by	LP	solvers.	PMP	is	able	to	calibrate	programming	models,	and	one	of	its	

strength	is	that	it	can	be	constructed	from	minimal	data	but	the	data	needs	to	be	of	

good	 quality,	 and	 also,	 there	 is	 the	 possibility	 of	 the	 PMP	model	 failing	 to	make	

predictions	of	the	reference	data.	

Existing	 MMAs	 have	 their	 strength	 and	 limitations	 and	 therefore	 when	

developing	a	robust	multifunctional	farming	system	models,	there	is	the	need	for	a	

modelling	 approach,	which	 draws	 on	 the	 strength	 of	 different	MMAs	 to	 create	 a	

more	robust	model.		With	the	main	research	aim	of	developing	a	farm	level	model	

to	 evaluate	 economic	 as	 well	 as	 environmental	 and	 riskiness	 of	 alternative	

cropping	 systems,	 an	 arable	 farm	model,	which	draws	on	 the	 strength	of	mixed-

integer,	weighted	goal	and	risk	(MOTAD)	programming	approaches	 is	developed.	

Also,	as	part	of	the	thesis	aims,	the	model	is	applied	in	Chapter	4	to	investigate	and	

answer	 research	 questions	 on	 the	 economic	 viability	 (and	 risk)	 of	 using	 crop	

rotation	with	 spring	 cropping	 to	 control	 black-grass	 (weed).	 	 	 The	model	 is	 also	

applied	in	Chapter	5	to	investigate	and	answer	research	questions	on	risk	aversion	
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behaviour	 of	 arable	 farmers	 in	 England	 (see	 Section	 1.7	 for	 research	 and	 thesis	

aims).		

	

!

This	section	presents	some	of	the	existing	models	related	to	agricultural	land	use,	

which	have	been	created	based	on	some	of	 the	MMAs	shown	above.	The	 level	of	

interactions	of	the	models	were	assessed	based	solely	on	information	in	literature	

in	 terms	of	what	 the	model	 is	used	or	has	been	used	 for.	 Few	of	 the	models	 are	

introduced	 below	 this	 section	 (see	 Table	 1-6	 under	 Chapter	 Appendix	 for	 other	

examples)	 and	Table	1-3	 shows	models	 identified	with	 their	 level	 of	 interaction.	

The	information	presented	about	the	models	is	mainly	brief	description	however,	

references	are	provided,	which	can	be	referred	to	for	more	information.	

The	 four	 levels	 of	 interaction	 are	 shown	 below.	 The	 10*)( 234	 means	 the	

model	falls	under	that	level	of	interaction.	

1.! !"#$%&' ()*$%+#,+*(#-#(./- +01- #121#- 3!4567	 	means	models	 can	 predict	 or	

simulate	changes	in	agricultural	land	use	due	to	changes	to	policy.	

2.! 5(./- +01 ' 1.2$*".81.,- #121#- 354967	 means	model	 can	 show	 or	 simulate	

how	 changes	 in	 land	 use	 or	 type	 of	 land	 use	 (activities)	 affect	 the	

environment.	

3.! :#$8(,1 ' ()*$%+#,+*(#- #(./- +01- #121#- 3:4567	 means	 model	 can	 show	 or	

simulate	the	changes	in	agricultural	land	use	due	to	variability	in	climate.	

4.! ;"/1##$.)- <*(81="*>- 3;?67 	 means	 whether	 or	 not	 the	 model	 is	 a	

modelling	framework	or	provides	a	framework	for	building	other	models.	
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Table	1-3:	Existing	model	examples	and	their	levels	of	interaction	

5&6"0 ( 5&6"0($.1"/#0,)) ( 7"8"0(&9(%'$"-,#$%&'(

( : ;7( 7;<( =;7( 5> (

!>?@5AB 	(Silsoe	Whole	Farm	Model)	 Comparative-static	 +	 +	 +	 	

5AB?5 	(Multi-objective	Decision	support	tool	for	Agro-
ecosystem	Management)	

Comparative-static	
(MCDM)	

+	 +	 +	 	

>!!C5 	(Farm	System	Simulator)	 Comparative-static	 +	 +	 +	 	

=?:@C	(Common	Agricultural	Policy	Regionalised	Impact	
analysis)	

Recursive	dynamic/	
Comparative-static	

+	 +	 	 	

!<?57<!! ;IF	(Environmental	and	Agricultural	
Modelling:	Linking	European	Science	and	Society	
Integrated	Framework)	

Comparative-static/	

Dynamic	

+	 +	 +	 +	

@AD?D	(a	tool	for	generating	crop	rotation)	 Comparative-static	 	 +	 	 	

@ADA@	(crop	ROTation	in	ORganic	farming	systems)	 Comparative-static	 +	 +	 	 	

!E?: 	(California	Statewide	Agricultural	Production	
Model)	

Comparative	static	 +	 +	 +	 	

>?!!<D 	(Farm	ASSEssment	Tool)	 Dynamic	 +	 +	 	 	

:?75 	(People	and	Landscape	Model)	 Dynamic	 +	 +	 +	 	

5AB<@?DA( Dynamic	 +	 	 	 	

>,-+B<!CFG ( Comparative-static	 +	 +	 	 	

	

! !>?@5AB(2!%0)&"(EH&0"(>,-+(5&6"04(

This	is	a	multiple	objective	LP	model	developed	for	a	variety	of	farming	scenarios	

including	 UK	 and	 European	 arable	 and	 mixed	 arable	 and	 livestock	 farms	 for	

farmers	 and	 decision	 makers	 to	 determine	 the	 best	 cropping,	 machinery	 and	

labour	 options.	 	 It	 is	 particularly	 for	 looking	 at	 future	 climate	 and	 economic	

scenarios	 and	 their	 impact	 on	 land	 use,	 and	 has	 a	 comprehensive	 database.	

References:	 Annetts	 and	 Audsley	 (2002);	 Williams	 !"# $%&	 (2003);	 Audsley	 !"# $%&	

(2006);	Cranfield	University	(2013).		
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! 5AB?5( (

MODAM	(Multi-Objective	Decision	support	tool	for	Agro-ecosystem	Management)	

is	 a	 multiple-criterion	 decision-making	 LP	 used	 on	 multiple-objective	 land	 use	

issues.	It	is	an	instrument,	which	can	generate	a	solution	for	competing	groups	and	

land	users;	and	it	allows	the	depiction	of	economic	and	ecological	spatial	problems	

at	 variable	 scales.	 MODAM	 served	 as	 interface	 and	 focused	 in	 interdisciplinary	

research	during	its	development.	References:	Zander	and	Kächele	(1999);	Janssen	

and	van	Ittersum	(2007);	Schuler	and	Sattler	(2010).	

! >!!C5(2>,-+(!.)$"+(!%+*0,$&-4 (

The	FSSIM	is	an	optimisation	model	developed	as	part	of	the	integrated	modelling	

framework	 of	 the	 System	 for	 Environmental	 and	Agricultural	Modelling:	 Linking	

European	 Science	 and	 Society	 (SEAMLESS)	 project	 and	 its	 target	 is	 integrated	

assessment	 of	 agricultural	 systems	 in	 27	 member	 states	 of	 the	 EU.	 	 It	 has	

components	 representing	 farmer	 objectives,	 risk,	 policies,	 calibration,	 current	

activities,	 alternative	 activities	 and	 different	 activity	 types.	 It	 uses	 the	 estimated	

prices	and	calculates	supply	responses	of	farms	to	price	shocks	in	a	selection	of	EU	

27	regions	and	enable	detailed	regional	integrated	assessment	of	agricultural	and	

environmental	policies,	innovations	on	farming	practices	and	the	sustainability	of	

farming	systems.	References:	Janssen	!"#$%&	(2010);	Louhichi	!"#$%&	(2010).	

! !#&$>,-+(+&6"0 (

The	ScotFarm	is	a	dynamic	farm	level	model	with	generic	linear	programming	set	

up	 to	 optimise	 net	 farm	margin.	 The	model	 consists	 of	 four	modules:	 livestock,	

crop,	 feed	 and	 grass	 modules.	 The	 livestock	 module	 consists	 of	 dairy,	 beef	 and	

sheep	 production	 systems.	 The	 feed	 module	 determines	 monthly	 feed	

requirements	for	each	of	the	animals	on	a	farm	based	on	type,	age	and	production	

cost	 of	 the	 animal.	 The	 crop	module	 assumes	 that	 decision	making	 is	 based	 on	

yield	 and	 gross	 margin	 whereas	 the	 grass	 module	 divides	 fixed	 total	 land	 into	

arable,	grassland	and	rough	grazing.	The	model	outputs	include	farm	margin,	land	

use,	animal	numbers,	 feed	use,	production	 level,	 cost	of	production	and	marginal	

costs.	References:	Shrestha	!"#$%&	(2015);	SRUC3.	

																																																								
3	Scottish	Rural	College	(SRUC):	https://www.sruc.ac.uk/downloads/file/3167/scotfarm		
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The	 MEETA	 model,	 developed	 by	 researchers	 at	 the	 University	 of	 Nottingham	

combines	 bio-economic	 modelling	 and	 life	 cycle	 analysis	 (LCA)	 approaches	 to	

investigate	the	trade-offs	between	energy,	emissions	and	finances	at	the	farm	level	

in	England.	The	model	 is	a	 linear	programming	optimisation	model,	which	uses	a	

single	year	time	frame	to	represent	multi-year	cropping	and	rotational	aspects	in	

arable	 farming	 and	 its	 outputs	 include	 optimal	 crop	 areas,	 farm	 gross	 margin,	

greenhouse	 gas	 emission	 and	 net	 energy	 generated	 from	 the	 farm.	 References:	

Glithero	!"#$%.	(2012);	Glithero	!"#$%.	(2015).	

! !"#$%&'()*++,-./#&'#0*)%&' (

From	the	review	of	the	existing	models,	it	can	be	said	that	each	of	the	models	has	

its	 strength	and	 limitations,	 specific	 objectives	 and	 targets	different	user	 groups.	

Some	 of	 the	models	 can	 be	 classified	 as	 biophysical	 and	 others	 as	 bio-economic	

models,	which	can	 inform	farmers’	decision	as	well	as	policy	making	at	 the	 farm,	

regional	and	sectorial	levels.	Combination	of	biophysical	and	bio-economic	models	

can	result	in	more	robust	arable	farming	system	model.	In	terms	of	research	gaps,	

from	literature,	it	has	been	observed	that	the	models	identified	have	specific	focus	

and	target	different	user	groups,	hence	variation	in	their	capabilities.	For	example,	

SFARMOD	was	 found	 to	 be	 based	 on	 formulating	 LP	 as	 a	multi-objective	model	

however,	such	formulation	could	be	prone	to	generating	 infeasible	results	due	to	

the	fact	that	other	objectives	expressed	as	inequality	constraints	must	be	enforced.	

Other	models	such	as	ROTAT	and	ROTOR	focus	mainly	on	crop	rotation	and	even	

those	 designed	 for	 multiple	 farming	 objectives	 such	 as	 MODAM	 and	 FASSET	

normally	focus	on	environmental	indicators	such	as	nitrate	leaching,	pesticide	and	

fertiliser	 use	 and	 soil	 erosion.	 Comparisons4	 of	 the	 capabilities	 of	 the	 models	

identified	 and	 linked	 to	 research	questions	 (see	Table	1-4)	 indicate	 that	 there	 is	

still	model	capability	gap.	With	respect	to	the	overall	research	and	thesis	aims,	not	

many	models	exist	 in	which	risks	 in	arable	systems	are	explicitly	modelled.	Also,	

not	 many	 models	 evaluating	 the	 economic	 and	 environmental	 (ecological)	

																																																								
4	The	capabilities	of	models	were	identified	based	primarily	on	literature.	
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objectives—specifically	profit	 and	nitrate	 leaching	using	goal	programming	were	

identified.	

The	 main	 gaps	 identified	 are	 that	 not	 many	 of	 the	 models	 identified	

modelled	arable	systems	at	 the	 farm	level	and	focused	on	optimising	farm	profit,	

nitrate	 leaching	 and	 explicitly	 incorporated	 risk	 especially	 in	 UK	 context.	 For	

example,	while	 the	ScotFarm	(Shrestha	 !"#$%.,	2015)	has	dynamic	element	to	 it,	 it	

does	 not	 explicitly	 incorporate	 risk	 and	 also	 does	 not	 take	 into	 consideration	

timeliness	penalty	due	to	sub-optimal	operations	and	rotations.	Also,	depending	on	

the	modeller’s	objective,	some	of	the	models	are	combined	with	others	in	order	to	

achieve	the	desired	outcomes	(e.g.	Rounsevell#!"#$%&,	2003;	Bergez	!"#$%&,	2012).			

With	the	research	gaps	identified	coupled	with	the	thesis	aims	(see	Section	

1.7),	 there	 is	 the	need	 for	 research	 to	develop	 a	 robust	 arable	 farm	 level	model,	

which	draws	on	the	strengths	of	different	mathematical	modelling	approaches	and	

existing	 models.	 An	 arable	 farm	 level	 model,	 which	 combines	 mixed-integer,	

weighted	 goal	 and	 MOTAD	 (risk)	 programming	 approaches	 and	 draws	 on	 the	

strengths	of	other	existing	models	 is	developed	 to	optimise	 three	arable	 farming	

objectives	(profit	maximisation,	nitrate	 leaching	and	risk	minimisation).	Thus	the	

model	has	the	capability	to	evaluate	economic	benefits	(profit),	farmers’	risks	and	

ecological/environmental	 benefits	 (nitrate	 leaching	 minimisation).	 The	 model	 is	

applied	 in	Chapters	4	 and	5	 to	 address	 research	questions	with	 respect	 to	weed	

control	 and	 risk	aversion	 (see	Section	1.6	 	 for	 research	questions	 for	Chapters	4	

and	5).	
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Table	1-4:	Comparison	of	capabilities	of	identified	models	to	study	objectives	

5&6"0 ( 5&6"0(#,1,J%0%$.K( @")",-#H(L*")$%&')M(
( ( =N( =O( =K(
SFARMOD	 Determination	of	cropping,	labour	and	machinery,	which	

optimises	 multiple	 objectives	 of	 profit,	 risk	 and	
environmental	burdens	or	criteria.	
	

3( ;( ;(

farmR	 Determine	 cropping,	 labour	 and	 machinery	 which	
optimises	profit,	risk	and	crop	complexities	
	

3( ;( 3(

MODAM	 Economic	and	ecological	benefits	of	farming	systems	
Simulation	 of	 trade-offs	 scenarios	 of	 economic	 and	
ecological	outcomes	of	farming	systems	
	

3(
(
(

;(
(
(

;(
(
(

FSSIM	 Assessment	of	agricultural	and	environmental	policies	on	
farm	performance	and	sustainable	indicators	at	the	farm	
level.	Optimisation	of	farm	income	and	risk.	
	

3( ;( 3(

FASSET	 Comparison	 with	 experimental	 data	 and	 exploring	
consequences	 of	 environmental	 and	 management	
changes	 for	 farm	 productivity	 and	 environmental	
impacts.	
	

;( ;( ;(

FarmDESIGN	 Configuration	 of	 farm	 types	 to	 show	 alternative	 farms	
with	best	economic	and	environmental	benefits	
Generating	 results	 of	 trade-offs	 between	 environmental	
and	economic	benefits	
	

3(
(
(
(
(

;(
(
(
(

;(
(
(
(

PALM	 Simulation	 of	 flows	 of	 carbon,	 water,	 N	 through	 and	
within	household	as	well	as	economic	and	labour	flows.	
	

;( ;( ;(

SWAP	 Optimisation	 of	 water	 use	 in	 agricultural	 production	 at	
the	state	level	

;( ;( ;(

MODERATO	 Simulations	of	irrigation	block	functioning.	
	

;( ;( ;(

CAPRI	 Assessment	 of	 the	 effect	 of	 the	 common	 agricultural	
policy	(CAP)	at	the	EU	level	
	

;( ;( ;(

A	plus	 (+)	 indicates	 that	 the	model	 is	 capable	 of	 generating	 a	 result	 on	 answers	 similar	 to	what	 a	 research	
objectives	 seek;	 a	 minus	 (-)	 means	 model	 not	 capable	 of	 generating	 results	 similar	 to	 what	 the	 research	
objectives	seek.	*	C2	=	Research	questions	asked	under	Chapters	2((1)	How	do	changes	 in	rainfall	at	a	 farm	
location	 and	 moving	 from	 one	 soil	 type	 to	 the	 other	 affect	 farming	 objectives?	 (2)	 How	 do	 changes	 in	 N	
fertiliser	under	different	soil	 types	and	rainfall	affect	the	arable	farming	objectives?	(3)	Can	increase	in	crop	
prices	influence	farmers	to	apply	N	above	N	max	and	forgo	the	Single	Farm	Payment	(SFP)	if	farmers	have	the	
right	to	do	so?	(4)	Is	there	any	difference	in	the	objectives	of	farms	applying	the	N	max	and	receiving	the	SFP	
and	those	who	may	apply	above	the	N	max	and	forgo	the	SFP?).	C4	=	Research	questions	asked	under	Chapters	
4	((1)	What	is	the	aggregate	cost	of	black-grass	control	to	the	UK	arable	farming	sector	using	winter	wheat—
spring	barley	rotation?	(2)	What	 is	the	aggregate	cost	of	black-grass	control	to	the	UK	arable	farming	sector	
using	 winter	 wheat—spring	 beans	 rotation?	 (3)	 Is	 there	 any	 effect	 of	 controlling	 black-grass	 with	 spring	
cropping	on	farm	risk?	(4)	What	are	the	effects	of	controlling	black-grass	with	spring	cropping	on	farm	costs?).	
C5	=	Research	questions	asked	under	Chapters	5	((1)	Are	arable	farmers	in	England	risk	averse?	(2)	Are	there	
any	differences	in	risk	aversion	across	regions	in	England?	(3)	Do	the	levels	of	risk	aversion	influence	cropping	
decisions?	(4)	What	is	the	effect	of	policy	change	on	farmers	with	different	levels	of	risk	aversion?).	

																																																								
5	The	capabilities	of	models	were	identified	based	primarily	on	literature.		
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The	 main	 objective	 of	 sustainable	 arable	 farming	 systems	 or	 arable	 farming	

systems	for	multiple	benefits	is	to	increase	food	production	to	ensure	food	security	

whiles	reducing	the	negative	externalities	 from	farming	systems	due	to	 intensive	

input	 use.	 However,	 farming	 systems	 underpinned	 by	 sustainable	 farming	

principles	 may	 be	 associated	 with	 lower	 productivity	 and	 high	 risk	 due	 to	

reductions	in	the	use	of	inputs	such	as	fertiliser	and	chemicals,	which	are	used	by	

farmers	 to	safeguard	crop	yield	but	could	 impact	negatively	on	 the	environment.	

Thus	for	such	farming	systems	to	be	adopted,	there	are	questions	that	need	to	be	

answered	or	addressed	in	terms	of	how	inputs,	output	and	policy	variations	affect	

arable	 farming	 outcomes;	 how	 adoption	 of	 sustainable	 farming	 strategies	 affect	

farming	outcomes	and	how	the	risk	aversion	behaviour	of	arable	farmers	influence	

cropping	 decisions	 and	 reaction	 to	 policy	 change.	 To	 be	 able	 to	 address	 such	

questions,	 a	 research	 framework	 through	 the	 use	 of	 mathematical	

modelling/programming	approach	is	used.		

The	research	framework	(simplified	in(Figure	1-6)	begins	with	exploration	

and	review	of	literature	(in	Chapter	1)	based	on	which	the	overall	research	aim	as	

well	as	the	research	questions	is	set.	The	exploration	and	literature	review	stage	is	

used	 to	 identify	 the	 type	 of	 inputs	 used	 in	 arable	 farming	 systems,	 farm	

managements/agronomic	 practices	 adopted	 by	 arable	 farmers,	 as	 well	 as	

environmental/farm	 specific,	 policy	 and	 environmental	 factors	 which	 influence	

farmer’s	decision	on	input	combination.	That	is,	the	framework	identifies	the	input	

used	by	arable	farmers	(e.g.	land,	seed,	labour,	machinery/fuel,	and	fertiliser),	the	

environmental/farm	 specific	 factors	 (e.g.	 soil	 type	 and	 rainfall),	 policy	 and	

economic	factors	(e.g.	nitrate	vulnerable	zones	directive,	farming	subsidies	(single	

farm	 payment,	 now	 basic	 farm	 payment),	 input	 and	 crop	 prices)	 and	 farm	

management	practices	(e.g.	crop	rotation,	sequential	operations).	The	level	of	farm	

inputs	such	as	fertilisers	and	chemicals	safeguard	crop	yields	whereas	seed	rates	

determine	the	crop	population	on	the	field	and	hence	potential	yield.	The	area	of	

land	available	to	the	farmer	determines	the	scale	of	production	and	hence	possible	

crop	 rotation	plan	 that	 can	be	adopted.	Farm/environmental	 factors	 such	as	 soil	

types	and	rainfall	influence	farm	planning	and	could	result	in	timeliness	penalties	
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as	well	as	determine	 the	 levels	of	other	 inputs	such	as	 fertilisers	 that	need	 to	be	

applied.	 Farm	policies	 influence	how	and	what	 farmers	 should	produce	whereas	

prevailing	crop	prices	influence	farming	decisions.	Consideration	of	such	factors	in	

farm	 analysis	 is	 vital	 and	 thus	 the	 effects	 of	 some	 of	 the	 factors	 identified	 on	

farming	objectives	are	further	investigated	in	Chapter	2	using	sensitivity	analysis.		

As	 part	 of	 research	 framework	 existing	 mathematical	 programming	

approaches	 are	 identified	 and	 the	 information	 informs	 the	 development	 of	 a	

suitable	model,	which	draws	on	the	strength	of	existing	approaches	and	models	to	

select	 and	 analyse	 multifunctional	 farming	 systems.	 The	 interactions	 between	

inputs,	the	farm	factors	and	farm	practices	identified	constitute	an	arable	farming	

system,	 and	 based	 on	 these	 the	 data	 needed	 for	 the	 research	 (farm	 data)	 are	

identified	and	collected.	An	arable	farm	level	model	consisting	of	 four	modules	 is	

thus	 developed	 (see	 Chapter	 3	 for	 more	 details)	 to	 help	 answer	 some	 of	 the	

questions	raised	above.	The	model	 is	defined	 to	generate	 the	data	 (results)	 from	

the	farm	data	(a	secondary	data).	The	model	is	validated	with	a	different	data	set	

from	 the	 Farm	 Business	 Survey	 (FBS)	 and	 the	 predicted	 results	 compared	with	

observed	data	as	presented	in	Chapter	3.	With	some	of	the	problems	in	sustainable	

arable	 farming	 identified	 as	 unknown	 outcomes	 of	 some	 adopted	 farming	

strategies,	 the	model	mixed-integer	 goal	 programming	model	 is	 then	 applied	 to	

investigate	 and	 answer	 questions	 with	 respect	 to	 the	 effect	 of	 using	 spring	

cropping	 as	 a	 black-grass	 (weed)	 control	 strategy	 on	 farm	 income	 and	 risk	 (see	

Chapter	4).	 	Also,	with	 risk	 aversion	behaviour	of	 farmers	vital	 in	 farm	planning	

and	decision	making	in	farming,	a	mixed-integer	risk	(MOTAD)	model	is	applied	to	

investigate	and	answer	questions	on	how	risk	aversion	influence	cropping	decision	

and	how	farmer	may	react	to	policy	change	(see	Chapter	5).		
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The	overall	aim	of	the	research	is	to	develop	a	modelling	tool	that	can	be	used	for	

evaluating	 the	 and	 economic	 as	 well	 as	 environmental	 (ecological)	 viability	 and	

riskiness	 of	 alternative	 cropping	 systems	 that	 may	 be	 adopted	 to	 deal	 with	

increased	 pressure	 on	 input	 use.	 Although	 the	 overall	 research	 aim	 is	 as	 stated	

above,	in	this	thesis	some	research	questions	were	answered	as	part	of	the	overall	

research	and	thesis	aims.	

:@(A,1*- B7-C.210,$)(,$".- "<- <(%,"*0- (<<1%,$.)- (*(D#1- <(*8$.)- A*"<$,E- %*"A-

%"8A#1F$,&-(./-*$0>-+./1*-,@1-0$.)#1-<(*8-A(&81.,-A"#$%&-

In	 Chapter	 2,	 the	 effect	 of	 some	of	 the	 factors	 related	 to	 arable	 farming	 systems	

(identified	through	literature	review)	on	the	goals	or	objectives	of	arable	farming	

are	 investigated	 under	 the	 single	 farm	 payments	 policy	 through	 a	 sensitivity	

analysis	 with	 a	 focus	 on	 nitrate	 vulnerable	 zones.	 This	 is	 done	 under	 an	

assumption	that	farmers	have	been	given	the	right	to	apply	N	fertiliser	above	the	

prescribed	N	limits	and	forgo	the	single	farm	payment	if	they	choose	to	do	so.		

The	following	research	questions	are	answered:	

1.! How	do	changes	in	rainfall	at	a	farm	location	and	moving	from	one	soil	type	

to	the	other	affect	farming	objectives?	

2.! How	do	changes	in	N	fertiliser	under	different	soil	types	and	rainfall	affect	

the	arable	farming	objectives?	

3.! Can	increase	in	crop	prices	influence	farmers	to	apply	N	above	N	max	and	

forgo	the	Single	Farm	Payment	(SFP)	if	farmers	have	the	right	to	do	so?		

4.! Is	 there	 any	difference	 in	 the	objectives	 of	 farms	 applying	 the	N	max	 and	

receiving	the	SFP	and	those	who	may	apply	above	the	N	max	and	forgo	the	

SFP?		

:@(A,1*-G7-H*(D#1-<(*8-8"/1#0-<"*-"A,$8$0$.)-<(*8-A*"<$,E-.$,*(,1-#1(%@$.)-(./-

*$0>7-;"/1#-/10%*$A,$".E-21*$<$%(,$".-(./-2(#$/(,$".-

Models	need	to	be	validated	to	give	potential	model	users	some	level	of	confidence.	

Thus	 in	Chapter	3	 the	model	built	based	on	 the	overall	 research	aim	 is	validated	
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through	 statistical	 validation	 using	 the	 Farm	Business	 Survey	 (FBS)	 data	 of	 281	

lowland	arable	farms.		

The	following	research	questions	are	answered:	

1.! What	is	the	degree	of	association	between	model	predicted	crop	areas	and	

observed	crop	areas	(land	use)?	

2.! What	 is	 the	 degree	 of	 association	 between	 model	 predicted	 fertiliser	

amounts	and	observed	fertiliser	amounts	(input	use)?	

3.! What	is	the	degree	of	association	between	model	predicted	revenues/costs	

and	observed	revenues/cost?	

:@(A,1*-I7-J+0,($.(D#1-=11/-%".,*"#-=$,@-*",(,$".(#-8(.()181.,7-90,$8(,$.)-

,@1- ())*1)(, 1- %"0,- "<- %".,*"##$.)- D#(%>4)*(00- 3H#"A1%+*+0- 8&"0+*"$/106- =$,@-

0A*$.)-%*"AA$.)-$.-KL-(*(D#1-<(*8$.) -

Weed	management	is	very	important	in	arable	farming	systems	due	to	their	impact	

on	farm	productivity.	In	the	UK	the	control	of	black-grass	through	chemical	means	

normally	become	ineffective	due	to	the	weed	constantly	developing	resistance	to	a	

variety	of	herbicidal	active	ingredients.	As	a	result,	the	use	of	non-chemical	control	

strategies	such	as	spring	cropping	is	being	encouraged	to	ensure	sustainable	weed	

management	 in	 arable	 fields.	 Thus	 in	 Chapter	 4,	 the	 mixed-integer	 goal	

programming	module	of	the	model	developed	as	part	of	the	overall	research	aim	is	

applied	 to	 estimate	 the	 aggregate	 cost	 of	 black-grass	 control	 using	 crop	 rotation	

with	spring	cropping.	

The	following	research	questions	are	answered:	

1.! What	is	the	aggregate	cost	of	black-grass	control	to	the	UK	arable	farming	

sector	using	winter	wheat—spring	barley	rotation?	

2.! What	is	the	aggregate	cost	of	black-grass	control	to	the	UK	arable	farming	

sector	using	winter	wheat—spring	beans	rotation?	

3.! Is	 there	any	effect	of	controlling	black-grass	with	spring	cropping	on	farm	

risk?	

4.! What	are	the	effects	of	controlling	black-grass	with	spring	cropping	on	farm	

costs?	
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5.! Is	there	any	policy	implication	of	the	results?	

:@(A,1*- M7-N$0>- $.- ()*$%+#,+*17- ;"/1##$.)- 0A(,$(##&4*1<1*1.%1/- <(*81*- *$0>-

D1@(2$"+*-+0$.)-(.-12"#21/-8$F1/4$.,1)1*-;OPHQ-(AA*"(%@-

Risk	 aversion	 influences	 farming	 decision	 and	 policy	 and	 thus	 in	 Chapter	 5	 the	

mixed-integer	MOTAD	module	of	 the	model	developed	as	part	of	 this	 research	 is	

applied	 to	 estimate	 risk	 aversion	 coefficients	 using	 data	 of	 arable	 farmers	 in	

England	 and	 randomly	 generated	 risk	 aversion	 parameters.	 Also,	 policy	 analysis	

relevance	of	 the	method	applied	as	well	as	 the	 reaction	 to	policy	 changes	due	 to	

differences	in	risk	aversion	is	demonstrated.	

The	following	questions	are	answered:	

1.! Are	arable	farmers	in	England	risk	averse?	

2.! Are	there	any	differences	in	risk	aversion	across	regions	in	England?	

3.! Do	the	levels	of	risk	aversion	influence	cropping	decisions?	

4.! What	 is	 the	effect	of	policy	change	on	 farmers	with	different	 levels	of	risk	

aversion?	

	

!

This	section	presents	the	research	data	needs	informed	by	data	used	in	the	models	

identified	 through	 literature	 review.	 The	 research	 used	 farm	 management	 data	

(FMD)	 mainly	 from	 farm	 management	 literature	 and	 existing	 models,	

supplemented	by	data	 from	 the	UK	Farm	Business	Survey	 (FBS)	and	biophysical	

data	from	existing	models.	Some	of	the	data	identified	in	the	other	models	were	at	

the	farm	level	whereas	others	were	at	the	regional	 level.	 	Other	model	data	were	

from	pilot	or	experimental	 farms	(see	Table	1-7	under	Chapter	Appendix	 for	 the	

data	used	in	some	of	the	models	identified).	The	research	data	needs	in	relation	to	

the	overall	research	aim	and	thesis	aims/research	questions	under	Section	1.6	are	

summarised	in	Table	1-5.		
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Table	1-5:	Data	needs,	sources	and	collection	methods	in	relation	to	research	questions	

A8"-,00(,%+(&9(
-")",-#H/$H")%)(,%+) (

B,$,('""6) ( B,$,()&*-#") ( 5"$H&6)(&9(
#&00"#$%&'(

Overall	aim	of	the	research	 	 	 	
Develop	a	farm	level	mathematical	
(optimisation)	model	that	can	be	
used	to	evaluate	economic	as	well	
as	ecological/environmental	
viability	and	riskiness	of	
alternative	cropping	systems.		

Farm	management	data,	e.g.	
yield,	price	and	cost	data,	
subsidy	payments	

Soil	type,	Rainfall	data	

Machine	work	rate	for	farm	
operations	

Workable	hours	

Model	formulation	and	
programming	information	

Farm	
management	
pocket	book,	
Farm	Business	
Survey	(FBS),	
agriculture	
literature,	
existing	model	
data	(e.g.	farmR	
model	data)	

Literature	review,	
Secondary	data,	
Communication	
with	model	
development	
experts	

	

DH")%)(,%+)/-")",-#H(P*")$%&') ( 	 	 	

1	 Chapter	2:	What	are	the	
factors	affecting	arable	
farming	objectives?	

Data	on	N	fertiliser	limits	in	
Nitrate	Vulnerable	Zones	

Defra,	farmR	
Model	and	data	

Literature	review,	
Secondary	data	

2	 Chapter	3:	What	are	the	
degrees	of	association	
between	model	predicted	
results	and	observed	data?	

Farm	output	data,	Farm	and	
crop	area	data,	soil	type	and	
rainfall.	Information	on	
validation	

FBS,	Met	Office,	
Soilscapes®	
website	

Literature	review,	
Secondary	data	

	

3	 Chapter	4:	What	is	the	
aggregate	cost	of	black-
grass	control	with	spring	
crops	in	UK	arable	farming?	

Data	on	input	use,	farm	
output	data,	soil	type,	
rainfall,	rotation	plans	

FBS,	Farm	
management	
pocket	books,	
Data	from	farmR	
model	

Literature	review,	
Secondary	data	

BGRI	project	
(http://bgri.info/)	

4	 Chapter	5:	How	do	farmers’	
risk-aversion	behaviours	
influence	their	decision?	
	

Data/information	on	
farmers	risk	preferences,	
crop	yield	and	price	data,	
soil	type	and	rainfall	data	

Literature,	FBS	
data,	Met	office,	
Soilscapes®	
website	

Literature	review,	
Secondary	data	

	

!

¥! Sustainable	 farming	 systems	 rely	 on	 efficient	 farm	management	 practices	

and	 resource	 use.	 Therefore,	 the	 development	 of	 robust	 multifunctional	

arable	 farming	 systems	 should	 be	 underpinned	 by	 the	 principles	 of	

sustainability.	This	will	enhance	the	production	of	more	and	quality	food	to	

ensure	 food	 security	without	 damaging	 the	 environment	 for	 both	 current	

and	future	generations.	

¥! Efficient	crop	rotation	can	be	pivotal	in	sustainable	arable	farming	systems.	
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¥! Complexities	 exist	 in	 arable	 farming	 systems	 in	 terms	 of	 field	 operations,	

input	 use,	 farm	management	 practices,	 and	 farm	 outputs.	 Arable	 farming	

systems	 are	 also	 associated	 with	 risks	 in	 terms	 of	 crop	 type,	 yield	 and	

prices,	 adoption	 of	 new	 farming	 systems	 and	 technology.	 Trade-offs	 are	

normally	 between	 economic	 and	 environmental	 goals	 as	well	 as	 between	

farm	income	and	risk.	

¥! Different	 types	of	mathematical	modelling	 approaches	 exist,	 and	 each	has	

its	 strength	 and	 limitations.	 When	 modelling	 arable	 farming	 systems,	

different	approaches	can	be	combined	to	draw	on	their	strengths	 in	order	

to	develop	a	more	robust	model.	

¥! In	the	case	of	the	UK,	not	many	arable	farm	models	based	on	optimisation	

approaches	were	identified	and	even	those	identified,	it	was	the	SFARMOD,	

which	was	 found	 to	 have	 included	 environmental	 aspects	 such	 as	 nitrate	

leaching.	 There	 is	 thus	 model	 capability	 gap	 and	 the	 need	 for	 further	

research.		
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)::6'3!3(6! :)*A&29!-CD6'3&864!7&3(!*6456'3!3-!3(6!)*)C;6! :)*A&29!-CD6'3&864J!12!3(6!

:)*A%!A-+6;=!:6*3&;&46*!)A-B23!46*864!)4!)2!&25B3!5)*)A636*!7&3(!?!:6*3&;&46*!B46+!

&2! 3(6! +636*A&2)3&-2! -:! 4&AB;)36+! '*-5! <&6;+4! 7&3(! 6K'653&-2! <&6;+! :-*! 3(6!

;69BA&2-B4! '*-54J! G-&;! 3<564! )2+! *)&2:);;! 46*86! )4! '-243*)&23! 5)*)A636*4=! 7(&'(!

)::6'3!3(6!46YB62'&29!-:! '*-5!*-3)3&-2=!:)*A!-56*)3&-24!)2+!4'(6+B;&29!;6)+&29!3-!

<&6;+! *6+B'3&-2! +B6! 3-! *-3)3&-2);! )2+! 3&A6;&2644! 562);3&64J! N(B4=! '()2964! &2! 3(6!

5)*)A636*4!&2! :)*A%! ')2!*64B;3!&2!3(6!8)*&)3&-24!-:!3(6! )*)C;6! :)*A&29!-CD6'3&864!

643&A)36+!C<!3(6!A-+6;J!

12!4BAA)*<=!8)*&)3&-24!&2!4-&;!3<56=!*)&2:);;=!?!:6*3&;&46*!)2+!'*-5!5*&'64!()86!

C662!:-B2+!3-!&2:;B62'6!:)*A!5*-+B'3&8&3<!)2+!(62'6!:)*A&29!-CD6'3&864J!H6*3&;&46*!

)A -B23! ')2! )::6'3! 3(6! )*)C;6! :)*A&29! -CD6'3&864! 3(*-B9(! <&6;+! )2+! :)*A! '-43!

8)*&)C&;&3<J!N(6*6!&4!3(6*6:-*6!3(6!266+!3-!&28643&9)36!3(6!6::6'3!-:!&34!8)*&)3&-2!-2!

3(6!)*)C;6!:)*A&29!-CD6'3&864J!P;3(-B9(!3(6!;&36*)3B*64!*68&676+!)C-86!9&86!&24&9(3!

-*!4-A6!68&+62'6!&23-!(-7!8)*&)3&-24!&2!3(6!)C-86LA623&-26+!:)'3-*4!)::6'3!)*)C;6!

:)*A&29!5*-+B'3&8&3<!)2+!(62'6!3(6!:)*A&29!-CD6'3&864=!3(6! :&2+&294!)*6!2-*A);;<!

C)46+!-2!:&6;+!6K56*&A6234!7(&'(!466.!3-!A6)4B*6!6::6'3!-2!'*-5!<&6;+J!P;4-=!7&3(!

*6456'3! 3-! 3(6! GHI=!43B+&64! 3()3! ;&2.! &3! 3-! 3(6! &236*)'3&-24! )2+! 8)*&)3&-24! &2! 3(6!

)C-86LA623&-26+! :)'3-*4! )*6! 43&;;! ;)'.&29J!N(6*6:-*6=! &28643&9)3&29! 3(6! 6::6'3! -:!

:)*A!)2+!6'-2-A&'! :)'3-*4!-2!3(6!)*)C;6! :)*A&29!-CD6'3&864!B2+6*! :)*A!5)<A623!



! !

!"" !

5-;&'<!B4&29!)2!)*)C;6!:)*A!A-+6;!> :)*A%@!:&3!3(6!5B*5-46!-:!3(&4! '()536*J!12!3(&4!

'()536*=!76! )336A53! 3-! )2476*! 3(6! YB643&-24! *)&46+! )C-86J! N(6! 43B+<! *646)*'(!

YB643&-24!')2!C6!4BAA)*&46+!)4!:-;;-74O!

/J ,-7!+-!'()2964!&2!*)&2:);;!)3!)!:)*A!;-')3&-2!)2+!A-8&29!:*-A!-26!4-&;!3<56!

3-!3(6!-3(6*!)::6'3!:)*A&29!-CD6'3&864`!

0J ,-7!+-!'()2964!&2!?!:6*3&;&46*!B2+6*!+&::6*623!4-&;!3<564!)2+!*)&2:);;!)::6'3!

3(6!)*)C;6!:)*A&29!-CD6'3&864`!

XJ R)2!&2'*6)46!&2!'*-5!5*&'64!&2:;B62'6!:)*A6*4!3-!)55;<!?!)C-86!?!A)K!)2+!

:-*9-!3(6!GHI!&:!:)*A6*4!()86!3(6!*&9(3!3-!+-!4-!̀!

QJ 14!3(6*6! )2<!+&::6*62'6!&2!3(6! -CD6'3&864! -:! :)*A4! )55;<&29!3(6!?!A)K! )2+!

*6'6&8&29!3(6!GHI!)2+!3(-46!7(-!A)<!)55;<!)C-86!3(6!?!A)K!)2+!:-*9-!3(6!

GHI`!!

!

!

! FarmR	model	structure	

N(&4!46'3&-2!9&864!)!C*&6:!+64'*&53&-2!-:!3(6! :)*A%!A-+6;J! \63)&;6+!+64'*&53&-2!-:!

3(6!A-+6;!+64&92!)2+!+64'*&53&-2!-:!3(6!A-+6;!-CD6'3&864!)2+!5)*)A636*4! ')2!C6!

:-B2+! &2! R--.6!&$# -3J! >0#/X@J! N(6! :)*A%! A-+6;! &4! )! A&K6+L&23696*!5*-9*)AA&29 !

>M1I@! &A5;6A623)3&-2! -:! 5*68&-B4! A-+6;4! C<! P226334! )2+! PB+4;6<! >0##0@! )2+!

%-B24686;;!&$#-3J! ! >0##X@J! 13! &4! C)46+! -2! 3(6! )44BA53&-2! 3()3! )! 46;6'36+! +6'&4&-2!

-53&A&464!)!76&9(36+!'-23*&CB3&-2!-:!);;!*6;68)23!-CD6'3&864J!N(6!A-+6;!-53&A&464!

3(6!-86*);;!:)*A6*4_!B3&;&3<=!7(&'(!'-A5*&464!AB;3&5;6!-CD6'3&864!)2+!6)'(!-CD6'3&86!

&4! 3(6! 4BA! -:! '-23*&CB3&-2! :*-A! 6)'(! -:! 3(6! YB)23&3&64! -:! 3(6! 8)*&-B4! B2&34J!N(6!

3(*66!A)&2!-CD6'3&864!&28643&9)36+!C<!R--.6!&$#-3J!>0#/X@!76*6!)+-536+O!5*-:&3=!*&4.!

)2+! '*-5! '-A5;6K&3<=! 7(&'(! )''-*+&29! 3-! R--.6! &$# -3=!76*6! *)2.6+! )4! 3(6! 3(*66!

A-43! &A5-*3)23! -CD6'3&864! *6456'3&86;<! C<! :)*A6*4J!N(6!A-+6;! &4! 4BAA)*&46+! &2!

H&9B*6! 0L/! C6;-7! &2! 36*A4! -:! 3(6! )44BA53&-24=! -CD6'3&864! )2+! '-243*)&234! 7(&'(!

'-A6!3-963(6*!3-!:-*A!3(6!A-+6;!)4!76;;!)4!3(6!A-+6;!3<56!-:!-B35B3!9626*)36+!C<!

3(6!A-+6;J!

!

!



! !

!"b !

!

H&9B*6!0L/ O!H;-7!+&)9*)A!*65*64623)3&-2!-:!3(6!:)*A%!A-+6;!

!

!

! "#$% &''(!)*+",'

! !"#$%$&'$(" ($&)#)*+"*,')-)#$#"$.,$&'$("
&*+'/)01')*+"*2"3%%"*04$&')5$#6

! 7/*,"8)$%(#"9':;3<"3/$"21+&')*+#"*2"="
2$/')%)#$/"/3'$"9>?:;3<" 3+(:*/"#*)%"'8,$

! @/*##"-3/?)+"9A:;3<" B"C1',1'"9A:;3<"%$##"
D3/)30%$"7*#'"9A:;3<

! E10#)(8",38-$+'"9A:;3<""B"F/$"GHHI"23/-"
,38-$+'"03#$("*+"';$"'8,$"*2"$+'$/,/)#$

! D3/)30%$"&*#'"9A:;3<"&*-,/)#$#"#$$(J"
2$/')%)#$/"3+("&;$-)&3%"&*#'#

! C,$/3')*+#"&*#'"9A:;3<"B"21$%"&*#'"03#$("*+"
-3&;)+$"K*/>"/3'$

! L*/>"/3'$#"9;:;3<"3/$"21+&')*+"*2"#*)%"'8,$J"
#$$(" /3'$#"2$/')%)#$/"/3'$#J"&/*,"8)$%(#"3+("
-3&;)+$"#)M$#6

! E10N*,')-3%"*,$/3')*+#"3+("/*'3')*+#"3/$"
3##*&)3'$("K)';"')-$%)+$##"3+(" /*'3')*+3%"
,$+3%')$#"$.,/$##$("3#"&*#'"9A:;3<6

! O).$("&*#'"9A<"B"!++13%"($,/$&)3')*+J"
/$,3)/"3+("%30*1/"&*#'#6

! F/*2)'"9A<"B"@/*##"-3/?)+"%$##"*,$/3')*+"
3+("2).$("&*#'6

! P)#>"9A<"B"E'3+(3/("($5)3')*+")+")+&*-$6
! !%%"23/-#"3/$"*,$/3')+?")+"+)'/3'$"

51%+$/30%$"M*+$#"9=DQ#<6
! R;$" /$?1%3'*/" *2"=DQ#";3#"?)5$+"23/-$/#"

';$"&;*)&$"'*")+&/$3#$#",/$#&/)0$("="
2$/')%)#$/"%$5$%#"9=-3.<" 08"-*/$"';3+"SHT"
3+("2*/?*"';$"EOF6

! E$+#)')5)'8"3+3%8#)#")#"&3//)$("*1'"08"
53/8)+?",3/3-$'$/#"K)';"/$#,$&'"'*"&/*,#"
#)-1%'3+$*1#%86

! "#$% - ",'*.&+,*'

! L*/>30%$";*1/#"
&*+#'/3)+'#

! E$U1$+')3%" 3+("+*+N
#$U1$+')3%"*,$/3')*+#"
&*+#'/3)+'#

! 7/*,"#$U1$+&)+?"
&*+#'/3)+'#

! 7/*,",/*,*/')*+"
&*+#'/3)+'#

! R*'3%"%3+("3/$3"
&*+#'/3)+'#

! "#$% "/0$-*+1$'

! V3.)-)#$"23/-",/*2)'6
! V)+)-)#$"/)#>"

9($5)3')*+")+")+&*-$<
! V)+)-)#$"&/*,"

-3+3?$-$+'"
&*-,%$.)')$#6

2&.! .3! "#$% 4! +5$#6+,*$7$. .+'8 4!"*&# 93!"#$% 9

#&*&/&'$ ! "#$% ' "%1$.

! "#$% " (*)(*

O3/-" ,/*2)'
VCR!W"/)#>

7/*,"&*-,%$.)'8
7/*,",%3+

P*'3')*+"-3'/).
V3&;)+$:%30*1/"+1-0$/#



! !

!"S!

N(6!5*-:&3!-CD6'3&86!7)4!+6:&26+!&2!:)*A%!)4!3(6!)22B);!263!9*-44!A)*9&2g

3(6! 4BA! -:! 9*-44! A)*9&2! -:! 6)'(! '*-5! ;644! 3(6! '-43! -:! -56*)3&-24=! A)'(&264! )2+!

;)C-B*! :-*!6)'(! '*-5=!4BCD6'3!3-!46*&64!-:! '-243*)&234!>466!%-B24686;;!&$#-3J=!0##XT!

R--.6! &$#-3J=!0#/X@=!4BCD6'3!3-!'-243*)&234!4&A&;)*!3-!3(6!'-243*)&234!B2+6*!G6'3&-2!

XJXJ!!N(6!-CD6'3&86!')2!C6!43)36+!)4!:-;;-74O!!

>0L/ @!

!

a(6*6 !Y+#&4!3(6!9*-44!A)*9&2!:-*!3(6!+3(!'*-5=!- +!&4!3(6!)*6)!-:!'*-5!+.!Q+9X!&4!3(6!'-43!-:!

3(6!93(!-56*)3&-2!-2!3(6!+3(!'*-5!&2!56*&-+!X#)2+! ; +9X!&4!3(6!)*6)!-:!93(!-56*)3&-2!-2!

3(6!+3(!'*-5!&2!56*&-+!.J!Q8 !&4!3(6!'-43!-:!A)'(&26*<!)2+!;)C-B*!*6YB&*6+!3-!56*:-*A!

:&6;+!-56*)3&-24!)2+!" 8#&4!3(6!2BAC6*!-:!A)'(&264!-:!3<564!8 !*6YB&*6+!3-!56*:-*A!

3(6!:&6;+!-56*)3&-24J!!

13!4(-B;+!C6!2-36+!3()3!3(6!9*-44!A)*9&2!643&A)364!)*6!C)46+!-2!'*-5!<&6;+!

8);B64=! 643&A)36+! B4&29! *645-246! :B2'3&-24=! 7(&'(! 3 ).6! &23-! '-24&+6*)3&-2! 4-&;!

3<564!)2+!?!:6*3&;&46*!)A-B234J!!H-*!3(6!;69BA6!'*-54!3(6!<&6;+!*645-246!'B*86!3--.!

&23-! '-24&+6*)3&-2!-2;<!4-&;!3<56J!P;4-=!:-*! '*-54!4B'(!)4!7)*6!5-3)3-64!)2+!4B9)*!

C663=! 3(6! *645-246! :B2'3&-24! 76*6! C)46+! -2! ?! :6*3&;&46*! )A-B234J! N(6! *645-246!

:B2'3&-2! :-*! );;! 3(6! '*-54! >7&3(! 6K'653&-2! -:! ;69BA64@! C)46+! -2! (6)8<! 4-&;! )2+!

B2+6*!+&::6*623!;686;4!-:!?!:6*3&;&46*!*)364!)*6!4(-72!&2!H&9B*6!0L0!C6;-7J!

!

!

!

! "#$%&' ( )* +&, &

&

- * . &/01&/0

&/0

- )* . 2 32

2

!

!



! !

!"U!

!

H&9B*6!0L0O! %645-246! :B2'3&-2! C)46+! -2! 7(&'(! 3(6! '*-5! <&6;+! &2! 3(6! :)*A%! A-+6;! 76*6!
643&A)36+J!!

!

!N(6!*&4.!A&2&A&4)3&-2!-CD6'3&86!7)4!C)46+!-2!3(6!5*&2'&5;6!-:!A&2&A&4)3&-2!

-:! 3-3);! )C4-;B36! +68&)3&-2! >MhNP\@! >N)B6*=! /USXT! M'R)*;! )2+! i2);=! /USU@! &2!

5*-:&34J!13!&4!3(6!4BAA)3&-2! -:! 3(6!5*-+B'3! -:!+3(! '*-5! )*6)!> - @! )2+!3(6!43)2+)*+!

+68&)3&-2!&2!-B35B3!56*!(6'3)*6!:-*!3(6!+3(!'*-5!> Z@=!AB;3&5;&6+!C<!)!'-243)23!:)'3-*!

>jk/@!>R--.6!&$=#-3==!0#/X@J!N(6! jk/!9)86!3(6!C643!A-+6;! :&3!7(62!3(6!A-+6;!7)4!

*B2!B2+6*!+&::6*623!8);B64!-:!j!*)29&29!:*-A!#Je!3-!0!)3!)2!&236*8);!-:!#Je!>R--.6! &$=#

-3==!0#/X@J!N(6!*&4.!-CD6'3&86!')2!C6!43)36+!)4O!

>0L0@!

!

!N(6! *&4.!8);B64! )*6! ;&2.6+!3-! :)*A6*!4)3&4:)'3&-2! )2+! *65*64623!3(6!C643! -*!

7-*43!5-44&C;6!:)*A!&2'-A6!+68&)3&-2!)!:)*A6*!7-B;+!6K56'3!-86*!)!eL<6)*!56*&-+J!

N(6! 2BAC6*! -:! '*-5! 3<564! 9*-72! &4! )44-'&)36+!7&3(! )! 2BAC6*! -:! +&::6*623!

-56*)3&-24!)2+!)!;686;!-:!+&::&'B;3<!&2!:)*A!A)2)96A623J!N(B4!&2!3(6!:)*A%!A-+6;!

'*-5!'-A5;6K&3<!7)4! ;644!:-*A);;<!+6:&26+!)4!3(6!;686;!-:!+&::&'B;3<!)44-'&)36+!7&3(!

*B22&29! )! 2BAC6*! -:! '*-5! 6236*5*&464! )2+! -56*)3&-24! 4&AB;3)26-B4;<! 7&3(&2! 3(6!

:)*A!)2+!76*6!+6*&86+!C)46+!-2!:)*A6*!&236*8&674!>R--.6!&$#-3==!0#/X@J!
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! !

!b#!

12! 36*A4! -:! 8);&+)3&-2=! 3(6! -B35B3! -:! 3(6! :)*A%! 4-'&-6'-2-A&'! A-+6;! 7)4!

'-A5)*6+! 7&3(! 6A5&*&');! +)3)! B4&29! 3(6! H)*A! ]B4&2644! GB*86<J! H-*! :)*A6*4_!

5*6:6*62'64!-2!5*-:&3=!*&4.!)2+!'*-5!'-A5;6K&3<=!)2!&236*8&67!7)4!'-2+B'36+!B4&29!

AB;3&L'*&36*&)!+6'&4&-2! )2);<4&4! :*)A67-*.!7&3(!Qb! :)*A6*4!&2! [29;)2+!>R--.6!&$#

-3==! 0#/X@J! H*-A! 3(6! *645-2464! -:! 3(6! 4B*86<! )2+! 3(*-B9(! )! *6');&C*)36+! B3&;&3<!

:B2'3&-2=! )'(&68&29! #l! 4)3&4:)'3&-2! A6)23! )! 5*-:&3! -:! m"#=###! )2+! /##l!

4)3&4:)'3&-2! A6)23! m/S#=###! C)46+! -2! 0e#! ()! :)*AJ! N(&4! &A5;&64! 3()3! )4! 5*-:&3!

&2'*6)464!:*-A!m"#=###=!:)*A6*4_!4)3&4:)'3&-2!C69&2!3-!*&46J!

N(6! '*-54! B46+! &2! :)*A%! )2+! )+-536+! &2!3(&4! '()536*!76*6! 7&236*! 7(6)3=!

45*&29!)2+!7&236*!C6)24=!45*&29!)2+!7&236*!C)*;6<=!7)*6!5-3)3-64=!7&236*!-&;466+!

*)56! >(6*6! ):36*! ahG%@! )2+! 4B9)*! C663J! P;4-=! 463L)4&+6! ;)2+! 7)4! &2';B+6+J! N(6!

A-+6;! '-+64! 76*6! 7*&3362! &2! d)8)! 5*-9*)AA&29! ;)29B)964! )2+! &2&3&);;<!

&A5;6A6236+!)4!)!5)'.)96!&2!3(6!-562!4-B*'6!43)3&43&');!628&*-2A623=!%J!N(6!A-+6;!

43&;;!*B24!B4&29!%!CB3!-2!)!^&2BK!VCB23B!E&*3B);!M)'(&26!)2+!&3!B464!3(6!Rh1?L̂ I!

2BA6*&');! ;&C*)*<! >(335Occ777J'-&2L-*J-*9c@! 3-! 4-;86! 3(6! B2+6*;<&29! M1I! A-+6;J!

N(6! :)*A! %! A-+6 ;! '-+64! ')2! C6! :-B2+! 3(*-B9(! 3(6! :-;;-7&29! ;&2.O!

(3354OccC&3CB'.63J-*9c&*)'--.6cD)8)7:AJ! N(6! :)*A%! 5)'.)96! C6&29! '-AA)2+!

C)46+=!A)+6!&3!4B&3)C;6!:-*!3(6!5B*5-46!-:!3(&4!'()536* !&2!3(6!46246!3()3!3(6!nM^!:&;6!

7(&'(!'-23)&24!3(6!5)*)A636*4!')2!C6!7*&3362!&23-!3-!'()296!)2 <!-:!3(6!5)*)A636*4!

-:!&236*643J!!

! Sensitivity	analysis		

[)'(! 5)*)A636*! -*! '-AC&2)3&-2! -:! 5)*)A636*4! &2! :)*A%! '-23*&CB364! 3-! 3(6!

5*-+B'3&-2!-:!)2!-B35B3!)2+!7&3(!4624&3&8&3<!)2);<4&4=!)2<!-*!);;!-:!3(6!5)*)A636*4!

-:!&236*643! ')2!C6!8)*&6+!>I)226;;=!/UUb@J!N(6!4624&3&8&3<!)2);<4&4!7)4! ')**&6+!-B3!

:-;;-7&29! )55*-)'(64! )2+! 43*)369&64! &2! ;&26! 7&3(! 3(6! -264! 4B996436+! &2! I)226;;!

>/UUb@J!!N-!C6!)C;6!3-!)'(&686!3(6!)&A!-:!3(&4!'()536*!B4&29!4624&3&8&3<!)2);<4&4=!3(6!

:-;;-7&29!)44BA53&-24!76*6!A)+6O!

/J a6! )44BA6+!3()3!);;!)*)C;6!:)*A4!)*6!-56*)3&29!&2!?EF4!)2+!()86!3-!'-A5;<!

7&3(!3(6!GM%4!)2+!ZP[R! )4!76;;! )4! )55;<!3(6!?!A)K! )A-B234!&2! -*+6*!3-!

*6'6&86! 3(6! GHIJ! ,-7686*=! 4-A6! :)*A4! A)<! C6! );;-76+! 3-! )55;<! 4;&9(3;<!

)C-86!3(6!?!A)K!>466!\6:*)=!0#/X@!)2+!)4!)!*64B;3=!&2!3(&4!43B+<=!76!)44BA6+!



! !

!b/ !

3()3!:)*A6*4!&2!?EF4!)*6!-2;<!);;-76+!/#l!)C-86!3(6!?!A)K!;&A&3!)2+!3()3!

:)*A4!&2'*6)4&29!3(6!?!)A-B23!)C-86!/#l!7-B;+!;-46!3(6!GHIJ!!

0J a6! )44BA6+! :B*3(6*! 3()3! 3(6! *69B;)3-*! -:! 3(6! ?EF! +&*6'3&86! ()4! 9&862!

:)*A6*4!7(-!7)23!3-!& 2'*6)46!?!A)K!A-*6!3()2!/#l!3(6! *&9(3!3-!+-!4-!)2+!

:-*9-!3(6!GHIJ!

XJ 12! -*+6*! 3-! 4&A5;&:<! 3(6! )2);<4&4=! ?! )A-B234! )2+! 5*&'64! -:! );;! '*-54! 76*6!

8)*&6+! 4&AB;3)26-B4;<! 6862! 3(-B9(! &2! *6);&3<! )! :)*A6*! A)<! +6'&+6! 3(6! ?!

)A-B23!-:!7(&'(!'*-5!3-!);36*!-*!5*&'64!-:!+& ::6*623!'*-54!A)<!2-3!&2'*6)46!

C<!3(6!4)A6!A)*9&2J	

! Parameter	selection	and	range	of	variation	specification	

12!?EF4=! )*)C;6! :)*A6*4! ()86!3-! :-;;-7! '6*3)&2!9B&+6;&264!&2! -*+6*!3-! *6'6&86!3(6!

GHIJ!P4!5)*3!-:!3(6!9B&+6;&264=!:)*A6*4!)*6!*6YB&*6+!3-!)55;<!?!B5!3-!3(6!5*64'*&C6+!

?! A)K! (-7686* =! 3(6! 3<56! -:! 4-&;! )2+! 5*68)&;&29! *)&2:);;! '-B;+! );4-! &2:;B62'6! ?!

)55;&')3&-2J! a(&;6! 3(6! 3<56! -:! 4-&;! '-B;+! +636*A&26! 3(6! )A-B23! -:! ?! 3-! )55;<=!

*)&2:);;!'-B;+!&2:;B62'6!3(6!4'(6+B;&29!-:!?!)55;&')3&-2J!N(&4!A6)24!3()3!4-&;!3<56L

*)&2:);;L?! &236*)'3&-24! '-B;+! &2:;B62'6! :)*A&29! +6'&4&-2! )2+! (62'6! :)*A&29!

-CD6'3&864J!N(6!3(*66! :)'3-*4!76*6!3(6*6:-*6!46;6'36+! )2+!8)*&6+J!12!36*A4! -:! 3(6!

*)296!-:!8)*&)3&-2=!3(6!?!A)K!)A-B23!:-*!6)'(!'*-5!7)4!8)*&6+!C637662!L0#l!)2+!

oe#lJ!N-!&;;B43*)36! (-7!6'-2-A&'! :)'3-*4 !)::6'3 &29!3(6! :)*A&29! -CD6'3&864!B2+6*!

GHI=!'*-5!5*&'64!76*6!8)*&6+!3-!+636*A&26!7(63(6*!-*!2-3!&2'*6)46!&2!'*-5!5*&'64!

'-B;+!&2:;B62'6!:)*A6*4!3-!)55;<!?!)C-86!?!A)K!)2+!:-*9-!3(6!GHIJ!R*-5!5*&'64!&2!

3(6!A-+6;!76*6!&2'*6)46+!:*-A! el!3-!X#l!C<!4633&29!?!)A-B23!)3!Q#l!)C-86!?!

A)K!)2+!GHI!3-!f6*-J!N(6!*)296!-:!8)*&)3&-2!:-*!'*-5!5*&'64!7)4!&2:-*A6+!C<!7(6)3!

5*&'6!5*-D6'3&-2!C<!a&;;62C-'.6;!>0#//@J!N)C;6!0L/!4(-74!3(6!3(*66!4-&;!3<564!)2+!

3(*66!*)&2:);;!';)4464!>B46+!&2!\6:*)=!0#/#@!)2+!3(6!?!A)K!)A-B234!'(-462!:-*!3(6!

4624&3&8&3<!)2);<4&4J!!

!

!

!

!



! !

!b0!

N)C;6!0L/ O!I)*)A636*4!B46+!:-*!3(6!4624&3&8&3<!)2);<4&4!

I)*)A636*4 ! R*-54! ?!A)K!;&A&3!>.9!?c()@!

?!:6*3&;&46*!)A-B23 !

G5*&29!C)*;6<!>G]P%@! /e# !

a&236*!C)*;6<!>a]P%@! /S# !

a&236*!C6)24!>a][P@! #!

G5*&29!C6)24!>G][P@! #!

a&236*!7(6)3!>aa,N@! 00#!

GB9)*!C663!>G][[@! /0# !

a)*6!5-3)3-64!>aIhN@! 0b#!
a&236*!-&;466+!*)56!>aGh%@! 0e#!

! ! !

G-&;c*)&2:);;! G-&;!3<564c*)&2:);;!)A-B234! P44&926+!8);B64!

G-&;!3<56!
^&9(3!4-&;!>^G@! #Je!

M6+&BA!4-&;!>MG@! /Je!

,6)8<!4-&;!>,G@! 0Je!

%)&2:);;!

^-7!*)&2:);;!>AA@!>^%@! ee#!

M-+6*)36!*)&2:);;!>AA@!>M%@! "e# !

,&9(!*)&2:);;!>AA@!>,%@! be#!

!

! Factor	variations/interactions	and	model	runs	

N-! 624B*6! 4-&;L*)&2:);;L?! &236*)'3&-24=! ?! A)K!7)4! 8)*&6+! B2+6*! 4-&;! )2+! *)&2:);;!

&236*)'3&-24=! 7&3(! )2+! 7&3(-B3! GHI! 3-! '-A5)*6! 8)*&)3&-24! &2! 3(6! )*)C;6! :)*A&29!

-CD6'3&864J! 12! );;! 2&26! 4-&;! 3<56L*)&2:);;! &236*)'3&-24! 76*6! 9626*)36+J! N(6! ?! A)K!

+)3)!76*6! -C3)&26+! :*-A! \6:*)!>0#/X@!7(6*6)4!3(6!4-&;!3<564!)2+!*)&2:);;!8);B64!

76*6!C)46+!-2!&2:-*A)3&-2! :*-A!3(6! :)*A%!A-+6;!>R--.6! &$#-3==!0#/X@!)2+! \6:*)!

>0#/#@!*6456'3&86;<J!12!:)*A%=!4-&;!3<564!*)296+!:*-A!#Je!3(*-B9(!0Je!*65*64623&29!

456'&:&'!4-&;!3<564!:*-A!;&9(3!3(*-B9(!(6)8<!4-&;4!>PB+4;6<!&$#-3J=!0##ST!%-B24686;;!

&$=#-3==!0##X@!)2+!-B3!-:!3(646!4-&;!3<564=!3(6!3(*66!4(-72!&2!N)C;6!0L/! )C-86!76*6!

46;6'36+J!R*-5!5*&'6!+)3)!76*6!-C3)&26+!:*-A!3(6!:)*A%!A-+6;J!12!-*+6*!3-!')53B*6!

3(6! GIH! &2! 3(6! :)*A%! A-+6;=! 3(6! 0#/Q! :;)3! *)36! :-*! ;-7;)2+! :)*A6*4! &2! [29;)2+!

>m0#bc()@!>?&K=!0#/Q@!7)4!)55;&6+!3-!6)'(!'*-5!6236*5*&46!)2+!3(6!A-+6;!7)4!*B2!

B2+6*!6)'(!4-&;!3<56L*)&2:);;!&236*)'3&-2! :-*!6)'(!8)*&)3&-2!&2!?! )A-B23!)2+! '*-5!

5*&'6J!!

!



! !

!bX!

!

! Effect	of	N	variations	under	light	soil	and	rainfall	interactions	

P2!&2'*6)46!&2!?!)A-B23!B2+6*!);;!;&9(3!4-&;!)2+!*)&2:);;!&236*)'3&-24!&2'*6)46+!3(6!

5*-:&3! (-7686*=!&2'*6)4&29! 3(6! ?! A)K! C<! A-*6! 3()2! /#l! )2+! :-*9-&29! 3(6! GHI!

*6+B'6+!3(6!5*-:&3!>466!H&9B*6!0LX@J!H-*!6K)A5;6=!)55;<&29!?!A)K!)2+!*6'6&8&29!3(6!

GHI! 9626*)36+! )! 5*-:&3! -:! m/"U=0"e! (-7686*=! &2'*6)4&29! ?! A)K! C<! Q#l! )2+!

:-*:6&3&29!3(6!GHI! *6+B'6+!5*-:&3!3-!m/0b=Ub"!>0Ql!+6'*6)46@J!N(6! *64B;34!&A5;<!

3()3!);3(-B9(!3(6*6!&4!*--A!:-*!)*)C;6!:)*A6*4!3-!&2'*6)46!:)*A!5*-+B'3&8&3<!><&6;+!

)2+! (62'6!5*-:&3@!C<!)55;<&29!?! )C-86!?!A)K=!+-&29!4-!7&;;! *6+B'6!5*-:&34!>:)*A!

&2'-A6@!+B6!3-!;-44!-:!3(6!GHIJ!!

R*-5! '-A5;6K&3<! *6A)&26+! B2'()296+! )3! :-B*! &2+&')3&29! 3()3! B2+6*! ;&9(3!

4-&;4!)2+!*)&2:);;!&236*)'3&-24=!7&3(!-*!7&3(-B3!3(6!GHI!3(6!2BAC6*!-:!'*-5!46;6'36+!

C<!:)*A6*4!A)<!2-3!C6!)::6'36+!C<!?!8)*&)3&-24J!N(6!*&4.!&2'*6)46+!7&3(!&2'*6)46!&2!

?! B2+6*! );;! &236*)'3&-24! A6)2&29! 3()3! *&4.4! )44-'&)36+! 7&3(! ?! ;686;4! 6YB);! 3-! -*!

C6;-7!?A )K!)*6!;-76*J!N(&4!*64B;3!')2!C6!*6;)36+!3-!3(6!:&2+&29!-:!M-2D)*+&2-!&$#-3J!

>0#/X@!3()3=!(&9(6*!?!*)364!'-23*&CB36+!3-!(&9(6*!<&6;+4!CB3!76*6!)44-'&)36+!7&3(!

(&9(6*!<&6;+!8)*&)2'6!3*)24;)3&29!&23-!(&9(6*!6'-2-A&'!*&4.J!N(B4=!)&A&29!3-!*6'6&86!

3(6!GHI!C<!)55;<&29!C6;-7!-*!B5!3-!3(6!?!A)K!'-B;+!*6+B'6!:)*A!*&4.J!!

!
!

H&9B*6!0LXO!E)*&)3&-24!&2! )*)C;6! :)*A&29! -CD6'3&864!+B6!3-!?!:6*3&;&46*!)A-B23!8)*&)3&-24!

B2+6*! ;&9(3!4-&;L*)&2:);;! &236*)'3&-24J!N(6!+)4(6+! *6+=!C;B6! )2+!C;)'.! ;&264! *65*64623!3(6!

5*-:&3!;686;4!)44BA&29!:)*A6*4!)*6!43&;;!*6'6&8&29!GHI!):36*!&2'*6)4&29!?A)K!)C-86!/#lJ!
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! !

!bQ!

! 	Effect	of	N	variations	under	medium	soil	and	rainfall	interactions	

P55;<&29!?!A)K!B2+6*!A6+&BA!4-&;!)2+!;-7!*)&2:);;!&236*)'3&-2!9626*)36+!)!5*-:&3!

-:!m/X"=bUQ!>;-76*!3()2!5*-:&3!B2+6*!;&9(3!4-&;!)3!?!A)K!;686;@!7(6*6)4!&2'*6)4&29!

?!A)K!C<!Q#l!*6+B'6+!3(6!5*-:&3!3-!mUX=XbX!>X0l!*6+B'3&-2@!>466!H&9B*6!0LQ@J!N(6!

*64B;3!4(-74!3()3! '-A5)*6+!3-! ;&9(3!4-&;4=! :)*A4! -56*)3&29! -2!A6+&BA!4-&;4! ()86!

;-76*!5*-:&34!)2+!3(6!&A5;&')3&-2!&4!3()3!4B'(!:)*A4!7&;;!C6!C6336*!-::!-56*)3&29!)3!?!

A)K! ;686;! )2+! *6'6&8&29!3(6!GHI!6862!&:! :)*A6*4! ()86!3(6! *&9(3!3-! )55;<! )C-86!?!

A)KJ!

P9)&2=!'*-5!'-A5;6K&3<!*6A)&26+!A)&2;<!B2'()296+!C<!&2'*6)4&29!?!A)K!C<!

Q#lJ!G&2'6!:)*A4!*6'6&86!GHI!&**6456'3&86!-:!3(6!'*-5!9*-72 =!&3!&4!5-44&C;6!3()3!-2!)!

A6+&BA!4-&;!3(6!2BAC6*!-:!'*-54!46;6'36+!C<!:)*A4!A)<!2-3!+6562+!-2!7(63(6*!-*!

2-3!:)*A4!*6'6&86!GHIJ!12'*6)4&29!3(6!?!A)K!C<!Q#l!&2'*6)46+!3(6!*&4.!C<!Ql!)2+!

3(&4!A)<!C6!+B6!3-!3(6! :)'3!3()3!3(6!643&A)3&-2! -:!3(6!MhNP\! *&4.!7)4!C)46+! -2!

:)*A! -B35B3!><&6;+! )2+!5*&'6@!)2+!3()3! )2<!&2'*6)46!&2! :)*A! -B35B3!7&;;!3*)24;)36!

&23-!&2'*6)46!&2!3(6!)44-'&)36+!*&4.!>M-2D)*+&2-!&$#-3J=!0#/X@J!N(B4=!:)*A6*4!7&;;!C6!

C6336*!-::!C<!)3!A-43!:6*3&;&4&29!'*-54!)3!3(6!?!A)K!;686;!)44-'&)36+!7&3(!;-7!*&4.J!!

!
!

H&9B*6!0LQO!E)*&)3&-24!&2! )*)C;6! :)*A&29! -CD6'3&864!+B6!3-!?!:6*3&;&46*!)A-B23!8)*&)3&-24!

B2+6*! A6+&BA! 4-&;L*)&2:);;! &236*)'3&-24J! N(6! +)4(6+! *6+=! C;B6! )2+! C;)'.! ;&264! *65*64623!

3(6! 5*-:&3! ;686;4! )44BA&29! :)*A6*4! )*6! 43&;;! *6'6&8&29! GHI! ):36*! &2'*6)4&29! ?A)K! )C-86!

/#lJ !
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! !

!be!

! Effect	of	N	variations	under	heavy	soil	and	rainfall	interactions	

P55;<&29!?!A)K!9626*)36+! )! 5*-:&3! -:!mSe=0Xb!7(6*6)4!&2'*6)4&29!3(6!?!A)K!C<!

X#l! *6+B'6+!5*-:&3!3-!mXU=0QX!>eQl!+6'*6)46@!>466!H&9B*6!0Le@J!a&3(! -*!7&3(-B3!

GHI=! :)*A4! -56*)3&29! -2! (6)8<! 4-&;4! *6'-*+6+! 3(6! ;-7643! 5*-:&34J! N(B4=! B2+6*! )!

4'62)*&-!-:!2-!GHI=!:)*A4!-2!(6)8<!4-&;4!7-B;+!C6!7-*46L-::J!!P!X#l!&2'*6)46!&2!?!

A)K!B2+6*!(6)8<!4-&;!)2+!;-7!*)&2:);;! '()296+!'*-5!'-A5;6K&3<!:*-A!4&K!3-!46862!

CB3!*6A)&26+!B2'()296+!B2+6*!(6)8<!4-&;!)2+!A-+6*)36!*)&2:);;J!V2+6*!(6)8<!4-&;!

)2+! (&9(! *)&2:);;=! &3! *6+B'6+! :*-A! 46862! 3-! 4&KJ! N(6! '()2964! &2! '*-5! '-A5;6K&3<!

76*6!A)&2;<!+*&862!C<!3(6!&236*)'3&-24!-:!(6)8<!4-&;=!*)&2:);;!)2+!?!:6*3&;&46*=!7(&'(!

+636*A&26!3(6!3<564!-:! '*-54!3-!C6!9*-72! )2+!2-3!+B6!3-!*6'6&53!-:!3(6!GHIJ!N(6!

*&4.4! )44-'&)36+! 7&3(! ?! A)K! ;686;4! 76*6! ;-76*! 3()2! *&4.4! )44-'&)36+! 7&3(!

&2'*6)4&29!?!A)K!C<!X#lJ!H-*!6K)A5;6=!3(6!*&4.!:-*!)55;<&29!?!A)K!7)4!m/QQ=0#0!

7(6*6)4! 3()3! -:! X#l! &2'*6)46! &2! ?! A)K! 7)4! m/QS=QU"! >Xl! &2'*6)46@J! N(6!

&A5;&')3&-2!&4!3()3!)55;<&29!3(6!?!A)K!-2!)!(6)8<!4-&;!)2+!*6'6&8&29!3(6!GHI!7-B;+!

C6!)44-'&)36+!7&3(!;-76*!*&4.J!N(6!GHI!')2!3(6*6:-*6!C6!4)&+!3-!*6+B'6!:)*A!*&4.J!

!
!
!
H&9B*6!0LeO!E)*&)3&-24!&2! )*)C;6! :)*A&29! -CD6'3&864!+B6!3-!?!:6*3&;&46*!)A-B23!8)*&)3&-24!

B2+6*!(6)8<!4-&;L*)&2:);;!&236*)'3&-24J!N(6!+)4(6+!*6+=!C;B6!)2+!C;)'.! ;&264!*65*64623!3(6!

5*-:&3!;686;4!)44BA&29!:)*A6*4!)*6!43&;;!*6'6&8&29!GHI!):36*!&2'*6)4&29!?A)K!)C-86!/#lJ!

! !
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Table	3-1:	Results	of	literature	review	to	identify	statistical	approaches	to	measure	association	between	predicted	and	observed	data	

Reference	 Associated	
model	

Statistical	Measures	of	Association	Used	or	Suggested*	 Remarks	
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Gornott	and	
Wechsung	
(2016)	

Statistical	crop	
yield	models
	 	

+	 +	 	 +	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	
The	paper	presented	statistical	crop	yield	models	for	
winter	wheat	and	silage	maize	

Hussain	and	Al-
Alili	(2016)	

Solar	radiation	
models	 	 	 +	 	 	 	 +	 +	 	 	 	 	 	 	 	 	 	 	 	 	 	

The	paper	mentioned	RMSE,	MAE	and	R2	as	metrics	
for	evaluating	solar	radiation	model	performance	

Giovanna	et	al.	
(2016)	 	 	

A	model	on	
rainfall	and	
landslide	 	 	 +	 	 	 	 	 	 	 	 	 	 	 +	 	 +	 	 	 	 	 	

The	 paper	 presented	 an	 automated	method	 for	 the	
selection	 of	 rainfall	 data	 responsible	 for	 shallow	
landslide	initiation	which	mimics	expert	judgement	

Maniruzzaman	
et	al.	(2015)	

AquaCrop	
Model	

	 	 +	 +	 +	 	 +	 	 	 	 	 	 	 	 	 	 	 	 	 	 	

The	 paper	 presented	 the	 calibration	 and	 validation	
of	 the	 AquaCrop	 model	 under	 different	 irrigation	
regimes	

Gueymard	
(2014)	

Solar	radiation	
modelling	

	 	 +	 +	 +	 +	 +	 +	 	 +	 	 	 +	 	 +	 	 	 	 	 	 	

The	 paper	 reviewed	 validation	 methodologies	 and	
statistical	 performance	 of	 modelled	 solar	 radiation	
data	

Pulvento	et	al.	
(2013)	

SALTMED	
model	 	 	 +	 	 	 	 +	 	 +	 	 	 	 	 	 	 	 	 	 	 +	 	

SALTMED	model	 for	 integrated	 irrigation,	 crop	 and	
field	management.	Model	was	applied	to	irrigation	in	
Italy	

Razzaghi	et	al.	
(2013)	

SALTMED	
model	 	 	 	 	 	 	 +	 +	 	 +	 +	 	 	 	 	 	 	 	 	 	 	

Model	was	 applied	 in	Denmark.	 Statistical	methods	
were	used	to	compare	measured	and	simulated	soil	
water	content.	
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Table	3-1	(Continued)	

Reference	 Associated	
model	

Statistical	Measures	of	Association	Used	or	Suggested*	 Remarks	
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Sargent	(2013)	 	 General	
Modelling	
Approaches	

	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 +	 +	
The	 paper	 discussed	 model	 verification	 and	
validation	 as	 part	 of	 model	 development	
process	

Cooke	et	al.	
(2013)	

farmR	Model	
	 +	 +	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 +	 +	 +	

farmR	 model	 is	 a	 mixed-integer	 linear	
programming	 arable	 farm	 model	 which	
optimises	profit,	risk	and	crop	complexity	

Fatnassi	et	al.	
(2013)	 	

Climate	
simulation	
model	 	 	

	 	 +	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 +	 	
The	model	is	a	dynamic	for	simulating	climate	
conditions	in	a	green	house	

Abedinpour	et	
al.	(2012)	

AquaCrop	
	 	 +	 +	 	 	 +	 +	 	 	 	 	 	 	 	 	 	 	 	 	 	

AquaCrop	is	a	crop	growth	model	

Klein	et	al.	
(2012)	

Process-based	
crop	model	 	 	 +	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 +	

The	paper	used	 the	FADN	data	 to	 calibrate	a	
crop	model	

Franko	et	al.	
(2011)	

Soil	organic	
matter	model	 +	 	 	 	 	 	 +	 +	 	 	 	 +	 	 	 	 	 	 	 	 	 	 The	paper	described	a	carbon	balance	model	

Karunarantne	et	
al.	(2011)	

FAO-AquaCrop	
model	 	 	 +	 	 	 	 +	 	 	 	 	 	 	 	 	 	 	 	 	 	 	

The	 FAO-AquaCrop	 model	 is	 a	 model	 for	
irrigation	

Nousiainen	et	al.	
(2011)	

Dairy	farm	
nutrient	
management	
model	 	

	 	 +	 	 	 	 +	 	 	 	 	 	 	 	 	 	 	 	 	 +	 	

The	paper	presented	a	nutrient	management	
model	for	dairy	farms	

Gaiser	et	al.	
(2010)	

The	EPIC	model	

	 	 +	 +	 	 	 +	 +	 	 +	 +	 	 	 	 	 	 	 	 	 	 	

The	Environmental	Policy	 Integrated	Climate	
(EPIC)	model	 is	 a	 field	 scale	model	 designed	
to	 simulate	 drainage	 but	 can	 be	 as	 a	 crop	
growth	
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Table	3-1	(Continued)	

Reference	 Associated	
model	

Statistical	Measures	of	Association	Used	or	Suggested*	 Remarks	
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Henninger	et	al.	
(2010)	

Computational	
models	in	
biomechanics	

+	 +	 +	 	 	 	 +	 	 	 	 	 	 	 	 	 	 	 	 	 	 	
The	 paper	 presented	 validation	 in	 the	
context	of	computational	biomechanics	

Krause	et	al.	(2005)	 Hydrological	
models	 	 	 +	 +	 +	 	 	 	 	 	 	 	 	 	 +	 	 	 	 	 	 	

Paper	 investigates	 the	 utility	 of	 efficiency	
criteria	for	evaluating	hydrological	models	

Zheng	and	Agresti	
(2000)	

Generalized	
linear	models	 +	 +	 +	 	 	 	 	 	 	 	 	 	 	 	 	 	 +	 	 	 	 	

The	 paper	 studies	 summary	 measures	 of	
the	predictive	power	of	generalized	linear	
models	

McCarl	and	Spreen	
(1997)	

Model	validation	
approaches	 +	 +	 +	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 +	 +	

The	paper	reviewed	validation	approaches	
for	linear	programming	based	models	

Carley	(1996)	 Computational	
models	 +	 	 +	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 +	 	 	

*	R	(r)	=	Pearson’s	correlation	coefficient;	ρ	=	Spearman	correlation	coefficient;	R2	=	Coefficient	of	determination;	NSE	=	Nash-Sutcliffe’s	efficiency;	WIA	=	Willmott’s	index	of	agreement;	

LCE	=	Legates’s	coefficient	of	efficiency;	RMSE	=	Root	means	square	error;	MAE	=	Mean	absolute	error;	CRM	=	Coefficient	of	residual	mass;	MBE	=	Mean	bias	error;	RE	=	Relative	error;	

SSD	=	Sum	of	square	difference;	K-S	=	Kolmogorov-Smirnov	test;	K-W	=	Kruskal-Wallis	test	for	median;	SBF	=	Slope	of	best	fit;	L-T	=	Levene’s	test	for	variance	values;		DIC	=	Deviance	

information	criterion;	S-T	=	Sign	test;	H-T	=	Hypothesis	testing	(to	compare	means	and	variances);	Graphs	=	mainly	scatter	plots	with	regression	line	(including	boxplot	and	histogram).	

The	plus	(+)	indicate	the	statistical	measure	was	applied	or	suggested	in	paper;	U	Theil’s	U.	
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*/6!%.9>6,!+7!9)(/'%6-!+7!*E;6!4 !5()<(.<)*6&!>E!*/6!9+&6<:!,6\.',6&!*+!;6,7+,9!

*/6! 7'6<&! +;6,)*'+%-I!K/6! 9+&6<! )--. 96-! +%6! 7),96,! 5'%*6=6,B:! '%! )&&'*'+%! *+!

9)(/'%6! )%&! <)>+.,! %.9>6,-?! M/'(/! ),6! )<-+! '%*6=6,-! >.*! ()%! >6! -6*! )-! %+%N

'%*6=6,-!&6;6%&'%=!+%!*/6!)'9!+7!*/6!9+&6<!.-6,I!$*!-/+.<& !>6!%+*6&!*/)*!*/6!(+-*!+7!

+;6,)*'+%! '%(<.&6-! )%E! )&W.-*96%*! *+! ,6&.(*'+%! '%! E'6<&!&.6! *+! '9;,+;6,! +,!

-.>+;*'9)<!*'9'%=!+7!7),9!+;6,)*'+% !)%&!,+*)*'+%-I!!

2343534 !"#'%$&(:"6& !)7$# 8)*($9$.&*)(.+($&%$+-;)*9&1)*)1),+()"* &1"#$%&

1+&.<6!*M+!,6;,6-6%*-!*/6!%'*,)*6!<6)(/'%=!9'%'9'-)*'+%!9+&6<?!*/6!8)<.6!+7!M/'(/!

)<-+!'%7+,9-!*/6!%'*,)*6N<6)(/'%=!*),=6*!'%!9+&.<6!7+.,I!1+&.<6!F!M)-!>)-6&!+%!*/6!

)--.9;*'+%!*/)*!7),96,! '-!9+,6!(+%(6,%6&!M'*/!,6&.('%=!%'*,)*6!<6)(/'%=!-.>W6(*!

*+! ;,+7'*! 9)U'9'-)*'+%! (+%-*,)'%*I! P'*,)*6! <6)(/'%=! 5V=! P^/):! '-! )! 7.%(*'+%! +7!

%'*,+=6%!5P:!)9+.%* ! '%! */6! -+'<!5P! );;<'6&! d! )*9+-;/6, '(! &6;+-'*6&! P! d! -+'<! P!

-.;;<'6&:?! P! .;*)V6! >E! (,+;- ?! )99+%')! 5 Pb #: ! )%&! %'*,+.-! +U'&6! 5PFZ: !

8+<)*'<'-)*'+%I!K/6!+>W6(*'86!7.%(*'+%!7+,! */6!%'*,)*6!<6)(/'%=!9+&6<!M)-! )&+;*6&!

7,+9!4%%6**-! )%&!4.&-<6E!5FGGF:!>.*!M)-! )&);*6&!&.6!*+!<)(V!+7!&)*)!+%!%'*,)*6!

<6)(/'%=! M'*/! ,6-;6(*! *+! 7),9! +;6,)*'+%! *E;6-I! 4-! )! ,6-.<*?! */6! %'*,)*6! <6)(/'%=!

9+&6<! ;,6-6%*6&!9'%'9'-6-! */6! >)-6! %'*,)*6! <6)(/'%=! M'*/! ,6-;6(*! *+! */6! (,+;-!

=,+M%!.-'%=!*/6!P!>)<)%(6!);;,+)(/! 5Q +--'%V?!@""#:!/+M686,?!*/6!7+,9.<)*'+%!+7!

*/6! 9+&6<! 9)V6-! '*! ;+ --'><6! *+! 9)V6! )%E! 7.*.,6! )&W.-*96%*-! *+! '%(+,;+,)*6!

(/)%=6-!'%!%'*,)*6!<6)(/'%=!&.6!*+!(),,E'%=!+.*!7),9!+;6,)*'+%-!)%&!(,+;!,+*)*'+%!

-/+.<&!&)*)!>6(+96!)8)'<)><6I!K/.-?!*/6!+>W6(*'86!7.%(*'+%!+7!*/6 !%'*,)*6!<6)(/'%=!

9+&6<!()%!>6!-*)*6&!)-X!!

5#N#:!

!

Q/6,6 !'() 5."+$"!6%!$78.59!'-!*/6!%'*,)*6!<6)(/'%=!*+!>6!+;*'9'-6&?!8#9!'-!*/6!>)-6!%'*,)*6!

<6)(/'%=!7,+9!*/6!.*/ !(,+;!;6,!/6(*),6!)%&! $.#'-!)-!&67'%6&!.%&6,!3\I5#NF:I!4<*/+.=/!

*/6! %'*,)*6! <6)(/'%=! 9+&6<! '-! 7+,9.<)*6&! *+!+;*'9'-6 !%'*,)*6! <6)(/'%=! )-! )! -'%=<6!

!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
B!K/6!9+&6<!)--.96-!@!7),96,?!M/'(/!'-!-6*!)-!'%*6=6,!)%&!*/.-!;,'9),'<E!9)V6-!*/6!9+&6<!)!9'U6& N
'%*6=6,!9+&6<I!K/6!+*/6,!9)(/'%6^<)>+.,!%.9 >6,-!()<(.<)*6&!>E!*/6!9+&6<!),6!)<-+!-6*!)-!'%*6=6,-I!

*+,:#1.;19<=9;>?#:@ = 	&8#9"#
#

!



! !

!"A!

+>W6(*'86?! */6,6! '-! )! ;+--'>'<'*E! *+! '%(<.&6! */6! ;,+7'*! +>W6(*'86! )-! )! (+%-*,)'%*! >E!

-6**'%=!)!;,+7'*!*),=6*!)%&!-+<8'%=!*/6!9+&6<!)-!)!9.<*'N+>W6(*'86!1$O!9+&6<I!

2343532 !"#'%$&(;.$$6&!)7$# 8)*($9$.&.),<&1)*)1),+()"* &=!> !?@ABC&1"#$%&

1+&.<6! */,66! ,6;,6-6%*-! */6! ,'-V! 9'%'9'-)*'+% ! 9+&6<! .-'%=! */6! 1ZK4[!

;,+=,)99'%=! );;,+)(/I! ! K/6! */',&! 9+&.<6! M)-! >)-6&! +%! )--.9;*'+%! */)*! */6!

),)><6! 7),96,! '-! ,'-V! )86,-6! )%&! '-! '%*6,6-*6&! '%!9)U'9'-'%=! ;,+7'*! -.>W6(*! *+!

9'%'9'-'%=! &68')*'+%! '%! '%(+96! 5,'-V:I!1ZK4[! '-! )! <'%6),! );;,+U'9)*'+%! +7! */6!

\.)&,)*'(! ;,+=,)99'%=!5e0:! );;,+)(/ !)%&! .%<'V6!*/6!e0?! '*! .-6-!96)%!)>-+<.*6!

&68')*'+%!514[:! '%-*6)&!+7!8),')%(6!5b)J6<<?!@"c@C!b),&)V6,! !"#$%&?!@""cC!b),&)V6,!

!"# $%&?! FGGH:I! K/.-! 1ZK4[! '-! )! <'%6),! );;,+U'9)*'+%! +7! 6U;6(*6&! 7),9! '%(+96!

8),')>'<'*E! 5f)'-6,! )%&! 16--6,?! FG@@:! )%&! */6! 7+,9.<)*'+%! 9)V6-! '*! ;+--'><6! *+!

-+<86! )! 1ZK4[! ;,+><69! M'*/! RO! )%&! 1$O! )<=+,'*/9-I! K/6! 1ZK4[! 9+&6<! 53\I !

5#NH::! 9)U'9'-6-! 6U;6(*6&! '%(+96! -.>W6(*! *+! 3\I! 5#Na:?!5#NB:! )%&! (+%-*,)'%*-!

;,6-6%*6&!.%&6,!26(*'+%!#I#I!!!

!5#NH:!

!

5#Na:&

!

5#NB:!

&

Q/6,6! !#A!'-!*/6!=,+--!9),='%!+7!*/6! .*/!(,+;!.%&6,! : */!-*)*6!+7!%)*.,6!)%&!!B!'-!*/6!

96)%!6U;6(*6&! =,+--! 9),='%?!; : ! '-! )%!<!>E! @! 86(*+,! +7! )(*'8'*E! <686<-! 96)-.,'%=!

%6=)*'86! '%(+96! &68')*'+%-! .%&6,!: */! -*)*6! +7! %)*.,6?! * : ! '-! )! @! >E!<! 86(*+,! +7!

;,+>) >'<'*'6-! +7! */6!: */! -*)*6! +7! %)*.,6! )%&!= 5! '-! )! 96)-.,6! +7! 96)%! )>-+<.*6!

&68')*'+%! 514[ : !+,! ,'-V?! M/'(/! ()%! >6! ;),)96*,'()<<E! 8),'6&I! K/6! *+*)<! -*)*6-! +7!

%)*.,6!5<:!g!a!5>)-6&!+%!aNE6),!;,'(6!&)*): I!K/6!8)<.6!+7!= 5!-6*!,67<6(*-!*/6!<686<!+7!

,'-V!)86,-'+%I!4<*/+.=/!*/6!,'-V!9+&6<!M)-!7+,9.<)*6&!*+!;),)96*6,'-6! = 5!&',6(*<E?!

= 5#()%!>6!-6*!)*!'*-!/'=/6-*!8)<.6!M'*/!M6'=/*!)**)(/6&! *+!'*!)%&!;),)96*6,'-6! */6!

M6'=/*!)-!)!96)-.,6!+7!,'-V!)86 ,-'+%!(+677'('6%*!+,!;),)96*6, I!4<-+?!'%!*/6!1ZK4[!

&C!#A − !2#D"#
#

+ 	FA ≥ 0			IJK	"LL	M		

!

&NAFA
A

	≤ P:, 	P:	varied!

!

*+,-./0#1 = 	&!2#"#
#

−&&&4#5)'#5)
)5#

− 	&4676
6

−&NAFA
A

!

!



! !

!"" !

9+&6<?! %'*,)*6! <6)(/'%=!+>W6(*'86!M)-! '%(+,;+,)*6&! )-! )! (+%-*,)'%*! )%&! */.-! */6!

9+&6<!9)U'9'-6 -!;,+7'*!-.>W6(*!*+!,'-V!)%&!%'*,)*6!<6)(/'%=!9'%'9'-)*'+%?!/+M686,!

*/6 !%'*,)*6!<6)(/'%=!+>W6(*'86!*),=6*!8)<.6!()%!>6!-6*!*+!J6,+!)%&!*/6!9+&6<!-+<86&!

*+! +;*'9'-6! ;,+7'*! -.>W6(*! *+! '%(+96! &68')*'+%5,'-V :! (+%-*,)'%*! )-! );;<'6&! '%!

L/);*6,! aI!

234353D !"#'%$&D6&!)7$# 8)*($9$.&: $)9;($#&9"+%&/."9.+11)*9&1"#$%&

1'U6&N'%*6=6,! <'%6),! ;,+=,)99'%=! 9+&6<-! ()%! >6! 7+,9.<)*6&! )-! 9.<*'N+>W6(*'86!

9+&6<-! 56I=I! 4%%6**-! )%&! 4.&-<6E?! FGGFC! L++V6!!"# $%&?! FG@#:! +,?! '%! */6! ()-6! +7!

9+&.<6-! *M+! )%&! */,66?! >E! 9)U'9'-'%=! +,! 9'%'9'-'%=! +%6! +>W6(*'86! M/'<-*! */6!

+*/6,! +>W6(*'86-! ),6! 6U;,6--6&! )-! '%6\.)<'*E! (+%-*,)'%*-! +,! M/'<-*! */6! M6'=/*!

)**)(/6&! *+! */6! +*/6,! +>W6(*'86! '-! ,6&.(6&I! b+M686,?!*/6,6! ( )%! >6! <'9'*)*'+%-!

)--+(')*6&! M'*/! -.(/! 7+,9.<)*'+%-! >6().-6! 6)(/! +>W6(*'86! 6U;,6--6&! )-! )!

(+%-*,)'%*!9.-*!>6!6%7+,(6&?!+*/6,M'-6!*/6,6!'-!)!;+*6%*')<!+7!*/6!9+&6<!=6%6,)*'%=!

)%! '%76)-'><6! -+<.*'+%!5b)J6<<! )%&! P+,*+%?! @"ABC! h=)W%),! )%&! f)8('(?! FG@@:I! K+!

+86,(+96! -.(/ !<'9'*)*'+%-?!)!9'U6&N'%*6=6,!M6'=/*6&!=+)<N;,+=,)99'%=!51$QDO:!

9+&6<!M)-! 7+,9.<)*6&! *+!+;*'9'-6 !*/6! */,66!+>W6(*'86-! -'9.<*)%6+.-<E!>)-6&!+%!

)--.9;*'+% -! */)*! */6! ),)><6! 7),96,! '-! '%*6,6-*6&! '%! 9)U'9'-'%=! ;,+7'*! M/'<6-!

9'%'9'-'%=!%'*,)*6!<6)(/'%=!)%&!,'-V I!1+&.<6-!@?!F! )%&!#! ),6!<'%V6&! *+!1+&.<6!H!

>)-6&! +%! )--.9;*'+%! */)*! */6',! +>W6(*'86! 7.%(*'+%! 6-*'9)*6-! '%7+,9! */6! =+)<!

*),=6*-! '%! */6! 1$QDO! 9+&.<6I!K/6! 1$QDO!5,6;,6-6%*6&! >E! 1+&.<6! H:!)<<+M-!

*,)&6N+77-!*+!>6!9)&6!>6*M66%!*/6!=+)<-!6-;6(')<<E!>6*M66%!*/6!6(+%+9'(!5;,+7'*:!

)%&!6%8',+%96%*)<!5%'*,)*6!<6)(/'%=:!=+)<-!+,!>6*M66%!;,+7'*!)%&!,'-V!=+)<-!)%&!)<<!

*/6! =+)<-! ()%! >6! +;*'9'-6&! -'9.<*)%6+.-<E!M'*/+.*! */6! ;+--'>'<'*E! +7! =6%6,)*'%=!

'%76)-'><6! -+<.*'+%-I! 4! *E;'()<!=+)<N;,+=,)99'%= ! 5DO:!9+&6<!9'%'9' -6-! */6!

&68')*'+%-!7,+9!=+)<!*),=6*-!)%&!()%!=6%6,)<<E!>6!6U;,6--6&!9)*/69)*'()<<E!)-X !

!5#Nc:!

!

subject	to	_@ ` + _@< − _@a = b@,				` ∈ 4J7d!

`, _@<, _@a ≥ 0!

!

Minimise:i = 	&(k@_@< + l@
?

@m(

_@a)!



! !

!@GG!

Q/6,6 ! >! '-! */6! *+*)<! &68')*'+%! *+! >6! 9'%'9'-6&?! ?95+:! '-! )! <'%6),! 7.%(*'+%! +,!

+>W6(*'86!5=+)<:!+7!+?!M/'(/!'- !)!86(*+,!+7!&6('-'+%!8),')><6-?!@9#'-!*/6!*),=6*!-6*!7+,!

*/6! 9*/ !+>W6(*'86!+,!=+)<!'%7+,96&!>E!,6-.<*-!7,+9!9+&.<6-!+%6!*/,+.=/!*/,66? !_@<#

)%&! _@a# ,6;,6-6%*! */6! %6=)*'86! 5.%&6,N)(/'68696%*:! )%&! ;+-'*'865+86,N

)(/'68696%*:! &68')*'+%-! 7,+9! =+)<! *),=6*-! M/6,6)-! A9! )%&!B9! ),6! */6! ,6<)*'86!

M6'=/*-!)**)(/6&!*+!*/6 !&68')*'+%!8),')><6-! ,6-;6(*'86<E!)%&!2,5<!'-! )! -6*!+7!,'='&!

(+%-*,)'%*-!5-/+M%!.%&6,!26(*'+%!#I#:I!K/6!M6'=/*'%=!-(/696!&6-(,'>6&!'%!f)'-6,!

)%&!16--6,!5FG@G:!M)-!)&+;*6&!>.*!*/6!M6'=/*-! M6,6!%+,9)<'-6&!M'*/!,6-;6(*!*+!

*/6!=+)<!*),=6*-!50+96,+!)%&!06/9)%?!FGG#:!&.6!*+!&'776,6%*!.%'*-!7+,!6(+%+9'(!

)%&! 6%8',+%96%*)<! =+)<-I! K/6! 7.%(*'+%?!?95+:! ,6;,6-6%*-! 6)(/! +7! */6! +>W6(*'86!

7.%(*'+%-!+,!=+)<-!,6;,6-6%*6&!>E!3\ I!5#N" :?!5#N@G:! )%&!5#N@@:I!$*!-/+.<& !>6!%+*6&!

*/)*!7+,!DO!;,+><69-!*/6!=+)<-!-6,86!)-!(+%-*,)'%*-!>.*!),6!6U;,6--6&!)-!6\.)*'+%-!

,)*/6,!*/)%!'%6\.)<'*'6-I!K/.-! */6!QDO!9+&6<!()%!>6!-*)*6&!)-X!

!5#NA:!

!

2.>W6(*!*+!*/6!=+)<-!>6<+M!)%&!*/6!-6*!+7!(+%-*,)'%*-!&6-(,'>6&!.%&6,!26(*'+%!#I#I!

E"+%&56!1)U'9'-6 !;,+7'*!!

5#N" : !

!

E"+%&46!1'%'9'-6 !%'*,)*6!<6)(/'%=!!

5#N@G:!

!

E"+%&26!1'%'9'-6 !,'-V!5&68')*'+%!'%!;,+7'*!+,!'%(+96:!!

5#N@@:!

!

Q/6,6! $.!'-! */6! ),6)!+7!*/6! .*/ !(,+;?! C.!'-! */6!&68')*'+%! '%! '%(+96!7+,!*/6! .*/! (,+; !

.%&6,! )<<! -*)*6-! +7! %)*.,6I! [.6! *+! */6! ;,+><69! +7! '%76)-'>'<'*E! '%! )%! )**69;*! *+!

*+,-./0#1 = 	&!2#"#
#

−&&&4#5)'#5)
)5#

− 	&4676
6

+	k(_(< − l(_(a = 	b(!

!

*+,:#1.;19<=9;>?#:@ = 	&8#9"#
#

+ ko_o< − lo_oa = 	bo!

*+,.#p) = 	&"#q#
#

+ kr_r< − lr_ra = 	br!

		Minimise:	i = 	&(k(_(< + l(_(a
r

@m(

+ ko_o< + lo_oa + kr_r< + lr_ra)!



! !

!@G@!

'%(+,;+,)*6!*/6!1ZK4[!9+&6<!7+,9.<)*'+%!526(*'+%!#IFI@I#:! '%*+!*/6!QDO!9+&6<?!

*/6!-*)%&),&!&68')*'+%-!'%!'%(+96!7+,!*/6!(,+; - !M6,6!.-6&!)-!96)-.,6-!+7!,'-V!'%!

*/6!,'-V! 9'%'9'-)*'+% !=+)<!'%-*6)&!+7!'%(+96!&68')*'+%-!.%&6,!: */!-*)*6!+7!%)*.,6I!

Y+,!9)U'9'-)*'+% !=+)<-?! .%&6,N)(/'68696%*-! ),6! .%&6-',)><6!+,!&6*,'96%*)<! )%&!

*/6,67+,6!*/6!9'%'9'-)*'+% !+7!*/6!&68')*'+%!'-!7+(.-6&!+%!*/6!%6=)*'86!&68')*'+%-?!

M/6,6)-! 7+,! 9'%'9'-)*'+% !=+)<-! +86,N)(/'68696%*-! ),6! .%&6-',)><6! )%&! ;+-'*'86!

&68')*'+%-!),6!&6*,'96%*)<?!/6%(6!*/6!7+(.-!+7!*/6!9'%'9'-)*'+% !'%!*/6!DO!+>W6(*'86!

7.%(*'+%I!K/.-! */6!+>W6(*'86!7.%(*'+%?!3\I!!5#NA:!()%!>6! ,68'-6&! )%&! -*)*6&! )-!3\I!!

5#N@F:I!!

!5#N@F:!

!

 

[6('-'+% N9)V'%=! '%!),)><6! 7),9'%=!'- ! )776(*6&! >E!)! 9E,')&! +7!(+%-*,)'%*-! )%&! *+!

();*.,6! */6-6! '%!*/6!24Y1Z[?! */6! (+%-*,)'%*-! ;,6-6%*6&!>6<+M!M6,6! )--.96&!*+!

'9;)(*! +%! ),)><6! 7),9'%=! &6('-'+%-I! 4<-+?! */6! (+%-*,)'%*-! ;,6-6%*6&! >6<+M! ),6!

'9;+-6& !'%!)<<!*/6!7+.,!9+&.<6-!>.*!M'*/!-+96!9+&'7'()*'+%!'%!9+&6<!);;<'()*'+%!

'%!L/) ;*6,!HI!!

 F$,"'.-$&-"*,(.+)*(, &

06-+.,(6!6%&+M96%*!+7!),)><6!7),9-!'%7<.6%(6!*/6!&6('-'+%!*)V6%!>E!7),96,-!)%&!

*/)*! )!7),96,! ()%!+%<E!M+,V!M'*/! )9+.%*!+7! ,6-+.,(6!)8)'<)><6!*+! /'9^/6,I!K/.-!

*/'-! (+%-*,)'%*! M)-! '9;+-6&! *+! 6%-.,6! */)*! */6! )9+.%*! +7! )! ,6-+.,(6 !%66&6&! *+!

(),,E! +.*! )%! +;6,)*'+%! +%! )! (,+;! &+6-! %+*! 6U(66&! */6! )9+.%*! +7! */6! ,6-+.,(6!

)8)'<)><6I!K/6!,6-+.,(6!*E;6!(+%-'&6,6&!'-!*/6!%.9>6,!+7!M+,V)><6!/+.,-!)8)'<)><6!

'%! )! ;6,'+&! *+! (),,E! +.*! )%! +;6,)*'+%! )%&! '*! -/+.<&! >6! %+*6&! */)*! &'776,6%*!

+;6,)*'+%-! /)86! &'776,6%*! M+,V)>'<'*E!*E;6! )%&! /6%(6! &'776,6%*! M+,V)><6! /+.,-!

);;<E! *+! &'776,6%*! +;6,)*'+%-I!K/6! (+%-*,)'%*! */.-! 6%-.,6-! */)*! */6! %.9>6,! +7!

/+.,-!)!7),96,!()%!M+,V!()%%+*!6U(66&!*/6!M+,V)><6!/+.,-!)8)'<)><6!'%!)!;6,'+&I!

K/6!(+%-*,)'%*!()%!>6!6U;,6--6&!)-X!

5#N@#:!

!

&&s#5)6'#5)
5#

	≤ 	 t6)u76							∀w, x,y	!

!

		Minimise:	i = 	k(_(< + lo_oa + lr_ra!



! !

!@GF!

Q/6,6 ?!s#5)6!'-! */6! M+,V!,)*6!+7!+;6,)*'+%!3!(),,'6&!+%!(,+;! .!.-'%=!)!9)(/'%6!+7!

*E;6!4 !'%!;6,'+&!0!)%&!!'#5)!),6)!+7!+;6,)*'+%!3!(),,'6&! +%!)!(,+; !.!'%!;6,'+&! 0I!t6)u!
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≤ Total	cropping	area	(250ha)!

"u/p. ≤ 	
1
3×	Total	cropping	area	(250ha)!

"ã9;:p ≤ 	
1
3×	Total	cropping	area	(250ha)	

!

"pã991 ≤ 	
1
3 ×	Total	cropping	area	(250ha)!

"u-/1 ≤ 	
1
4×	Total	cropping	area	(250ha)!
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	óö9;>? = Cóü-- + ó†9-/ + sósD − Có°-1;)9 + 8JL(¢£r) + 8JL(¢o§)D!



! !

!@G"!

K)><6!#NFX!T)-6!P!<6)(/'%=!5V=!P^/):!6-*'9)*6-!7+,!(,+;-!)%&!-6*N)-'&6!.-6&!'%!*/6!9+&6<!

L,+;- ! P!4;;<'6&!
+7!Y'U6&!
5V=^/): !

K+*)<!P!
5V=^/): !

P!_;*)V6!
377'('6%(E!!

P!
_;*)V6!

5V=!^/):!!

N,%OKPQR#

5V=^/): !
N,%OKS'R!

5V=^/): !
P!

R6)(/'%=!
5DQ:!5V=!
P^/)^E,: !

Q'%*6,!M/6)* ! FFG! #FG! GIBa! FGAIGG! BIHG! @IBG! #@IFG!

2;,'%=!M/6)* ! @AG! FAG! GIBA! @"GIHG! aIBG! @IHG! FHIcA!

Q'%*6,!>),<6E! @cG! FcG! GIaH! @HaIAG! aIHG! @I#a! #aIFH!
2;,'%=!>),<6E! @HG! FHG! GI#"! "#IBG! HIAG! @IFG! HFI@F!

Q'%*6,!>6)%-! FAa! #Aa! GIa@! @"BI#a! cIcG! @I"#! a#Ic@!

2;,'%=!>6)%-! FAa! #Aa! GIa@! @"BI#a! cIcG! @I"#! a#Ic@!
Q),6!;+*)*+6- ! FFG! #FG! GIA@! Fa"IFG! BIHG! @IBG! @aIAH!

Q'%*6,!Z20! @"G! F"G! GIAa! FHBIaG! aIAG! @IHa! @GIAA!
2.=),!>66* ! @GG! FGG! @IGc! F@HIGG! HIGG! @IGG! NaIcG!

26*N)-'&6o! NN! @GG! NN! NN! FIGG! GIaG! F"IFa!

P+*6X!P!&6;+-'*'+%!5FG!V=!P^/)^E,:!)%&!2P2!5AG!V=^/):!M6,6!)&&6&!*+!*/6!P!);;<'6&!*+!6-*'9)*6!*/6!P!.;&)*6I!

o! P! )9+.%*! M)-! >)-6&! +%! P! &6;+-'*'+%! )%&! 2P2! 8)<.6-I! P! Y6,*'<'-6,! )9+.%*-! ),6! >)-6&! +%! ,6(+996%&6&!

)9+.%*-!7+,!)!/6)8E!-+'<!

!

 N".<&.+($,O&"/$.+()"*,& +*#&0)7$#&-",(,& &

K/6! M+,V! ,)*6! 5/^/):! +7! 9)(/'%6! *E;6-! (),,E'%=! +.*! +;6,)*'+%-! M6,6! 6-*'9)*6&!

>)-6&!+%!7)(*+,-! -.(/! )-!9)(/'%6! -'J6?! -+'<! *E;6?!76,*'<'-6,!+,! -66&! )9+.%*-?! (,+;!

E'6<&I!Y+,!6U)9;<6?!*/6!M+,V!,)*6!+7!)!(+9>'%6!/),86-*6,!&6;6%&-!+%!*/6!(,+;!E'6<&!

)%&! */6! -'J6! +7! */6! (+9>'%6!'%! *6,9-! +7! ;+M6,I!K/6! M+,V! ,)*6! 7+,! 6),*/ N9+8'%=!

+;6,)*'+%-! -.(/! )-! ;<+.=/'%=!*++V! '%*+! (+%-'&6,)*'+%! -+'<! *E;6I!K/6!7+,9.<)6!7+,!

6-*'9)*'%=! */6! M+,V! ,)*6-! M6,6! +>*)'%6&! 7,+9! L/)96%! )%&! 4.&-<6E! 5@""#:! )%&!

),6!-'9'<),!*+!*/6!+%6-!.-6&!>E!L++V6!!"#$%&!5FG@#:!*+!>.'<&!*/6!7),90!9+&6<I!!

K/6!+;6,)*'+%!(+-*! *++V! '%*+!(+%-'&6,)*'+%!7.6<!(+-*!53\I!5#NFc::!>)-6&!+%!

M+,V! ,)*6-?! 7.6<! (+%-.9;*'+%?! )%&! 7.6<! ;,'(6I!4<-+?! M'*/! */6! ;+--'>'<'*E! 7),96,-!

/','%=!-6)-+%)<!+,!*69;+,),E!<)>+.,?!8),')>< 6!<)>+.,! (+-*!M)-!)--.96&!*+! >6!;),*!

+7! +;6,)*'+%-! (+-*! )%&! )-! )! ,6-.<*?!8),')><6! <)>+.,! (+-*! M)-! 6-*'9)*6&! .-'%=! )%!

/+.,<E! M)=6!,)*6!5n^/:!)%&!)&&6&!*+!*/6!7.6<!(+-*I!Y+,!+;6,)*'+%-!-.(/!)-!;<)%*'%=!

)%&!/),86-*'%=!M/'(/!)**,)(*! *'96<'%6--!;6%)<*'6-?!*/6!,6-;6(*'86!;6,'+&'(!;6%)<*'6-!

59)'%<E!E'6<&!<+--:!M6,6!6-*'9)*6&!'%!*6,9-!+7!(+-*!5n^/):!)%&!)&&6&!*+!*/6!(+-*!+7!

+;6,)*'+%I! 2.;;+-'%=! */6! ;6%)<*E! 7+,! /),86-*'%=! M'%*6,! M/6)*! '%! )! -.>N+;*'9)<!

;6,'+&!'-!aj!)%&!*/6!)86,)=6!E'6<&!)%&!;,'(6!),6!@G*^/)!)%&!n@@G^*!,6-;6(*'86<E?!



! !

!@@G!

*/6!*'96<'%6--! ;6%)<*E!(+-*! 5n^/):!M'<<!>6!naa^/)!5GIGa!! !@G*^/)!! !n@@G^*:I!K/'-!

8)<.6!'-!*/6%!)&&6&!*+!*/6!(+-*!+7!/),86-*'%=!'%!*/)*!;6,'+&I!

5#NFc:!

!

K/6! 7'U6&! (+-*!5G2:!(+%-'&6,6&! '%! */6!-*.&E! (+%-'-*- !+7! */6! )%%.)<!<)>+.,!

(+-*! 5LT2:! )%&! )%%.)<!9)(/'%6,E! (+-*! 5= 2: I! Q'*/! */6! 24Y1Z[! -6*! .;! *+! -6<6(*!

<)>+.,!%.9>6,-?!M/'(/! ),6 !)--.96&!*+!> 6!;6,9)%6%*!<)>+.,!+,!M+,V7+,(6?!*/6!LT2!

M)-!);;<'6&!*+! */'-!*E;6!+7!<)>+.,!)%&!/6%(6!M/E!'*!M)-!(+%-'&6,6&!.%&6,!G2I!K/6!

=2 ! (+%-'-*- ! +7! 9)'%<E! )%%.)<! &6;,6(')*'+%! 5L>!* :! )%&! )%%.)<!,6;)',! )%&!

9)'%*6%)%(6!(+-*-! 5V2,<":I! K/6-6! M6,6! 6-*'9)*6&! >)-6&! +%! (+-*-! +,! ;,'(6-! +7!

9)(/'%6,E! 5 =$2 :?! ,)*6! +7! &6;,6(')*'+%! 5>V:?! ,6;)',! (+-*! ,)*6! 5 V2V:! )%&!

,6;<)(696%*! E6),-! 55:I! 3-*'9)*6-! (+.<&! >6! )&W.-*6&! 7+,! '%7<)*'+%! )%&! *+! *)V6!

'%*6,6-*! ,)*6! 5WV:! '%*+! (+%-'&6,)*'+%?! L>!* ! M)-! 6-*'9)*6&! .-' %=! */6! ();'*)<!

,6(+86,E! 7)(*+,! 52VG:! 53\ I! 5#NFA:! )%&!5#N#G:: ! /+M686,?! '%! )! -'*.)*'+%! M/6,6!

'%*6,6-*!,)*6!'-!J6,+?!*/6!L>!* !'-!,6()<(.<)*6&!>)-6&!+%!3\I!5#NF" : !M/6,6! >!* !'-!*/6!

*+*)<!&6;,6(')*'+%I!V2,<"!M)-!6-*'9)*6&!>)-6&!3\I! 5#N#@:!)%&!*/6! = 2#>)-6&!+%!3\I!!

5#N#F:I!K/6!G2!()%!*/6,67+,6!>6!6U;,6--6&!)-!=2 !d!LT2I!$%!*/6!9+&6<?!*/6!*+*)<!7'U6&!

(+-*!'-!()<(.<)*6&!.-'%=!*/6!9)(/'%6!)%&!<)>+.,!%.9>6,-!6-*'9)*6&!>E!*/6!9+&6<I!

Y+,!6U)9;<6?! -.;;+- '%=! */6!=2 ! 7+,! *,)(*+,! '-! n@F?GGG?!LT2! '-! n@A?GGG! )%&! */6!

*,)(*+,! )%&!<)>+.,!%.9>6,-! -6<6(*6&!>E!*/6!9+&6<!),6!F!)%&!#! ,6-;6(*'86<E?!*/6%!

*/6!*+*)<!G2!M'<<!>6!ncA?GGG!5F! n@F?GGG!d!#! n@A?GGG:I!3\.)*'+%!-/+M%!>E!3\I!#NFA!

*+!3\I!#N#@!+>*)'%6&!7,+9!$+M)!2*)*6!_%'86,-'*E!3U*6%-'+%!)%&!Z.*,6)(/!M6>-'*6X!

/**;-X^^MMMI6U*6%-'+%I')-*)*6I6&.^)=&9^(,+;-^;&7^)# NF"I;&7I!!

5#NFA:!

!

5#NF" : !

!

5#N#G:!

!

	ùiûN = (iûN	×	4éî) + (P"4	×	•é)	

	4éî =
•é(1 + •é):

(1 + •é): − 1!

	iûN = P"4 − (P"4	×	ié); 						ùiûN =
iûN
7 !

îkûL	4Jdß	(£/ℎ") = îkûL	4J7dkwNß}J7	(L/ℎ)×™JKx	K"ßû	(ℎ/ℎ")×

																																							îkûL	NK}´û	(£/L)!
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Q'*/! &'776,6%(6-! '%! */6! M+,V)>'<'*E! +7! &'776,6%*! +;6,)*'+%-?! */6!UP<#M6,6!

,68'-6&! >)-6&! +%! */6! *E;6! +7! +;6,)*'+%! 5K'<<6*! )%&! 4.&-<6E?! @"Ac:I! Y+,! 6U)9;<6?!

-;,)E'%=! /)-! )! M+,V)>' <'*E! +7! BGj?! */.-! '7! */6! 6-*'9)*6&! Qb! g! HG/?! */6%! M'*/!

,6-;6(*!*+!-;,)E'%=!*/6! UP !M'<<!>6!FH/!5HG!q!GIB:I!K/6!T@W!)&+;*6&!7,+9!K'<<6*!)%&!

4.&-<6E!5@"Ac:!()%!>6!6U;,6--6&!)-X!!

5#N##:!

Q/6,6?!

I@!g!2+'<!*E;6!5-+'<!*E;6!,6;,6-6%*6&!>E!'%&'(6-!7,+9!GIa!*+!FIa!)*!'%*6,8)<!+7!GIFa!*+!

,6;,6-6%*!<'=/*!-+'<-!*/,+.=/!*+!/6)8E!-+'<-:?!LV!g!4%%.)<!,)'%7)<<!599:I!

 Q)$%#&+*#&."(+()"*+%&/$*+%()$,&

2.> N+;*'9)<!+;6,)*'+%-!)%&!,+*)*'+%-!(+.<&!)**,)(*!E'6<&!;6%)<*'6-!5j!E'6<&!<+--:?!

' /*!5 ! )%&!V/*!5 ! ,6-;6(*'86<EI! Y+,!6U)9;<6?! */6! +;*'9.9! *'96! 7+,! ;<)%*'%=! M'%*6,!

M/6)*!'-!>6*M66%!<)*6!26;*69>6,!)%&!6),<E!Z(*+>6,!/+M686,?!;<)%*'%=!'%!6),<E!+,!

<)*6! [6(69>6,! (+.<&! )**,)(*! )! ;6%)<*E! +7! )>+.*! @ajI! R6=.96-! 56I=I! >6)%-:!

7+<<+M'%=! M'%*6,! M/6)*! )**,)(*-! %+! ;6%)<*E! )%&! */.-! (+%-'&6,6&! )-! +;*'9)<!

,+*)*'+%I!Q '%*6,! M/6)*! 7+<<+M'%=! )! >),<6E! (,+;!'-! (+%-'&6,6&! )-! -.> N+;*'9)<!

,+*)*'+%!)%&!(+.<&!)**,)(*!)!;6%)<*E!+7!)>+.*!@@jI!K/6!E'6<&!;6%)<*E!M'*/!,6-;6(*!

*+!-.> N+;*'9)<!+;6,)*'+%-!(+.<&!,)%=6!7,+9!J6,+!*+!+86,!FGj!)%&!*/6!E'6<&!;6%)<*E!

M'*/!,6-;6(*!*+!-.> N+;*'9)<!,+*)*'+%!(+.<&!,)%=6!7,+9!J6,+!*+!@GGj!5,+*)*'+%-!+,!

(,+;!-6\.6%(6-! %+*!)<<+M6&:I!!Y+,!-.>N+;*'9)<!+;6,)*'+%-?!*/6!E'6<&!;6%)<*'6-!M6,6!

6U;,6--6&! )-! (+-*! 5' /*!5# q! (,+;! E'6<&! q! (,+;! ;,'(6:! ) %&! )&&6&! *+! */6! (+-*! +7!

+;6,)*'+%! '%! */6! ,6-;6(*'86! ;6,'+&- !5)-! '<<.-*,)*6&! .%&6,!26(*'+%!#IHIH:I!Y+,! -.> N

+;*'9)<! (,+;! ,+*)*'+%-!+,!(,+;!-6\.6%(6- ?!*/6!E'6<&!;6%)<*'6-!5V/*!5 !q!(,+;!E'6<&!q!

(,+;!;,'(6: !M6,6!)--'=%6&!*+!*/6!,6-;6(*'86!(,+;!-6\.6%(6!+,!,+*)*'+%-!)-!(+-*-!'%!

*/6! ;,+7'*!9)U'9'-)*'+%!+>W6(*'86!7.%(*'+%I!K/.-!*/6! ;6%)<*E!*)V6-!6776(*! '7! )! -.>N

+;*'9)<!(,+;!-6\.6%(6!'-!-6<6(*6&!>E!*/6!9+&6<I!

$%!*6,9-!+7!*/6!1ZK4[!9+&6<?!'*!'-!7+,9.<)*6&!'%!-.(/!)!9)%%6,!*/)*!;,+7'*!

'-!9 )U'9'-6&!-.>W6(*!*+!9'%'9'-'%=!,'-V!)%&!)-!)!,6-.<*!*/6!6776(*!+7!E'6<&!;6%)<*E!

6'*/6,! &.6! *+! -.> N+;*'9)<! +;6,)*'+%-! +,! (,+;! -6\.6%(6-! ,67<6(*-! '%! */6! ;,+7'*!

9)U'9'-)*'+%!+>W6(*'86!7.%(*'+%!>.*!%+*!'%!*/6!'%(+96!&68')*'+%!6-*'9)*6-I!K/'-!'-!

&.6!*+!*/6!7)(*!*/)*!*/6!,'-V!5'%(+96!&68')*'+%:!6-*'9)*6-!'%!*/6!1ZK4[!9+&6<!),6!

	tb• = 20.6¨o − 89¨ + 212!

	¨ = (1.257 − 0.257sb)ùé + 0.762(sb − 1)!



! !

!@@#!

>)-6&!+%!/'-*+,'()<!)%&!)-!)!,6-.<*!&+6-!*)V6!'%*+!(+%-'&6,)*'+%!E'6<&!)%&!,+*)*'+%)<!

;6%)<*EI! K/6! 6776(*! +7! E'6<&! ;6%)<*E! /+M686,?! '%7<.6%(6! */6! ,'-V! 6-*'9)*6-! +7! */6!

9+&6<! '%&',6(*<E!*/,+.=/! '*-!&',6(*!6776(*!+%!*/6! ;,+7'*!6-*'9)*6-!>E!*/6!+>W6(*'86!

7.%(*'+%I!

!

 

K/6!&)*)!.-6&!'%!6-*'9)*'%=!*/6!9+&6<!;),)96*6,-!)%&!(+677'('6%*-!M6,6!;,'9),'<E!

-6(+%&),E! &)*)! 7,+9! 7),9! 9)%)=696%*! >++V-! )%&! +*/6,! 6U'-*'%=! 9+&6<-!

5;,'9),'<E!*/6!7),90!9 +&6<:I!K/6-6! '%(<.&6&!&)*)!-.(/!)-!7),9! '%;.*!)%&!+.*;.*?!

-+'<?! ,+*)*'+%)<! ;6%)<*'6-! )-! M6<<! )-! '%7+,9)*'+%! )%&! )--.9;*'+%-! .-6&! '%!

&686<+;'%=!*/6!9+&6<!)%&!6-*'9)*'%=!9+&6<!;),)96*6,-I!K/6!&'776,6%*!&)*)!*E;6-!

),6! ;,6-6%*6&! '%!K)><6!#N@#!5-66! */6! (/);*6,! 4;;6%&'U:I! Q'*/! -+96! +7! */6! &)*)!

)&+;*6&!7,+9!*/6!7),90!9+&6<?!*/6!-+.,(6-!+7!-.(/!&)*)!),6!-*)*6&!)-!7),90!)%&!

*/6!+,'='%)<!,676,6%(6-!('*6&!>E!L++V6!!"#$%&!5FG@#:I!

!

 

K/'-! -6(*'+%! ;,6-6%*-! )%!6U)9;<6! +7! */6! ,6-.<*-! =6%6,)*6&! >E! */6! 24Y1Z[i */6!

9'U6&N'%*6=6,!=+)<N;,+=,)99'%=! 9+&.<6I!K/6!9+&6<!(+&6-!M6,6!M,'**6%!'%!*/6!0!

;,+=,)99'%=!<)%=.)=6! 50!L+,6!K6)9?!FG@a:!)%&!-+<86&!>E!*/6!0!86,-'+%!+7!DP_" !

5D%.r-! P+*! _%'U:! R'%6),! O,+=,)99'%=! f'* @G! 50=<;V:I! K/6! (+&6-! 7+,! */6! 9'U6&N

'%*6=6,! =+)<N;,+=,)99'%=! 9+&6<! ()%! >6! 7+.%&! +%! D'*b.>! */,+.=/! */6! 7+<<+M'%=!

<'%VX!/**;-X^^=' */.>I(+9^VM)&W+)/+&+^24Y1Z[^><+>^9)-*6,^24Y1Z[I0 I! K/6!

6U)9;<6!,6-.<*-!-/+M%!'%!Y'=.,6!#N#!M6,6!=6%6,)*6&!>)-6&!+%!)!/6)8E!-+'<?!,)'%7)<<!

+7!BGG99!)%&!7'U6&!(+-*!6-*'9)*6-!*)V'%=!'%*+!)((+.%*!)%!'%*6,6-*!,)*6!+7!GIajI!!

!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
" !DP_X!/**;-X^^MMMI=%.I+,=^=%.^=%.I/*9<!!
@G!DROfX!/**;X^^MMMI=%.I+,=^-+7*M),6^=<;V!̂
0=<;VX!/**;-X^^(,)%I, N;,+W6(*I+,=^M6>^;)(V)=6-^0=<;V^0=<;VI;&7!



! !

!@@H!

!

Y'=.,6! #N#X!1+&6<!,6-.<*!6U)9;<6!=6%6,)*6&!.-'%=!*/6!9'U6&N'%*6=6,!

M6'=/*6&!=+)<!;,+=,)99'%=!9+&.<6!'%!24Y1Z[ !

!

A&

B&

K&

I &

R&



! !

!@@a!

O),*! 4! +7!Y'=.,6! #N#! -/+M-! '%7+,9)*'+%! +%! */6! +86,)<<! &68')*'+%! 5*/6! +>W6(*'86!

7.%(*'+%! 5'%! ;6,(6%*)=6:?! */6! =+)<! M6'=/*-?! *),=6*-?! <686<-! +7! =+)<-! )(/'686&! )%&!

&68')*'+%-! 7,+9! =+)<-!*),=6*- I! Y+,! 6U)9;<6?! )! M6'=/*! +7! @! M)-! ;.*! +%! */6! ;,+7'*!

9)U'9'-)*'+%!=+)<!M'*/! )! *),=6*!+7!n@FG?GGGI!K/6!=+)<!M)-! )(/'686&!)%&!*/.-!%+!

&68')*'+%! 7,+9! =+)<! *),=6*I! O),*! T! -/+M-! */6! (,+;! ;,+;+,*'+%-! M/6,6)-! O),*! L!

-/+M-! */6! ,+*)*'+%!9)*,'UI!$%!*6,9-!+7! */6! (,+;! ;<)%?!*/6! *'96! /+,'J+%! '-! '%7'%'*E!

/+M686,?!*/6!<6%=*/!+7!*/6!(,+;!(E(<6!&6;6%&-!+%!*/6!9+&6<!-+<.*'+%I!K/6!,+*)*'+%!

9)*,'U! ,67<6(*-! */6! &'-*,'>.*'+%! +7! (,+; -! '%! 7'6<&-! M'*/! */6! (,+;-! '%! */6! ,+M-?!

-.((6--+,! (,+;-! )%&! */6! +%6-! '%! */6! (+<.9%-! >6'%=! */6! ;,6&6(6--+,! (,+;-I! K/6!

,6-.<*-! (+%*)'%6&! '%! */6! ,+*)*'+%! +,! (,+;! -6\.6%(6! 9)*,'U! */.-! (+%*)'%-! '9;<'('*!

,+*)*'+%-!+,!(,+;!-6\.6%(6- !,)*/6,!*/)%!6U;<'('*!7'U6&!;6,'+&!,+*)*'+%I!Y+,!6U)9;<6?!

7+,!*/6!FaG/)!7),9?!*/6!(,+; !-6\.6%(6-!7,+9!O),*!L! ()%!>6!,6)&!)-! -/+M %!'%!K)><6!

#N#I! O),*! [! -/+M-! */6! 9)(/'%6-^<)>+.,! %.9>6,-! )%&! */6! *+*)<! )%%.)<! 7'U6&! (+-*!

6-*'9)*6!M/6,6)-!O),*! 3!='86-! )&&'*'+%)<! '%7+,9)*'+%!+%! */6!M/6*/6,!+,!%+*! */6!

=+)<!*),=6*-!M6,6!)(/'686&?!+86,!+,!.%&6,!)(/'686&I!

K)><6!#N#X!L,+;!-6\.6%(6-!'%7+,9)*'+%!(+%*)'%6&!'%!*/6!,+*)*'+%!9)*,'U!=6%6,)*6&!>E!*/6!

24Y1Z[ &

L,+;!-6\.6%(6o ! Y'6<&!4,6)!5/):!

QQbK!)7*6,!QT40 ! #F!

Q QbK!)7*6,!2T40! @A!

QQbK!)7*6,!Q T34! @B!

QQbK!)7*6,!QOZK! #G!

QQbK!)7*6,!QZ20 ! F@!

QT40!)7*6,!QQbK ! #F!

2T40!)7*6,!QOZK! @A!

QT34!)7*6,!QQbK ! @B!

QOZK!)7*6,!QQbK! HA!

QZ20!)7*6,!QQbK ! F@!

o! QQbKgQ'%*6,! M/6)*C! QT40gQ'%*6,! >),<6EC! 2T40g2;,'%=! >),<6EC! QT34gQ'%*6,! >6)%-C! QOZKgQ),6!

;+*)*+6-C!QZ20gQ'%*6,!+'<-66&!,);6!

!

!

!



! !

!@@B!

 

T67+,6! (),,E'%=! +.*! */6! 9+&6<! 8)<'&)*'+%?! 9+&6<! 86,'7'()*'+%! M)-! (),,'6&! +.*! *+!

6%-.,6!(+%-'-*6%(E!'%!*/6!,6-.<*-!=6%6,)*6&!>E!*/6!9+&6<-I!K/6!&67).<*!9+&6<-!),6!

-+<86&! .-'%=! */6! 0! ;,+=,)99'%=! -+7*M),6!50! L+,6! K6)9?! FG@a:! 86,-'+%! +7! DP_!

R'%6),! O,+=,)99'%=! f'*! 50=<;V:! /+M686,?! *+! 6%-.,6! (+%-'-*6%(E! '%! */6! 9+&6<!

,6-.<*-?! */6! 9+&6<-! M6,6! )<-+! -+<86&! .-'%=! */6! 0! 86,-'+%! +7! */6! LZ$PNZ0!

5L+9;.*)*'+%)< ! $%7,)-*,.(*.,6! 7+,! Z;6,)*'+%-! 06-6),(/: ! 2E9;/+%E@@!

50-E9;/+%E:! )%&! */6! ,6-.<*-! M6,6! (+9;),6&I! T+*/! -+<86,-! =6%6,)*6&! */6! -)96!

,6-.<*-I!K+!>6!)><6!*+!(+9;),6!*/6!9+&6<!,6-.<*-!M'*/!,6)<!7),9!&)*)?!*/6!8)<'&)*'+%!

>E!,6-.<*!);;,+)(/?!M/'(/!6%(+9;)--6-!;,6&'(*'86!8)<'&)*'+%!51(L),<!)%&!2;,66%?!

@""c:! M)-! )&+;*6& I! O,6&'(*'86! 8)<'&)*'+%! '-! */6! 9+-*! (+99+%! 8)<'&)*'+%!

6U;6,'96%*?!M/'(/! 9)V6-! '*! ;+--'><6! *+!7'U! */6!9+&6<!&)*)!+,! ;),)96*6,-! )*! ,6)<!

-E-*69! &)*)! <686<-! )%&! ,.%! */6! 9+&6<?! )7*6,! M/'(/! */6! ,6-.<*-! ),6! (+9;),6&! *+!

,6-;6(*'86! ,6)<! &)*)! 51(L),<! )%&! 2;,66%?! @""c:I! K/.-! *+! (),,E! +.*! ;,6&'(*'86!

8)<'&)*'+%?!/'-*+,'()<!+,!,6)<!&)*)!),6!%66&6&!)%&!7+,!*/6!;.,;+-6-!+7!*/'-!-*.&E?!*/6!

Y),9!T.-'%6--!2.,86E!5YT2:!&)*)!7+,!),)><6!7),9-!'%!3%=<)%&!)%&!Q)<6-!M6,6!.-6&!

5-66!26(*'+%!#IA!7+,!7),9!-6<6(*'+%!(,'*6,'):I!K/6!-*6;-!7+,!*/6!8)<'&)*'+%!>E!,6-.<*-!

()%!>6!-.99),'-6&!>E! Y'=.,6! #NH!5&6-'=%6&!>)-6&!+%!'%7+,9)*'+%!7,+9!1(L),<!)%&!

2;,66%?! @""c:! )--.9'%=! )<<! 9+&6<! -+<.*'+%-! =6%6,)*6&! 8')! */6! 8)<'&)*'+%!

6U;6,'96%*!),6!+;*'9)<I !

!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
@@!2E9;/+%EX!/**;-X^^;,+W6(*-I(+'%N+,I+,=^2m1ObZPm!
0-E9;/+%EX!/**;-X^^(,)%I, N;,+W6(*I+,=^M6>^;)(V)=6-^0-E9;/+%E^0-E9;/+%EI;&7 !!



! !

!@@c!

! !

Y'=.,6! #NHX!2*6;-!7+,!9+&6<!8)<'&)*'+%!>E!,6-.<*-!

!

!

!

!

!

!

!

!

26<6(*!`)<'&)*'+%!
3U;6,'96%*X!
S.$#)-()"*&

K7/$.)1$*( !
!

`)<'&)*'+%![)*)X!
T+.1&R',)*$,,&G'.L$J&

=TRGC&B+(+!

!

26*!.;!1+&6<!
M'*/!

4;;,+;,')*6!
[)*) !

2+<86!1+&6<X!
$9;<696%*!

3U;6,'96%*!)%&!
D6%6,)*6!2+<.*'+%!

Y+,!Z;*'9)<!2+<.*'+%X!
3-*'9)*6![6=,66!+7!

4--+(')*'+%!>6*M66%!
1+&6<!Z.*(+96!)%&!

YT2!&)*)!

[+!1+&6<!`),')><6-!
3U/'>'*!2.77'('6%*!

[6=,66!+7!4--+(')*'+%] !

!

[6*6,9'%6!
1+&6<!`)<'&'*E!
)%&!O,+(66&!*+!

_-6!1+&6<!

!

[6('-' +%-X!
N!$%86-*'=)*6!)%&!Y'U!

1+&6<!506;6)*!2*6;-:!
N!L+%-'&6,!_-'%=!1+&6<!

7+,![69+%-*,)*'+%-!
N4>)%&+%!1+&6<!

!

$7!1+&6<!Y)'<-!
`)<'&)*'+%!K6-*-!

m6-!

P+!



! !

!@@A!

 

K+!;6,7+,9!)!;,6&'(*'86!8)<'&)*'+% ?!69;','()<!&)*) i */6!FGG"NFG@#!Y),9!T.-'%6--!

2.,86E! 5YT2:!&)*)! M6,6!+>*)'%6&! 7,+9! */6! _f! [)*)! 4,(/'86! 5_f[4:! )%&! .-6&I!

K/6 -6! &)*)! M6,6! 7'<*6,6&! >E! -6<6(*'%=! 7),9! )*! )%! )<*'*.&6! +7! <6--! */)%! #GG9!

5<+M<)%&!),)><6!7),9-:!)%&!M'*/!),)><6!(,+;-!)%&!-6*N)-'&6 @F!),6)-!+7!=,6)*6,!*/)%!

+,!6\.)<!*+!@GG/)I!Y),9-!M'*/!9' --'%=!&)*)!7+,!*/,66!+,!9+,6!E6),-!M'*/!,6-;6(*!*+!

*/6! ),)><6!(,+;! )%&!-6*N)-'&6!),6)-!M6,6!6U(<.&6&I!K/.-!FA@!7),9-!<+()*6&! '%!)<<!

*/6! YT2! &67'%6&! ,6='+%-! '%! 3%=<)%&! )%&! Q)<6-@#! M6,6! .-6&! 7+,! */6! 9+&6<!

8)<'&)*'+%I! 2'%(6! */6! E'6<&! 8)<.6-! 7,+9! */6! &67).<*! 9+&6<! M6,6! 7.%(*'+%-! +7! -+'<!

*E;6-! )%&!P!76,*'<'-6,!)9+.%*-?! '%!)! -'*.)*'+%!M/6,6!*/6!E'6<&!&)*)!+7!7),9-!M6,6!

9'--'%=!+,!7),9-!&'&!%+*!=,+M!;),*'(.<),!(,+;-?!*/6!E'6<&-!M6,6!6-*'9)*6&!.-'%=!*/6!

-+'<! *E;6! )%&! */6! ,6-;6(*'86! ,6(+996%&6&! P!76,*'<'-6,! )9+.%*-! + >*)'%6&! 7,+9!

[67,)!5FG@G:I!K/6!,6-.<*)%*!&)*)!M6,6!*'96N)86,)=6 &!5FGG"!*+!FG@#:!(,+;!E'6<&-?!

7),9!),6)-?!=,+--!9),='%-!)%&!;,+7'*!<686<-!)%&!76,*'<'-6,!\.)%*'*'6-!7+,!6)(/!+7!*/6!

FA@!7),9-!-6<6(*6&I!Z*/6,!&)*)!M6,6!76,*'<'-6,!(+-*?!-66&!(+-*!)%&!7.6<!(+-*I!$%!*/6!

9+&6<?!M+,V)><6!/+.,-!M6,6!6-*'9)*6&!>)-6&!+%!-+'<!*E;6-!)%&!,)'%7)<<!)9+.%*I!4-!

)!,6-.<*?!*/6!&+9'%)%*!-+'<!*E;6-!5+>*)'%6&!7,+9!2+'<-();6-@H:!7+,!(+.%*'6-!'%!M/'(/!

*/6!7),9-!),6!<+()*6&!M6,6!.-6&!)-!,6;,6-6%*)*'86!-+'<!*E;6-!7+,!*/6!-6<6(*6&!7),9-I!

4<-+!*/6!,)'%7)<<!)9+.%*-!7+,!*/6!YT2N&67'%6&!,6='+%-@a!'%!M/'(/!7),9-!),6!<+()*6&!

M6,6!.-6&!)-!,6;,6-6%*)*'86!,)'%7)<<!)9+.%*-!7+,!*/6!-6<6(*6&!7),9-I!K/'-!M)-!&+%6!

*+!>6!)><6!*+!6-*'9)*6!*/6!M+,V)><6!/+.,-!7+,!6)(/!+7!*/6!FA@!7),9-!>)-6&!+%!*/6',!

,6;,6- 6%*)*'86!-+'<!*E;6-!)%&!,)'%7)<<!)9+.%*-I!

!

!

!

!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
@F!26*N)-'&6!),6)-!M6,6!),6)-!+7!.% N(,+;;6&!),)><6!<)%&!)%&!),6)-!+7!8+<.%*),E!-6*N)-'&6I!
@#!K/6!-6<6(*6&!7),9-!7,+9!Q)<6-!)-!*/6! ,6-.<*!+7!*/6!(,'*6,')!M6,6!7,+9!*M+!(+.%*'6-!M/6,6 )-! '%!
3%=<)%&!7),9!-6<6(*6&!76<<!.%&6,!)<<!*/6!YT2!&67'%6&!,6='+%-I!
@H!2+'<-();6-X!/**;X^^MMMI<)%&'-I+,=I.V^-+'<-();6- !̂
@a!06='+%)<!,)'%7)<<!M6,6!+>*)'%6&!7,+9!16*!Z77'(6X!
/**;X^^MMMI96*+77'(6I=+8I.V^(<'9)*6^.V^-.99),'6-^&)*)-6*- !
!



! !

!@@"!

 

K/6!*'96 N)86,)=6 &!(,+;!E'6<&-!)%&!7),9!),)><6!),6)-!M6,6!.-6&!)-!9+&6<!'%;.*!7+,!

*/6!8)<'&)*'+%I!K/6!9+&6<-!M6,6!*/6%!()<'>,)*6&!+,!-6*!.;!*+!)<<+M!7+,!*/6!.-6!+7!*/6!

*'96 N)86,)=6 &!(,+;!E'6<&-?! ),)><6! ),6)-?! -+'<! *E;6-! )%&! ,)'%7)<<! )9+.%*-!7+,! 6)(/!

7),9!)-!9+&6<!'%;.*-!M/'<6!/+<&'%=!)<<!+*/6,!;),)96*6,-!(+%-*)%*I!K/'-!96)%-!*/6!

9+&6<-!M6,6!()<'>,)*6&!>E!7'U'%=!(,+;!E'6<&-!)%&!7),9!),6)-! )*!*/6!+>-6,86&!YT2!

E'6<&! )%&! 7),9!),6)! 8)<.6-I! 2+'<! *E;6-! )%&! ,)'%7)<<! )9+.%*-! M6,6! 7'U6&! )*! 7),9N

-;6('7'(!8)<.6-!+>*)'%6&!7,+9!2+'<-();6-!)%&!16*!Z77'(6!,6-;6(*'86<E!>)-6&!+%!*/6',!

YT2N&67'%6&!(+.%*'6-! +,! ,6='+%-?! )%&! */6! 9+&6<-! M6,6! ,.%! 7+,! 6)(/! +7! */6! FA@!

7),9 -I!!

$%!*/6!()-6!+7!*/6!,'-V!51ZK4[:!9+&6<?!'*!M)-!,.%!-6**'%=!*/6!16)%!4>-+<.*6!

[68')*'+%!514[:! *+!nFG?GGG?!&.6!*+!*/6!7)(*!'*!=)86!*/6!>6-*!7'*!M/6%!;,6&'(*6&!)%&!

+>-6,86&!(,+;!),6)-!M6,6!(+9;),6&I!$%!*6,9-!+7!*/6!M6'=/*6&!=+)<N;,+=,)99'%=!

9+&6<!*/6!-6*!+7!M6'=/*-!)%&!=+)<-!M/'(/!=)86!*/6!>6-*!7'*!'%!*6,9-!+7!;,6&'(*6&!)%&!

+>-6,86&! (,+;! ),6)-! (+9;),'-+%! 5M6'=/*! 7+,! ;,+7'*! 9)U'9'-)*'+% ! g! GIA?! %'*,)*6!

<6)(/'%=!9'%'9'-)*'+% !g!@?!,'-V! 9'%'9'-)*'+% !g!GIGa:?!M6,6! )&+;*6&!)%&!.-6&!7+,!

*/6!8)<'&)*'+%I!$*! '-! )<-+! ;+--'><6!*/)*!+*/6,! -6*!+7!M6'=/*-! )%&!=+)<!*),=6*-!(+.<&!

='86!>6**6,!9+&6<!7'*I!

K+!>6! )><6! *+! (+%&.(*! )==,6=)*6!<686<! (+9;),'-+%! .-'%=!7),9! )86,)=6! (,+;!

E'6<&-!)%&!),6)-!)-!9+&6<!'%;.*?!*/6!-+'<!*E;6!)%&!,)'%7)<<!M6,6!-6*!)*!/6)8E!-+'<!)%&!

BGG99! ,6-;6(*'86<EI! K/'-! *E;6! +7! )==,6=)*6!<686<! (+9;),'-+%! M)-! (+%&.(*6&! *+!

6%)><6! */6! 9+&6<-! *+! >6! -+<86&! +%(6?! 7+,! */6! k)86,)=6l! 7),9! )%&! */6! ,6-.<*!

(+9;),6&!*+!)86,)=6!&)*)I!b6)8E!-+'<!)%&!,)'%7)<<!)9+.%*!+7!BGG99!M6,6!7+.%&!*+!

='86!*/6!>6-*!7'*!'%!*6,9-!+7!(+9;),'%=!;,6&'(*6&!)%&!+>-6,86&!(,+;!),6)-!M/6%!*/6!

9+&6<-!M6,6!,.%!)*!&'776,6%*!-+'<!*E;6-!)%&!,)'%7)<<!<686<-I!!!

47*6,! 9+&6<! ,.%-?! */6! ,6-.<*-! +7! */6! 9+&6<-! M6,6! */6%! (+9;),6&! *+! */6!

+>-6,86&!YT2!&)*)! .-'%=! -*)*'-*'()<!96)-.,6-!+7! )--+(')*'+%! -.(/! )-!O6),-+%! )%&!

2;6),9)%! (+,,6<)*'+%! (+677'('6%*-?! (+677'('6%*! +7! &6*6,9'%)*'+%! 5,6=,6--'+%!

)%)<E-'-:?!143! )%&!0123I!Z*/6,! -*)*'-*'()<!96)-.,6-!+7! )--+(')*'+%!);;<'6&!M6,6!

P$4?!Q$4?!RL3?!L01!)%&!*N*6-*I!

!



! !

!@FG!

 

47*6,! 9+&6<! ()<'>,)*'+%! )%&! 9+&6<! ,.%-?! */6!9+&6<! ,6-.<*-! M6,6! */6%! (+9;),6&!

M'*/!*/6!+>-6,86&!YT2!&)*)!*+!96)-.,6!*/6!&6=,66!+7!)--+(')*'+%!.-'%=!-*)*'-*'()<!

'%&'()*+,-!)%&!=,);/'()<!);;,+)(/6-I!4((+,&'%=!*+!R+)=.6!)%&!D,66%!5@""@:!9+&6<!

68)<.)*'+%! 58)<'&)*'+%:! -/+.<&! '%(<.&6! >+*/! -*)*'-*'()<! (,'*6,')! )%&! =,);/'()<!

&'-;<)E-!'%!*/)*!>+*/!);;,+)(/6-!()%!>6!.-6&!*+!(+9;),6!*/6!;6,7+,9)%(6!>6*M66%!

)<*6,%)*'86! 9+&6<-?! /6%(6! */6-6! *M+! );;,+)(/6-! M6,6! )&+;*6&I! 2*)*'-*'()<!

96)-.,6-! ),6! .-67.<! 7+,! \.)%*'*)*'86! 68)<.)*'+%! +7! 9+&6<! ;6,7+,9)%(6! M/6,6)-!

=,);/'() <! &'-;<)E-! ),6! .-67.<! 7+,! -/+M'%=! *,6%&-!)%&!*E;6-! +7! 6,,+,! &'-*,'>.*'+%!

;)**6,%-! M/'(/! 9)E! %+*! >6! )><6! *+! >6! -/+M%! .-'%=! -*)*'-*'()<! 96)-.,6-! 5R+)=.6!

)%&! D,66%?! @""@:I! 2+96! +7! */6! -*)*'-*'()<! 96)-.,6-! +,! '%&'()*+,-! +7! )--+(')*'+%!

'&6%*'7'6&! */,+.=/! */6! ,68'6M! +7! 96)-.,6-! +7! )--+(')*'+%! 5-66! K)><6!#N@:! M6,6!

)&+;*6&!)%&!);;<'6&!'%!*/6!9+&6<!8)<'&)*'+%!)%&!*/6-6!),6!6U;,6--6&!>E!3\ I!5#N#H:!

*+!!5#N#" : !M'*/!)!,6=,6--'+%!9+&6<!6U;,6--6&!>E!3\I!5#NHG:I!' %#'-!*/6!+>-6,86&!&)*)!

7+,! */6!%*/! +>-6,8)*'+%! +7! */6! ;),)96*6 ,! +7! '%*6,6-*! 56I=I! (,+;! ),6)-:?! X%#'-! */6!

9+&6<N;,6&'(*6&! ,6-.<*!5&)*):!+7! */6!%*/!+>-6,8)*'+%!+7! */6! ;),)96*6,!+7! '%*6,6-*!

56I=I!9+&6<! ;,6&'(*6&!+,!=6%6,)*6&! (,+;! ),6)-:?!' $B!)%&!X$B!),6! */6!96)%-!+7! */6!

+>-6,86&!)%&!;,6&'(*6&!&)*)!,6-;6(*'86<E!)%&!K!'-!*/6!%.9>6,!+7!+>-6,8)*'+%-I!Y+,!

*/6!,6=,6--'+%!9+&6<!-/+M%!>E!3\I!5#NHG:?!Y!'-!*/6!'%*6,(6;*?!Z!'-!*/6!-<+;6!5-<+;6!

+7!>6-*!7'*!<'%6:?!)%&![ !'-!*/6!6,,+,!*6,9I !

!

!5#N#H:!

!
!
!

!5#N#a:!

!
!
!

!5#N#B:!

!

!
!5#N#c: !ós!(P!) = 1 − ê

∑ (ç= − *=)o¢
=m(

∑ (*= − *;∞)o¢
=m(

ì!

4éP =
(∑ *= − ∑ ç=)¢

=m(
¢
=m(

∑ *=¢
=m(

!

Pù! =
1
*;∞

ê
∑ |ç= − *=|¢
=m(

ó ì!

éPs! =
1
*;∞

≤∑ (ç= − *=)o¢
=m(

ó !



! !

!@F@!

5#N#A:!

!

!5#N#" : !

!
!
!

5#NHG:!

!
!
!

5#NH@:!

!
!

Y+,!)! ;6,76(*!)--+(')*'+%?!*/6!-<+;6!+7!*/6! ,6=,6--'+%!<'%6!M+.<&!>6!6\.)<!*+!

+%6!)%&!*/6!'%*6,(6;*!M+.<&!>6!6U;6(*6&!*+!>6!J6,+!529'*/!)%&!0+-6?!@""a:I!K/.-!

*/6!-<+;6!M)-!*6-*6&!+%!)!%.<<!/E;+*/6-'-!5bG:!*/)*!*/6!-<+;6!'-!6\.)<!*+!+%6!)=)'%-*!

*/6!)<*6,%)*'86!/E;+*/6-'-!5b @:!*/)*! '*! '-!&'776,6%*!7,+9!+%6!M/6,6)-!*/6!'%*6,(6;*!

M)-! *6-*6&! *+! 7'%&! +.*! M/6*/6,! +,! %+*! '*! M)-! -'=%'7'()%*<E! &'776,6%*! 7,+9! J6,+I!!

K6-*'%=!*/6! /E;+*/6-'-! */)*! */6! '%*6,(6;*! '-! %+*!&'776,6%*! 7,+9! J6,+! '-! %+*!86,E!

.-67.<! '7!*/6!-<+;6! '-! -'=%'7'()%*<E!&'776,6%*!7,+9!+%6!529'*/!)%&!0+-6?!@""a:I!K/6!

/E;+*/6-6-!7+,!*/6!* N*6-*-!()%!>6!-.99),'-6&!)-!7+<<+M-X!!

Y+,!*/6!'%*6,(6;*X!

¥ b GX!$%*6,(6;*!5s:!g!GC!b@X!$%*6,(6;*!5s:!t!G!

Y+,!*/6!-<+;6X!

¥ b GX!2<+;6!5u:!g!@C!b@X!2<+;6!5u:!t!@I!

!

K/6!9+&6<!,6-.<*-!M6,6!(+9;),6&!M'*/!*/6!+>-6,86&!YT2!&)*)!>E!)==,6=)*'%=!

)(,+--! 7),9-! )-! M6<<! )-! )*! */6! <686<! +7! '%&'8'&.)<! 7),9-I! K/6! )==,6=)*6N<686<!

(+9;),' -+%!M)-!'%!*M+!7+,9-I!K/6!7',-*!)==,6=)*6!<686<!+7!(+9;),'-+%!5,676,,6&!*+!

)-!4RN@:!M)-!(+%&.(*6&!>E!(+9;),'%=!*/6!9+&6<!,6-.<*!+>*)'%6&!7,+9!,.%%'%=!*/6!

9+&6<-!.-'%=!7),9!)86,)=6!),6)!)%&!(,+;!E'6<&-!M'*/!)86,)=6!+>-6,86&!&)*)I!K/6!

4RN@!(+9;),'-+%!M)-!);; <'6&!*+!(,+;!),6)!(+9;),'-+%I!K/6!-6(+%&!)==,6=)*6!<686<!

(+9;),'-+%!5,676,,6&! *+! )-!4R NF:!M)-! (+%&.(*6&! .-'%=!*/6! )86,)=6!+7! */6!9+&6<!

t4! = 1 − ê
∑ |ç= − *=|¢
=m(

∑ |*= − *;∞|¢
=m(

ì!

™•ù = 	1 − ê
∑ (ç= − *=)o¢
=m(

∑ (|ç= − *;∞| + |*= − *;∞|)o¢
=m(

ì!

	*= = 	≥ + ¥(ç=) + µ!

¥ =
∑ (ç= − ç;∞)(*= − *;∞)¢
=m(
∑ (ç= − ç;∞)o¢
=m(

&



! !

!@FF!

,6-.<*-!+>*)'%6&!>E!,.%%'%=!*/6!9+&6<-!7+,!6)(/!+7!*/6!FA@!7),9-!)%&!*/6!)86,)=6!

+>-6,86&! &)*)I! Y+,!6U)9;<6?! *+! 7'%&! */6!&6=,66-! +7! )--+(')*'+%! >6*M66%! (,+;-!

),6)-?!*/6!)86,)=6-!+7!*/6!(,+;-!),6)-!+>*)'%6&!7,+9!,.%%'%=!*/6!9+&6<!7+,!*/6!FA@!

7),9-!)%&!*/6!)86,)=6!(,+;-!),6)-!7,+9!*/6!YT2!&)*)!7+,!*/6!FA@!7),9-!M6,6!.-6&I!

Y+,! (,+;! ),6)-?! */'-! ,6-.<*6&! '%!@G!&)*)! ;+'%*-?! ,67<6(*'%=!*/6!%'%6! (,+;-! )%&!-6*N

)-'&6!'%!*/6!9+&6<I!!

4==,6=)*6!<686<!(+9;),'-+%-!M6,6!(+%&.(*6&!7+,!(,+;!),6)-!5,6;,6-6%*)*'86!

+7!),)><6!7),9!<)%&-();6:?!76,*'<'-6,!)9+.%*-!5,6;,6-6%*)*'86!+7!,6-+.,(6!+,! '%;.*!

.-6:!)%&!=,+--!9),='%?!;,+7'*?!76,*'<'-6,!-66&!)%&!7.6<!(+-*!5,6;,6-6%*)*'86!+7!7),9!

7'%)%(6-:I!K/6!4RN@! (+9;),'-+%!M)-!&+%6! ;.,;+-6<E! *+! (+9;),6! '*-! ,6-.<*-!M'*/!

*/6!4RNF!,6-.<*-!)%&!)<-+!*+!>6!)><6!*+!'%86-*'=)*6!(/)%=6-!'%!(,+;!-6<6(*'+%!7+,!*/6!

k)86,)=6l! 7),9! .%&6,! )<<! 7+.,! 9+&6<-I! K/6! '%&'8'&.)<N<686<! (+9;),'-+%! M)-!

(+%&.(*6&!>E!(+9;),'%=!*/6!8)<.6-!+7!6)(/!'%&'8'&.)<!7),9! M'*/!*/6!YT2!&)*)!.-'%=!

)<<! */6! FA@! +>-6,8)*'+%-I! Q'*/! */6! '%&'8'&.)<N<686<! (+9;),'-+%?! 8),')><6-! M6,6!

(+9;),6&! +%6! )*! )! *'96I! Y+,! 6U)9;<6?! ;,6&'(*6&! M'%*6,! M/6)*! ),6)-! M6,6!

(+9;),6 &!M'*/!+>-6,86&!M'%*6,!M/6)*!),6)-! '%-*6)&!+7!(+9;),'%=!*/6!),6)!+7!)<<!

(,+;-!)*!*/6!-)96!*'96I! K)><6!#NH!-/+M-!)<<!*/6!8),')><6-?!M/'(/ !M6,6!;,6&'(*6&!>E!

*/6!9+&6<-!)%&!M6,6!(+9;),6&!*+!YT2!&)*)I!!!

K)><6!#NHX!1)*,'U!+7!)<<!*/6!+>-6,86&!)%&!9+&6<!;,6&'(*6&!8),')><6-!(+9;),6&I!!

1+&6<!
KE;6^Z>-6,86&!
[)*) !

O,6&'(*6&^Z>-6,86&!`),')><6-o!
L,+;!

4,6)- !
D,+--!

1),='% !
O,+7'*! Y'U6&!

L+-*!
R)>+.,!

(+-*!
Y6,*'<'-6,?!
266&!)%&!
Y.6<!L+-*!

Y6,*'<'-6,!
)9+.%*- !

O.,6!O,+7'*!
1+&6<!

d! d! d! d! d! d! d!

P'*,)*6!R6)(/'%=!
1+&6<!

d! d! d! d! d! d! d!

0'-V!51ZK4[:!
1+&6<!

d! d! d! d! d! d! d!

QDO!1+&6<! d! d! d! d! d! d! d!
YT2![)*) ! d! d! d! d! d! d! d!
o! K/6! ;<.-! 5d:! '%&'()*6-! */)*! */6! 8),')><6! '-! ;),*! +7! -6*! +7! 8),')><6-! (+%-'&6,6&! 7+,! (+9;),'-+%I



! !

!@F#!

 

 A99.$9+($8%$L$%& -"1/+.),"*,& P$(:$$*& "P,$.L$#& +*#& /.$#)-($#& -."/&
+.$+, &

K/6! 6-*'9)*6-! +7! (+,,6<)*'+%! )%&! (+677'('6%*! +7! &6*6,9'%)*'+%! 7+,! */6! )==,6=)*6N

<686<! (+9;),'-+%! .-'%=! )86,)=6! 7),9! &)*)! 54RN@:! -/+M6&! ;+-'*'86! )--+(')*' +%!

>6*M66%! ;,6&'(*6&! )%&! +>-6,86&! (,+;! ),6)-! 6-;6(')<<E! .%&6,! */6! ,'-V! 51ZK4[:!

)%&!QDO!9+&6<-!5,!g!GI"@!5;N8)<.6!g!GIGG:?!v!g!GIBc!5;N8)<.6!g!GIG#:?!0F!g!GIA#:!

5-66!Y'=.,6! #Na!5(@:! )%&! 5&@::I! K/6! 9+&6<! ;6,7+,9)%(6!'%&'()*+,-! )<-+! -/+M6&!

(+9;),)*'86<E!=++&!9+&6<! ;6,7+,9)%(6! .%&6,!1ZK4[! )%&!QDO!9+&6<-!5P23!g!

GIAG?!Q$4!g!GI"a?!RL3!g!GIHc:I!b+M686,?!0123?!143!)%&!L01!6-*'9)*6-!-/+M6&!

*/6! 6U'-*6%(6!+7!>')-! )-!M6<<! )-! .%&6,N;,6&'(*'+%-! '%! */6! 9+&6<! ;,6&'(*'+%-I!K/6!

,6<)*'86<E! /'=/!0123!6-*'9)*6-! */)%! */6!143!6-*'9)*6-! ()%!>6! )**,'>.*6&! *+! */6!

-\.),'%=!+7!*/6!6,,+,-!5-66!3\I! 5#N#a::I!!

4<*/+.=/!M'%*6,!M/6)*!M)-!*/6!&+9'%)%*!(,+;?!'*!M)-!.%&6,N;,6&'(*6&!>E!)<<!

*/6!7+.,!9+&6<-!6-;6(')< <E!*/6!;,+7'*!)%&!%'*,)*6!<6)(/'%=!9+&6<-!5-66!Y'=.,6! #Na!

5)F:!*+!5&F::I!!Z*/6,!(,+;-!-.(/!)-!M'%*6,!Z20!M6,6!)<-+!.%&6, N;,6&'(*6&!/+M686, ?!

(,+;-! -.(/! )-!M'%*6,!>),<6E!)%&!;+*)*+6-!M6,6!+86, N;,6&'(*6&! '%!*/6! ;.,6! ; ,+7'*!

)%&!%'*,)*6!<6)(/'%=!9+&6<-I!K/'-!9)E!>6!&.6!*+!*/6!7)(*!*/)*!'%!;.,6!;,+7'*!9+&6<-?!

7),96,-! ),6! )--.96&! *+! >6! '%&'776,6%*! *+! ,'-V! )%&! /6%(6! */6! 9+&6<! 9'9'(-! */6!

>6/)8'+.,! +7! -.(/! 7),96,-! >E! -6<6(*'%=! /'=/! ;,+7'*! =6%6,)*'%=! (,+;-! M'*/+.*!

(+%-'&6,)*'+%-!*+!*/6!)--+(')*6&!,'-V-I! K/'-! )<-+! ,67<6(*-! '%!*/6! ,6-.<*-!+7!*/6! ,'-V!

9+&.<6!);;<'()*'+%!'%!L/);*6,!a!'%!M/'(/!.%&6,!,'-V!%6.*,)<!9+,6!<)%&!'-!)<<+()*6&!

*+!/'=/! ,'-V!(,+;-!-.(/! )-! ;+*)*+6-I!K/.-! ' %!*/6!1ZK4[!)%&!QDO!9+&6<-?!M/'(/!

'%(+,;+,)*6&! ,'-V! 9'%'9'-)*'+% !+>W6(*'86-?! /'=/N,'-V! (,+;-! -.(/! )-! ;+*)*+6-!=)86!

M)E!*+!-6*N)-'&6?!M/'(/!'-!(+%-'&6,6&!,'-V N7,66!'%!*/6!(,+;!;<)%I!4-!)!,6-.<* ?!.%<'V6!

*/6! ;,+7'*! )%&! %'*,)*6! <6)(/'%=! 9+&6<-?! '%! */6! 1ZK4[! )%&! QDO! 9+&6<-?! ;+*)*+!

),6)! M)-! .%&6, N;,6&'(*6&! M/6,6)-! -6 *N)-'&6! M)-! +86, N;,6&'(*6&I! K/6! ;+-'*'86!

L01! 6-*'9)*6-! 5-66! Y'=.,6! # NH!5)F:! *+! 5&F::! -.==6-*! .%&6,N;,6&'(*'+%! +7! (,+;!

),6)-!>E!)<<!7+.,!9+&6<-I!!

! !



! !

!@FH!

!
P+*6X! Y+,! */6! 0'-V! 1+&6<?! 14[! M)-! -6*! )*! nFG?GGG?! QDO! Q6'=/*-X! O,+7'*!9)U'9'-)*'+% ! g! GIA! 5K),=6*! g!
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(a1) Pure Profit Model
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(b1) Nitrate Leaching Model
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(c1) Risk (MOTAD) Model
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(d1) WGP Model
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(b1) Nitrate Leaching Model
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(c1) Risk (MOTAD) Model
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wGIGGx!

@#IH"!
!5aIHA:!
wGIGGx!

GI@A!
!5NF@IcB:!

wGIGGx!

@BIaH!
!5BI@G:!
wGIGGx!

GIGc!
!5N@@IAa:!

wGIGGx!

@HIBa!
!5aIaB:!
wGIGGx!

GI@"!
!5N@aI@c:!

wGIGGx!

2;,'%=!!
>),<6E!

@"IA#!
!5cIF":!
wGIGGx!

5355!
&=U325C!
XU3Z[Y!

@"I"H!
!5cIHB:!
wGIGGx!

@34U!
&=U3[[C!
XU3[\Y!

@cIcc!
!5"IcF:!
wGIGGx!

U3[D&
&=8U3VZC!

XU3[UY!

F@I##!
!5cI"B: !
wGIGGx!

53Z2&
&=U3\[C&
XU3DUY!

Q'%*6,!!
>6)%-!

@@IH"!
!5BIGB:!
wGIGGx!

GIFG!
!5N"IA": !
wGIGGx!

@@IFH!
!5BI@@:!
wGIGGx!

GIFF!
!5N"IcH:!
wGIGGx!

U3DZ!
&=U35ZC!
XU3\VY!

53U4!
&=U355C!
XU3W5Y!

"IA@!
!5HI"@:!
wGIGGx!

GI#@!
!5NcIHA:!
wGIGGx!

2;,'%=!!
>6)%-!

"Ia@!
!5HI"A:!
wGIGGx!

GI#H!
!5NcI#G:!
wGIGGx!

"IaF!
!5HI"":!
wGIGGx!

GI#H!
!5NcI#G:!
wGIGGx!

8532W!
&=8U3[[C!

XU3[\Y!

534V!
&=532[C!
XU35\Y!

"Ia#!
!5HI"":!
wGIGGx!

GI#H!
!5NcI#@:!
wGIGGx!

Q),6! !
;+*)*+6- !

853Z[!
&=8535UC!

XU34ZY!

GI#c!
!5NFGIHc:!

wGIGGx!

853WW!
&=8534[C!

XU345Y!

GI#c!
!5NFGI#a:!

wGIGGx!

@IcB!
!5FIFa:!
wGIG#x!

GI#B!
!5N@@IBG:!

wGIGGx!

HIA#!
!5FIBG:!
wGIG@x!

GIFB!
!5N@GIAF:!

wGIGGx!

Q'%*6,!!
Z20!

FHIGc!
!5AIH":!
wGIGGx!

GIcA!
!5NHI@F:!
wGIGGx!

FGI@#!
!5BIa:!

wGIGGx!

GIc"!
!5N#IBB:!
wGIGGx!

F@IH#!
!5AIcA:!
wGIGGx!

GIcH!
!5N#IA": !
wGIGGx!

FcIF@!
!5AIc":!
wGIGGx!

GIBF!
!5NcI@#:!
wGIGGx!

2.=),! !
>66*!

@#I#H!
!5HI"":!
wGIGGx!

GIaA!
!5NHIA":!
wGIGGx!

@#I#H!
!5HI"":!
wGIGGx!

GIaA!
!5NHIA":!
wGIGGx!

aIAG!
!5aI@":!
wGIGGx!

GI@H!
!5NF"IaB:!

wGIGGx!

BIFc!
!5FI"H:!
wGIGGx!

GIH#!
!5NF@I"G:!

wGIGGx!

26*N)-'&6 !
@GI@@!

!5HIaG:!
wGIGGx!

GIF#!
!5NF#IBA:!

wGIGGx!

@GI##!
!5HIBH:!
wGIGGx!

GIFH!
!5NF#I#G:!

wGIGGx!

@#Ica!
!5AIH#:!
wGIGGx!

NGIG@!
!5NFBIBH:!

wGIGGx!

"IcA!
!5#I"F:!
wGIGGx!

GIF@!
!5NFFIFG:!

wGIGGx!
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 >*#)L)#'+%8%$L$%& -"1/+.),"*,& P$(:$$*& /.$#)-( $#& +*#& "P,$.L$#&
0$.()%),$.&+1"'*(, &

L+9;),'%=!;,6&'(*6&! 76,*'<'-6,!)9+.%*-!M'*/!YT2! 76,*'<'-6,!)9+.%*-! -/+M6&!*/)*!

*/6!9+&6<-! ;,6&'(*6&! 76,*'<'-6,!)9+.%*-! 86,E!M6<<I!K/6!6-*'9)*6-! 7+,! (+,,6<)*'+%!

)%&! 0F! -/+M6&! =++&! )--+(')*'+%! >6*M66%! +>-6,86&! )%&! ;,6&'(*6&! 76,*'<'-6,!

)9+.%*-!.%&6,!)<<!7+.,!9+&6<-!5,!{!GIBH?!v!{!GIHBC!;N8)<.6!g!GIGG?!0F!>6*M66%!GIHG!

)%&! GIAG:! 5-66!K)><6!#NA:I! 4<-+?! */6! %+%NJ6,+! -<+;6-! 7,+9! */6! ,6=,6--'+%! +7!

;,6&'(*6&! 76,*'<'-6,! )9+.%*-! 86,-.-! +>-6,86&! 76,*'<'-6,! )9+.%*-! -/+M6&! */ 6!

6U'-*6%(6! +7! )! ;+-'*'86! ,6<)*'+%-/';! 5-66!K)><6!#N" :! >6*M66%! ;,6&'(*6&! )%&!

+>-6,86&!76,*'<'-6,!)9+.%*-I!b+M686,?!*/6!,6-.<*-!+7!*/6!*N*6-*-!5K)><6!#N" :!-/+M6&!

*/)*!*/6! '%*6,(6;*!)%&!-<+;6!+7!*/6! ;,6&'(*6&!)%&!+>-6,86&!76,*'<'-6,!)9+.%*-!7+,!

6)(/!+7!*/6! 76,*'<'-6,!*E;6-!M6,6!&'776,6%*!7,+9!J6,+!)%&!+%6!,6-;6(*'86<EI!!

K)><6!#NAX!L+,,6<)*'+%!)%&!(+677'('6%*!+7!&6*6,9'%)*'+%!6-*'9)*6-!7+,!(+9;),'%=!;,6&'(*6&!

76,*'<'-6,!)9+.%*-!*+!+>-6,86&!76,*'<'-6,!)9+.%*-!)*!*/6!'%&'8'&.)<!<686<I!!

Y6,*'<'-6,!
KE;6!

O.,6!O,+7'*!1+&6<! P'*,)*6!R6)(/'%=!
1+&6<!

0'-V!51ZK4[: !
1+&6<!o!

QDO!1+&6<!oo!

, ! v! 0F! , ! v! 0F! , ! v! 0F! , ! v! 0F!
P!
76,*'<'-6,!

GIA#!
5GIGG:!

GIcc!
5GIGG:!

GIcG!
GIA#!

5GIGG:!
GIcc!

5GIGG:!
GIcG!

GIcH!
5GIGG:!

GIB"!
5GIGG:!

GIaa!
GIAa!

5GIGG:!
GIcB!

5GIGG:!
GIcF!

O!
76,*'<'-6,!

GIcc!
5GIGG:!

GIB@!
5GIGG:!

GIBG!
GIcA!

5GIGG:!
GIB@!

5GIGG:!
GIBG!

GIBH!
5GIGG:!

GIHA!
5GIGG:!

GIH@!
GIc"!

5GIGG:!
GIBF!

5GIGG:!
GIB#!

f!
76,*'<'-6,!

GIcA!
5GIGG:!

GIaB!
5GIGG:!

GIB@!
GIcA!

5GIGG:!
GIaH!

5GIGG:!
GIB@!

GIBH!
5GIGG:!

GIHB!
5GIGG:!

GIHG!
GIc"!

5GIGG:!
GIaB!

5GIGG:!
GIB#!

POf!
76,*'<'-6,!

GIAc!
5GIGG:!

GIcA!
5GIGG:!

GIcB!
GIAc!

5GIGG:!
GIcA!

5GIGG:!
GIcB!

GIcA!
5GIGG:!

GIB"!
5GIGG:!

GIB@!
GIA"!

5GIGG:!
GIcA!

5GIGG:!
GIAG!
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K)><6!#N" X!06-.<*-!+7! */6! *N*6-*!+%!*/6! '%*6,(6;*! )%&!-<+;6!+7! */6! ,6=,6--'+%!+7!+>-6,86&!

76,*'<'-6,!)9+.%*-!+%!;,6&'(*6&!76,*'<'-6,!)9+.%*-!)*!*/6!'%&'8'&.)<!<686<I!!

Y6,*'<'-6,!!
KE;6!

O.,6!O,+7'*!1+&6<! P'*,)*6!R6)(/'%=!
1+&6<!

0'-V!!51ZK4[:!
1+&6<!o!

QDO!1+&6<!oo!

s! u! s! u! s! u! s! u!

P!76,*'<'-6,!
#AIaa!

!5aIHH:!
wGIGGx!

GIAH!
!5NHBG:!
wGIGGx!

#BI"#!
!5aIFG:!
wGIGGx!

GIAa!
!5NHIHA:!
wGIGGx!

HGIcF!
!5HIA#:!
wGIGGx!

GI"G!
!5N@I"c:!
wGIGax!

#GIFG!
!5HI##:!
wGIGGx!

U3W\!
&=8U3[ZC!

XU3[ZY!

O!76,*'<'-6,!
@cIHF!

!5HIA#:!
wGIGGx!

GIa"!
!5N@HI@G:!

wGIGGx!

@cIGF!
!5HIcG:!
wGIGGx!

GIBG!
!5N@HIG#:!

wGIGGx!

@@IcG!
!5FIF":!
wGIGFx!

GIca!
!5NHI#G:!
wGIGGx!

@#IGA!
!5#IBH:!
wGIGGx!

GIcF!
!5NAIa#:!
wGIGGx!

f! 76,*'<'-6,!
FFI"#!

!5aI@H:!
wGIGGx!

GIBG!
!5N@HI#F:!

wGIGGx!

FFIcH!
!5aIGc:!
wGIGGx!

GIBG!
!5N@HIFc:!

wGIGGx!

FFIHc!
!5#IcG:!
wGIGGx!

GIcF!
!5NaIG#:!
wGIGGx!

@AI"a!
!5HIFF:!
wGIGGx!

GIcF!
!5NAIa": !
wGIGGx!

POf!76,*'<'-6,!
cHIB#!

!5BIH":!
wGIGGx!

GIcG!
!5N@FIcF:!

wGIGGx!

cFI#A!
!5BIF":!
wGIGGx!

GIcG!
!5N@FIB#:!

wGIGGx!

BHIG#!
!5HIFH:!
wGIGGx!

GIAF!
!5NHIFH:!
wGIGGx!

aBI@#!
!5aI@c:!
wGIGGx!

GIAH!
!5NBIHa:!
wGIGGx!
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K)><6!#N@GX! L+,,6<)*'+%! )%&! (+677'('6%*! +7! &6*6,9'%)*'+%! 6-*'9)*6-! 7+,! (+9;),'%=!

;,6&'(*6&!7),9!,686%.6-^(+-*-!M'*/!+>-6,86&!7),9 !,686%.6^(+-*!)*!*/6!'%&'8'&.)<!<686<I!!

0686%.6 !̂
L+-*!
KE;6!

O.,6!O,+7'*!1+&6<! P'*,)*6! R6)(/'%=!
1+&6<!

0'-V! ! 51ZK4[:!
1+&6<!o!

QDO!1+&6<!oo!

, ! v! 0F! , ! v! 0F! , ! v! 0F! , ! v! 0F!

D,+--!
9),='% !

GIc@!
5GIGG:!

GIcG!
5GIGG:!

GIaG!
GIc@!

5GIGG:!
GIcG!

5GIGG:!
GIaG!

GI#c!
5GIGG:!

GIa"!
5GIGG:!

GI@H!
GIcF!

5GIGG:!
GIc@!

5GIGG:!
GIaF!

O,+7'*! GIaA!
5GIGG:!

GIH#!
5GIGG:!

GI#H!
GIaA!

5GIGG:!
GIH#!

5GIGG:!
GI#H!

GIFc!
5GIGG:!

GI#a!
5GIGG:!

GIGc!
GIHH!

5GIGG:!
GIH#!

5GIGG:!
GI@"!

Y'U6&!
(+-*!

GIc@!
5GIGG:!

GIBH!
5GIGG:!

GIa@!
GIc@!

5GIGG:!
GIBH!

5GIGG:!
GIa@!

GIHA!
5GIGG:!

GIa@!
5GIGG:!

GIF#!
GIcH!

5GIGG:!
GIBB!

5GIGG:!
GIaa!

R)>+.,!
(+-*!

GIF"!
5GIGG:!

GIH#!
5GIGG:!

GIGA!
GI#F!

5GIGG:!
GIHa!

5GIGG:!
GI@G!

GIG#!
5GIBF:!

GIF#!
5GIGG:!

GIGG!
GI##!

5GIGG:!
GIHH!

5GIGG:!
GI@@!

Y6,*'<'-6,!
(+-*!

GIAa!
5GIGG:!

GIAG!
5GIGG:!

GIc#!
GIAa!

5GIGG:!
GIAG!

5GIGG:!
GIc#!

GIBB!
5GIGG:!

GIc@!
5GIGG:!

GIH#!
GIAB!

5GIGG:!
GIc"!

5GIGG:!
GIcH!

266&!(+-*! GIHB!
5GIGG:!

GIc#!
5GIGG:!

GIF@!
GIHB!

5GIGG:!
GIcF!

5GIGG:!
GIF@!

GI@G!
5GI@G:!

GIB#!
5GIGG:!

GIG@!
GIH"!

5GIGG:!
GIcH!

5GIGG:!
GIFH!

Y.6<!(+-*! GIAG!
5GIGG:!

GIBa!
5GIGG:!

GIBH!
GIA@!

5GIGG:!
GIBH!

5GIGG:!
GIBa!

GIH#!
5GIGG:!

GIaG!
5GIGG:!

GI@A!
GIcB!

5GIGG:!
GIB#!

5GIGG:!
GIaA!
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L+-*!KE;6!
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1+&6<!

0'-V!!51ZK4[:!
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QDO!1+&6<!oo!

s! u! s! u! s! u! s! u!

D,+--!
9),='% !

5VD3[W&
&=53VVC&
XU35UY!

@IBc!
!5BIcF:!
wGIGGx!

5V43ZZ&
&=53VDC&
XU35Ux!

@IBA!
!5BIcF:!
wGIGGx!

45U3\\ !
&=532UC!
XU34UY!

@IaB!
!5FIF":!
wGIGFx!

85[5345 !
&=8532WC!

XU35ZY!

FIB#!
!5@GIcG:!

wGIGGx!

O,+7'*!
@HGI"F!
!5aIaB:!
wGIGGx!

GIA@!
!5NFIcc:!
wGIG@x!

@HFIAa!
!5aIBH:!
wGIGGx!

GIA@!
!5NFIA@:!
wGIG@x!

@HAIB@!
!5BI"@:!
wGIGGx!

GIa"!
!5N#IGc:!
wGIGGx!

FGHIHB!
!5cIHF:!
wGIGGx!

@IaA!
!5FI"": !
wGIGGx!

Y'U6&!(+-*!
432W!

&=U3UWC!
XU3W2Y!

GIBF!
!5N@GIaH:!

wGIGGx!

8U342!
&=8U3U5C!

XU3WWY!

GIBF!
!5N@GIHc:!

wGIGGx!

85\3WW!
&=8U3D5C!

XU3V\Y!

GIBa!
!5NHIB@:!
wGIGGx!

85\34\ !
&=U3ZDC!
XU3DVY!

GIB"!
!5NAI@F:!
wGIGGx!

R)>+.,!(+-* !
F#"I#@!
!5HIc#:!
wGIGGx!

GIFa!
!5N@aI#A:!

wGIGGx!

FFaIAG!
!5HIHA:!
wGIGGx!

GI#G!
!5N@#I#G:!

wGIGGx!

F"cI@c!
!5#IHG:!
wGIGGx!

U34W!
&=8534DC!

XU344Y!

FGBI@a!
!5HIGF:!
wGIGGx!

GIBF!
!5N#IHF:!
wGIGGx!

Y6,*'<'-6,!
(+-*!

F"IHG!
!5#IF#:!
wGIGGx!

GIcc!
!5NcI"a: !
wGIGGx!

FcI"# !
!5#IGa:!
wGIGGx!

GIcA!
!5NcIAB:!
wGIGGx!

HcI#B!
!5#IaB:!
wGIGGx!

GIcc!
!5NHI@#:!
wGIGGx!

@AI#A!
!5FIG#:!
wGIGHx!

GI"@!
!5NFIAa:!
wGIG@x!

266&!(+-*!
5\322!

&=U3\UC!
XU3D4Y!

U3WV!
&=8U324C!

XU3Z[Y!

5V3ZZ!
&=U3Z4C!
XU3DZY!

U3WZ!
&=8U325C!

XU3ZVY!

@GGIHa!
!5#IFc:!
wGIGGx!

GI#@!
!5N#Ia#:!
wGIGGx!

##Iaa!
!5@Ia":!
wGI@@x!

U3\[ !
&=853V[C!

XU35UY!

Y.6<!(+-*!
5U3WU!

&=53\DC!
XU3UZY!

GIA@!
!5NaIG":!
wGIGGx!

Z3DD&
&=534VC&
XU345x!

GIAB!
!5N#IAH:!
wGIGGx!

BHIa"!
!5@GIFA:!

wGIGGx!

GIF#!
!5NFHIc@:!

wGIGGx!

BHIFH!
!5@FI"G:!

wGIGGx!

GI@a!
!5N@@aIG:!

wGIGGx!
o!14[!g!nFG?GGG?!oo!Q6'=/*-X!O,+7'*!9)U'9'-)*'+%!g!GIA!5K),=6*!g!ncB?GGG:?!P'*,)*6!<6)(/'%=!9'%'9'-)*'+%!g!@!

5K),=6*! g! @GGGG! V=! P:?! 0'-V! 9'%'9'-)*'+%! g! GIGa! 5K),=6*! g! nFG?GGG:I!K/6! 8)<.6-! '%! ;),6%*/6-6-! ),6! */6! * N

8)<.6-!M/6,6)-!*/6!8)<. 6-!'%!(.,<E!>,)(V6*-!),6!*/6!(+,,6-;+%&'%=!; N8)<.6-!7+,!>+*/!*/6!'%*6,(6;*!5s:!)%&!*/6!

-<+;6!5u:I!K/6!8)<.6-! '%!>+<&!,6;,6-6%*!*N*6-*!,6-.<*-!M/'(/!-/+M!*/)*!*/6!-<+;6!)%&!'%*6,(6;*!M6,6!&'776,6%*!

7,+9!+%6!)%&!J6,+!,6-;6(*'86<EI!

!

!

!

 

$%! */'-! (/);*6,?! 7+.,! 8),')%*-! +7! ),)><6! 7),9! 9+&6<-! &686<+;6&! )-! ;),*! +7! */6!

+86,)<<! ,6-6),(/! )'9! /)86! >66%! &6-(,'>6&I! K/6-6! 9+&6<-! M6,6! >.'<*! (+9>'%'%=!

9'U6&N'%*6=6,?!=+)<!)%&!,'-V!;,+=,)99'%=!);;,+)(/6-!)%&!.-'%=!&)*)!-.(/!)-!7),9!

9)%)=696%*?! -+'<! )%&!-.>-'&E! ;)E96%*-!&)*)I!4<-+?! .-'%=! )!&'776,6%*! -6*!+7!&)*)?!

*/6! Y),9! T.-'%6--! 2.,86E! 5YT2:! &)*)! 7,+9! FA@! <+M<)%&! ),)><6! 7),9-! )%&! )!

;,6&'(*'86! 8)<'&)*'+%! );;,+)(/?! */6! 9+&6<-! /)86! >66%! 8)<'&)*6&I! Q6! /)86!

(+%&.(*6&!(+9;),'-+%-!+7!*/6!9+&6<<6&!,6-.<*-!M'*/!*/6!+>-6,86&!,6-.<*-!)*!>+*/!

)==,6=)*6! )%&! '%&'8'&.)<! 7),9! <686<I! K/6! )==,6=)*6N<686<! (+9;),'-+%! -/+M6&! )!

;+-'*'86! ,6<)*'+%-/';! >6*M66%! ;,6&'(*6&! )%&! +>-6,86&! (,+;! ),6)-! M'*/! >6**6,! 7'*!

+>-6,86&!.%&6,!*/6!1ZK4[!)%&!QDO!9+&6<-?!M/'(/ !6U;<'('*<E!'%(+,;+,)*6&!7),9!



! !

!@#c!

,'-VI! K/6! '%&'8'&.)<! <686<! (+9;),'-+%-! -/+M6&! 8),'+.-! &6=,66-! +7! )--+(')*'+%!

>6*M66%!;,6&'(*6&!)%&!+>-6,86&!(,+;!),6)-I!!

Z;*'9'-)*'+% !9+&6<-!>)-6&!+%!<'%6),! ;,+=,)99'%=!)%&!,6<)*6&!);;,+)(/6-!

/)86!>66%!&686<+;6&!*+!'%86-*'=)*6!'--.6-!,6<)*'%=!*+!)=,'(.<*.,)<!<)%&!.-6!56I=I!*6%!

T6,=6!!"#$%&?!FGGFC!4%%6**-!)%&!4.&-<6E?!FGGFC!0+.%-686<<!!"#$%&?!FGG#C!Z=<6*/+,;6?!

FG@GC! Z-=)*/+,;6!!"# $%&?! FG@@C! L++V6!!"# $%&?! FG@#:I! 4<*/+.=/! -+96! +7! */6!

);;,+)(/6-!)%&^+,!7+,9.<)*'+%-!.-6&!>E!4%%6**-!)%&!4.&-<6E!5FGGF:!)%&!L++V!6*!

)<I!5FG@#:!M6,6!)&+;*6&! '%!&686<+;'%=!*/6!9+&6<-! ;,6-6%*6&! '%!*/'-!*/6-'- ?!*/6,6!

),6! -+96! &'776,6%(6-! >6*M66%! +.,! 9+&6<! )%&! */6',-?! 6-;6(')<<E! +.,! 9.<*';<6!

+>W6(*'86! 9+&6<-! 51ZK4[! )%&! QDO:I! K/6! 9+&6<-! &686<+;6&! >E! 4%%6**-! )%&!

4.&-<6E! 5FGGF:! )%&! L++V6!!"# $%&?! 5FG@#:! M6,6! 9.<*';<6! +>W6(*'86! <'%6),^9'U6&N

'%*6=6,!9+&6<-?!M/'(/ !9)E!>6!;,+%6!*+!=6%6,)*'%=!'%76)-'><6!-+<.*'+%-!&.6!*+!*/6!

6U;,6--'+%! +7! +*/6,! =+)<-! )-! '%6\.)<'*E! (+%-*,)'%*-! M/'(/! 9.-*! >6! 6%7+,(6&I! Q6!

&686<+;6&! */6!9'U6&N'%*6=6,!QDO! 9+&6<! '%! M/'(/! =+)<-! +,! +>W6(*'86-! -6,86! )- !

(+%-*,)'%*-!>.*!),6!6U;,6--6&!)-!6\.)*'+%-?! )%&!6U;<'('*<E!'%(+,;+,)*6!,'-VI!!

_%<'V6! L++V6!!"# $%&!5FG@#:?! '%! +.,! 1ZK4[! )%&! QDO! 9+&6<-! */6! 6U;6(*6&!

&68')*'+%! '%! '%(+96!)(*-! )-! )!9+&6<! '%;.*! *+! )<<+M!;+*6%*')<! .-6,-! *+! '%;.*! */6',!

+M%!&68')*'+%!5,'-V:!8)<.6-!)-!M6<<!)-!,.%!*/6!9+&6<!)*!&'776,6%*!'%(+96!&68')*'+%!

5,'-V:! <686<-! *+! +>-6,86! */6! 6776(*! +%! (,+;! ;<)%! )%&! */6! 7),9'%=! +>W6(*'86-I! K/6!

9)(/'%6! %.9>6,-! -6<6(*6&! >E! +.,! 9+&6<-! ),6! '%*6=6,-@B! )%&! )<*/+.=/! '%*6=6,!

9)(/'%6! %.9>6,-! 9)E! <6)&! *+! /'= /! 7'U6&!(+-*! )%&! <+M6,! ;,+7'*! 6-*'9)*6-?! */6!

;,+><69!+7!'%76)-'>'<'*E!&.6!*+!,+.%&'%=!.;!+,!&+M%!+7!+;*'9)<!9)(/'%6!%.9>6,-!

'-! ;,686%*6&I! b+M686,?! &6;6%&'%=! +%! */6! .-6,l-! +>W6(*'86?! */6! 9)(/'%6^<)>+.,!

%.9>6,-!()%!>6!-6*!)-!%+%N'%*6=6,-I!

4=)'%?!.%<'V6!4%%6**-! )%&!4.&-<6E!5FGGF:?!*/6!%'*,)*6!<6)(/'%=!6-*'9)*6-! '%!

+.,!9+&6<-!M6,6!>)-6&!+%!*/6!P!>)<)%(6!);;,+)(/! .-6&!>E!Q+--'%V!5@""#:! )%&!

.-6-!&)*)!M/'(/!),6!,6<)*'86<E!%+*!&'77'(.<*!*+!.;&)*6I!K/'-!);;,+)(/!M)-!)&+;*6&!

&.6! *+! */6! ;+--'>'<'*E! +7!<'%V'%=! %'*,)*6N<6)(/'%=! 6-*'9)*6-! 5V=! P^/):! *+! */6!

,6(+996%&6&!76,*'<'-6,! )9+.%*-! 7+,! (,+;-! '%! [67,)! 5FG@G:! .-'%=! */6! -+'<! *E;6I!

4<-+?!'*!9)V6-!'*!;+--'><6!*+!(+%86,*!%'*,)*6!6-*'9)*6-!'%!V=!P^/)!*+!)9+.%*-!5=^<:?!

!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
@B!K/6!9+&6<!()%!-*'<<!>6!-+<86&!*+!=6%6,)*6!%+%N'%*6=6,!9)(/'%6!%.9>6,-!'7!%+%N'%*6=6,!9)(/'%6!
%.9>6,-!),6!;,676,,6&I! !



! !

!@#A!

M/'(/ !<6)(/! '%*+!=,+.%&!M)*6,! )*! )!&6;*/!+7!+%6!96*,6! .-'%=!*/6! )%%.)<! ,)'%7)<<!

)9+.%*I! !

`)<'&)*'+%! +7! 9+&6<-! /)-! >66%! (+%&.(*6&! )-! ;),*! +7! 9+&6<! &686<+;96%*!

;,+(6--!*+!'%(,6)-6!*/6!(+%7'&6%(6!<686<!+7!;+*6%*')<!9+&6<!.-6,-!56I=I!4>6&'%=;+.,!

!"# $%&?! FG@FC! L++V6!!"# $%&?! FG@#C! D.6E9),&?! FG@H:I! K/6! 9+&6<-! ;,6-6%*6&!'%! */'-!

(/);*6, ! M6,6! 8)<'&)*6&! .-'%=! ;,6&'(*'86! 8)<'&)*'+%! M/'(/! '-! */6! 9+-*! (+99+%!

7+,9!+7!8)<'&)*'+%!51(L),<!)%&!2;,66%?!@""c:!)%&!*/6!9+&6<!,6-.<*-!(+9;),6&!*+!

+>-6,86&! &)*)! 7+,! FA@! ),)><6! 7),9-! .-'%=! -*)*'-*'()<! 96)-.,6-! +7! )--+(')*'+%I! 4!

-'9'<),!);;, +)(/!M)-!.-6&!>E!L++V6! !"#$%&!/+M686,?!*/6E!.-6&!@aG!7),9-!)%&!)<-+!

%+! (+9;),'-+%! M)-! &+%6! >6*M66%! ;,6&'(*6&! )%&! +>-6,86&! 8),')><6-! -.(/! )-!

76,*'<'-6,! \.)%*'*'6-! )%&! 7),9! (+-*-! )%&! ,686%.6-I! 4<-+! */6! 9)'%! -*)*'-*'()<!

96)-.,6-! +7! )--+(')*'+%! */6E! );;<'6&! M6 ,6! ;,'9),'<E ! ,6=,6--'+%! )%)<E-'-! )%&!

2;6),9)%!(+,,6<)*'+%I! !

$%! (+9;),'%=! +.,! 9+&6<! ,6-.<*-! *+! */6! +>-6,86&! YT2! &)*)?! -*)*'-*'()<!

96)-.,6-!-.(/!)-!(+,,6<)*'+%!(+677'('6%*-?!(+677'('6%*!+7!&6*6,9'%)*'+%!)%&!*N*6-*!'%!

)&&'*'+%!*+!96)%!)>-+<.*6!6,,+,!5143:!)%&!,++*!96)%!-\.),6!6,,+,!50123:!M/'(/!

96)-.,6! &'-;6,-'+%! +7! '%&'8'&.)<! ;+'%*-! 5D.6E9),&?! FG@H:! M6,6! );;<'6&I! K/6!

P)-/ N2.*(<'776l-!9+&6<!677'('6%(E!5P23:! ;,+;+-6&!>E!1)E6,! )%&!T.*<6,!5@""#:! )-!

*/6! >6-*! +86,)<<! 96)-.,6! +7! 9+&6<! ;6,7+,9)%(6! M)-! )<-+! );;<'6&! *+! 96)-.,6!

9+&6<! ;6,7+,9)%(6I! $%! )&&'*'+%! *+! */6! )>+86! 96)-.,6-! M)-! )! =,);/'()<! 96*/+&!

5-()**6,! ;<+*-! M'*/! ,6=,6--'+%! <'%6:! *+! +>-6,86! >')-6-! )%&! *,6%&-I! 3)(/! +7! */6!

-*)*'-*'()<! 96)-.,6-! +7! )--+(')*'+%! /)-! '*-! -*,6%=*/-! )%&! M6)V%6--6-I! K/.-! */6!

'%(<.-'+%!+7!9+,6!-*)*'-*'()<!96)-.,6-!M)-!*+!&,)M!+%!*/6',!-*,6%=*/-!)%&!;,6-6%*!

,6-.<*-!*/)*!M'<<!='86!;+*6%*')<!.-6,-!+7!*/6!9+&6<-!+,!;,+;+%6%*-!+7!*/6!&'776,6%*!

96)-.,6-! +7!)--+(')*'+%!>6**6,!.%&6,-*)%&'%=!+7!*/6!)((.,)(E!+,!;,6&'(*'86!;+M6,!

+7! +.,! 9+&6<-I! Y+,! 6U)9;<6?! (+,,6<)*'+%! (+677'('6%*-! -/+M! */6! ;,6-6%(6! +7!

,6<)*'+%-/';-! >6*M66%! ;,6&'(*6&! )%&! +>-6,86&! &)*)! M/6,6)-! P23! )%&! */6!

(+677'('6%*! +7! ,6-'&.)<! 9)--!5L01:! -/+M! */6! 677'('6%(E! M'*/! M/'(/! */6! 9+&6<-!

;,6&'(*! )%&! M/6*/6,! */6! 9+&6<-! +86, N! +,! .%&6,N;,6&'(*! ,6- ;6(*'86<EI! K/.-!

(+9>'%'%=! */6-6! &'776,6%*! 96)-.,6-! ()%! ='86! &'776,6%*! '%7+,9)*'+%! )>+.*! */6!

9+&6<?! M/'(/! >6**6,! '%7+,9-! ;+*6%*')<! .-6,-! )>+.*! */6! )((.,)(E! )%&! ;,6&'(*'86!

;+M6,-!+7!*/6!9+&6<-I!



! !

!@#"!

K/6! )==,6=)*6N<686<! (+9;),'-+%-! >+*/! =)86! >6**6,! 7'*-! )-! 7),! )-!(,+;! ),6)!

(+9;),'-+%-! M6,6! (+%(6,%6&I! K/6! )==,6=)*6! <686<! (+9;),'-+%-! >)-6&! +%! */6!

,6-.<*!7+,!*/6!k)86,)=6l!7),9!54RN@:!9)&6! '*! ;+--'><6!*+!-66!>6**6,!*/6!(/)%=6-! '%!

(,+;! ;<)%! .%&6,! 6)(/! 9+&6<I! O6),-+%! (+,,6<)*'+%! -/+M-! */6! <'%6),! )--+(')*'+%!

>6*M66%! *M+! 8)<.6-! )%&! )((+,&'%=! *+! R+)=.6! )%&! D,66%! 5@""@:?! ;),*! +7! */6!

+;6,)*'+%)<!6U)9'%)*'+%!+7!9+&6<-! '-!*/6!)--6--96%*!+7!9+&6<-l! ;,6('-'+%?!M/'(/!

'-! */6!&6=,66! *+!M/'(/! */6!9+&6< N;,6&'(*6&!8)<.6-! );;,+)(/! )!<'%6),!7.%(*'+%!+7!

*/6!+>-6,86&!&)*)I!K/.-!M'*/!,6<)*'8 6<E!/'=/!<'%6),!(+,,6<)*'+%?!'*!()%!>6!-)'&!*/)*!

*/6! 9+&6<-! ;,6&'(*! M'*/! ,6<)*'86<E! =++&! ;,6('-'+%I! ! Q'%*6,! M/6)*! M)-! */6!

&+9'%)%*!(,+;!)%&!9+&6<-!;,6&'(*6&!'*!9+,6!)((.,)*6<E!*/)%!*/6!+*/6,!(,+;-I!K/.-!

*/6! ;++,! (+,,6<)*'+%!>)-6&!+%! ,)%V'%=!+7! (,+;-! '-!>6().-6! */6! ,)%V!+,&6,!+7! */6!

+*/6,!(,+;-!'-!%+*!;,6&'(*6&!M6<<I!Y,+9!)! 7),96, !>6/)8'+.,!;6,-;6(*'86?!'*!'-!<'V6<E!

*/)*!M'%*6,!M/6)*!9)E!>6!(/+-6%!7',-*!)%&!(/+'(6!+7!*/6!%6U*!(,+;!9)E!>6!(+%*6U*!

&6;6%&6%*I! ! $%! *6,9-!+7!9+&6<! (+9;),'-+%?! */6!1ZK4[!9+&6<!5)%&!QDO! .%&6,!

4RN@! (+9;),'-+%:! =)86! >6**6,! 7'*-! */)%! ;.,6! ;,+7'*! )%&! %'*,)*6! <6)(/'%=! 9+&6<-I!

L++V6!!"#$%&!5FG@#:!7+.%&! )! -'9'<),! ,6-.<*!M/6%! */6!7),90!9+&6<!M)-! 8)<'&)*6&!

)%&!)**,'>.*6&!'*!*+!*/6!'%(<.-'+%!+7!,'-V!;,676,6%(6-!+7!7),96,-I!!!

K/6! '%&'8'&.)<! <686<! (+9;),'-+%! -/+M6&! 8),'+.-! &6=,66-! +7! )--+(')*'+%!

>6*M66%!;,6&'(*6&!)%&!+>-6,86&!(,+;!),6)-!,67<6(*'%=!/+M!&+9'%)%*!-+96!+7!*/6!

(,+;-! ),6! '%! */6! ),)><6! <)%&-();6! 56I=I! M'%*6,! M/6)*:I! L++V6!!"# $%&!5FG@#:! )<-+!

7+.%&! 8),'+.-! &6=,66-! +7! )--+(')*'+%! '%! */6',! '%&'8'&.)<N<686<! (+9;),'-+%! M/6%!

;,6&'(*6&!(,+;! ),6)-!M6,6! ,6=,6--6&!+%!(,+;!=,+--!9),='%-I!K/6! '%&'8'&.)<!<686<!

(+9;),'-+%! +7! 7),9! ,686%.6-^(+-*-! )<-+! -/+M6&! 8),'+.-! &6=,66-! +7! )--+(')*'+%!

M'*/!)!/'=/!&6=,66!+7!)--+(')*'+%!7+,! 76,*'<'-6,!(+-*-I!K/6!=++&!<'%6),!,6<)*'+%-/';!

>6*M66%! ;,6&'(*6&! )%&! +>-6,86&!76,*'<'-6,! )9+.%*-! '-! )%! '%&'()*'+%! +7!*/6!

;,6('-'+%!M'*/!M/'(/!*/6!9+&6<-!;,6&'(*!76,*'<'-6,!)9+.%*-I!K/'-!'-!>6().-6!9+&6<!

;,6('-'+%!'%&'()*6-!/+M!9+&6<!,6-.<*-!);;,+)(/!)!<'%6),!7.%(*'+%!+7!*/6!+>-6,86&!

&)*)!5R+)=.6!)%&!D,66%?!@""@:I!!

K/6!,6-.<*!7+,!76,*'<'-6,!(+-*!'-!%+*!-.,;,'-'%=!(+%-'&6,'%=!*/6!=++&!;,6&'(*'+%!

+7!76,*'<'-6,!)9+.%*-?!M/'(/!&6*6,9'%6!*/6! 76,*'<'-6,!(+-*I!K/6!,6-.<*-!7+,!7'U6&!)%&!

7.6<!(+-*-!9)E!>6!&.6!*+!*/6!7)(*!*/)*! */6,6! '-! -+96! /'=/! &6=,66!+7!)((.,)(E!)%&!

;,6('-'+%! )--+(')*6&! M'*/! 9)(/'%6! %.9>6,-! -6<6(*6&! >E! */6! 9+&6<-I! K/6! ,6-.<*-!



! !

!@HG!

7+,! =,+--! 9),='%! 9)E! >6! )! ,67<6(*'+%! +7! */6! )((.,)(E! M'*/! M/'(/! */6! 9+&6<-!

;,6&'(*6&! (,+;! ),6)-?! -66&! )%&! 76,*'<'-6,! (+-*-I! K/6! <+M! 6-*'9)*6-! .%&6,! */6!

1ZK 4[!9+&6<!9)E!>6!&.6!*+!*/6!7)(*!*/)*!'%!)!1ZK4[!9+&6<!;,+7'*!'-! 9)U'9'-6 &!

-.>W6(*! *+! */6! ,'-V!9'%'9'-)*'+% ! (+%-*,)'%*?! M/'(/! 9)E! ,6-.<* ! '%! 9+,6! (,+;!

&'86,-'7'()*'+%?! M/'(/! '%! *.,%! /)-! */6! ;+*6%*')<! *+! )776(*! */6! 6-*'9)*'+%! +7! 7),9!

,686%.6-!+,!(+-*-I!!

$%!*6,9-!+7! */6! 9+&6<-l!;,6&'(*'86! ;+M6,-?! ,6-.<*-! -/+M6&!*/)*! */6!9+&6<-!

;,6&'(*6&!(,+;!),6)-!)%&! 76,*'<'-6,!)9+.%*-!>6**6,!*/)%!*/6!7),9!,686%.6-^(+-*-I!

K/6!>6**6,! ;,6&'(*'+%!+7!(,+;! ),6)-! ()%!>6!)**,'>.*6&!*+!*/6!7)(*! */)*! */6!9+&6<-!

M6,6!&686<+;6&!*+!-6<6(*!+;*'9)<!(,+;!;<)%-!)%&!*/)*!7)(*+,-!-.(/!)-!-+'<!*E;6!)%&!

,)'%7)<<! M/'(/! '%7<.6%(6! 677'('6%*! 7),9! ;<)%%'%=! M6,6! ();*.,6&! )%&! 9+&6<<6&?!

/6%(6! */6! >6**6,! ;,6&'(*'+%! +7! (,+;! ),6)-I! K/6! >6**6,! ;,6&'(*'+%! +7!76,*'<'-6,!

)9+.%*-!>E! */6!9+&6<-! (+.<&! )<-+!>6!&.6! *+! */6!7)(*! */)*! */6! 76,*'<'-6,!)9+.%*-!

.-6&!'%!>.'<&'%=!*/6!9+&6<!M6,6!*/6!,6(+996%&6&!,)*6-!7,+9![67,)!5FG@G:?!M/'(/!

),6!)<-+!*/6!,6(+996%&6&!,)*6-!=.'&'%=!76,*'<'-6,!);;<'()*'+%!>E!),)><6!7),96,-!'%!

*/6!YT2!)%&!/6%(6!*/6!-9)<<!&68')*'+%-!>6*M66%!;,6&'(*6&!)%&!+>-6,86&!)9+.%*-I!!

K/6! -686,6! .%&6,N;,6&'(*'+%!+7!=,+--!9),='%! )%&! ;,+7'*!9)E!>6!&.6! *+! */6!

8),')>'<'*E! '%! (,+;! ;,'(6-! &.6! *+! 7)(*+,-! M/'(/! */6! 7),96,-! &+! %+*! /)86! (+%*,+<!

+86,I!4=)'%?!'%!*6,9-!+7!*/6!.%&6,N;,6&'(*'+%!+7!;,+7'*?! '*!9)E!)<-+!>6!&.6!*+!/'=/!

7'U6&!(+-*!6-*'9)*6-!&.6!*+! '%*6=6,!9)(/'%6!%.9>6,-!-6<6(*6&!>E!*/6!9+&6<-!)%&!

*/6!(+-*-!5;,'(6-:!+7!9)(/'%6-!-6<6(*6&!*+!>.'<&!*/6!9+&6<-I!L+9;),)*'86<E?!;,+7'*!

6-*'9)*6-!>E!9'U6&N'%*6=6,! ;,+=,)99'%=!51$O:!9+&6<-!),6!%+,9)<<E!<+M6,!*/)%!

6-*'9)*6-!>E !*,)&'*'+%)<!<'%6),! ;,+=,)99'%=!9+&6<-!&.6!*+!*/6!6U*,)! (+%-*,)'%*-!

*+!7+,(6!*/6!9+&6<-!*+!-6<6(*!-+96!)(*'8'*'6-!)-!'%*6=6,-!)%&!M'*/!+.,!9+&6<-!>6'%=!

1$O?!;,+7'*!6-*'9)*6-!),6!<'V6<E!*+!>6!<+M?!/6%(6!*/6!.%&6,N;,6&'(*'+%I!R)>+.,!(+-*-!

M6,6! )<-+! .%&6,N;,6 &'(*6&! )%&! )=)'%! */'-! ,67<6(*-! */6! 8),')>'<'*E! '%! */6! <)>+.,!

,6\.',696%*-! >E! &'776,6%*! 7),9-?! M/'(/! ),6! '%7<.6%(6&! >E! 7)(*+,-! */)*! M6,6! %+*!

();*.,6&! '%! */6! 9+&6<-! )-! M6<<! )-! */6! '%*6=6,! <)>+.,! %.9>6,-! -6<6(*6&! >E! */6!

9+&6<-I!b+M686,?!*/6,6!M)-!7)',<E!=++&!;,6&'(*'+%!+7!76,*'<'-6,!(+-*?!-66&!(+-*!)%&!

7.6<!(+-*I!$%!*6,9-!+7!'%&'8'&.)<N<686<!(+9;),'-+%?!*/6,6!M6,6!;+-'*'86!(+,,6<)*'+%-!

>6*M66%! */6! ;,6&'(*6&! )%&! +>-6,86&! ,686%.6-^(+-*-! ,67<6(*'%=! */6! ;,6&'(*'86!

;+M6,!+7!*/6!9+&6<-!M'*/!,6-;6(*!*+!7),9!,686%.6-! )%&!(+-*-I!



! !

!@H@!

!$%! =6%6,)<?! */6! 9+&6<-! ;,6&'(*6&! (,+;! ),6)-! )%&!76,*'<'-6,! )9+.%*! >6**6,!

*/)%!7),9! ,686%.6-^(+-*-I!K/6! ,6-.<*-!+7!*/6!8)<'&)*'+%! ,67<6(*! */6! -*,6%=*/-! )%&!

M6)V%6--6-! +7! */6! 9+&6<-! '%! ;,6&'(*'%=! (,+;! ),6)-?!76,*'<'-6,!)9+.%*-! )%&! 7),9!

,686%.6-^(+-*-!/+M686,?!-+96!&6=,66-!+7!;+-'*'86!)--+(')*'+%!+,!(+,,6<)*'+%!M6,6!

+>-6,86&!>6*M66%!9+&6<!;,6&'(*'+%-!)%&!YT2!&)*)I!K/'-!'9;<'6-!*/)*!>)-6&!+%!*/6!

'%7+,9)*'+%^)--.9;*'+%-!)%&!&)*)! .-6&!)%&!9+&6<!-;6('7'()*'+%?!*/6!9+&6<-!()%!

9)V6! ,6)-+%)><E! =++&! ;,6&'(*'+%-! +7! (,+;! ),6)-! )-! M6<<! )-!76,*'<'-6,! )9+.%*-?!

M/'(/! ()%! ;,+8'&6! '%-'=/*! '%*+! ),)><6! 7),9'%=! &6('-'+%N9)V'%=I!b+M686,?! M'*/!

9+&6<! ()<'>,)*'+%! )%&! 8)<'&)*'+%! -66%! )-! (+%*'%.+.-! ;,+(6--6-! '%! 9+&6<!

&686<+;96%*?!(+%*'%.6&!()<'>,)*'+%!7+<<+M6&!>E!8)<'&)*'+%!)%&!.;&)*'%=!+7!9+&6<-!

M'*/!&6*)'<6&!&)*)!(+.<&!6%/)%(6!*/6',!;,6&'(*'86!;+M6,-!)%&!;6,7+,9)%(6I!
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4TL! 5FG@H:!@8!# $9+.7A%"A+$%# JA;9!".59# \# 7,<".59# J,,01#cA*/! 6&?! 4=,+! T.-'%6--!
L+%-.<*)%*-?!16<*+%!1+M>,)E?!3%=<)%&I!!

4>6&'%;+.,?! 1I?!2),)%='?! 4I?! 0)W;.*?! KI! TI! 2I?! 2'%=/?! 1I?! O)*/)V?! bI! )%&! 4/9)&?! KI!
5FG@F:!O6,7+,9)%(6!68)<.)*'+%!+7!4\.)L,+;!9+&6<!7+,!9)'J6!(,+;!'%!)!-69'N
),'&!6%8',+%96%*I!L9+.7A%"A+$%#U$"!+#=$5$9!4!5"&#55U?!;;I!aaNBBI!!

4(-?! 2I?! b)%<6E?! PI?! [)<<'96,?! 1I?! D)-*+%?! fI! pI?!0+>6,*-+%?! OI?! Q'<-+%?! OI! )%&!
4,9-M+,*/?! OI! 0I! 5FG@G:! K/6! 6776(*! +7! &6(+.;<'%=! +%! 9),='%)<! )=,'(.<*.,)<!
-E-*69-X! '9;<'()*'+%-! 7+,! 7),9! '%(+96-?! <)%&! .-6! )%&! .;<)%&! 6(+<+=EI!T$5;#
M<!#X,%.7/&#4Z5F:?!;;I!aaGNaB#I!!

4&&'-(+**?!KI!1I?!Q/'*9+,6?!4I!OI!)%&!O+M<-+%?![I!2I!5@""@:!G$+4.591#-!+".%.<!+<#$5;#
"8!#5."+$"!#*+,J%!4&#L4T!$%*6,%)*'+%)<!5L4T$:?!Q)<<'%=7+,&?!_fI!!

4&6-'%)?!4I!4I!)%&!Z.)**),)?!4I![I!5FGGG:!0'-V!)%&!)=,'(.<*.,)<!-E-*69-!'%!%+,*/6,%!
L|*6!&r$8+',6I!L9+.7A%"A+$%#I/<"!4<&#VV5@:?!;;I!@cN#FI!!

4%%6**-?! pI! )%&! 4.&-<6E?! 3I! 5FGGF:! 1.<*';<6! +>W6(*'86! <'%6),! ;,+=,)99'%=! 7+,!
6%8',+%96%*)<! 7),9! ;<)%%'%=I!),A+5$%# ,-# "8!# '*!+$".,5$%# V!<!$+78# I,7.!"/&#
[2 5":?!;;I!"## N"H#I!!

T)<('?! ZI! 5@""B:!}`6,'7'()*'+%?! 8)<'&)*'+%! )%&! *6-*'%=! +7! 9+&6<}?! '%! D)--?! 2I! $I! )%&!
b),,'-?!LI !56&-I:!H57/7%,*!;.$#,-#,*!+$".,5<#+!<!$+78#$5;#4$5$9!4!5"#<7.!57!1#
f<.M6,!4()&69'(!O,6--?!T+-*+%?!14I!!

T),%) ,&?! LI! 2I! )%&! P'U?! pI! 2I! 5@"c#:! G$+4# *%$55.59# $5;# 7,5"+,%1#L)9>,'&=6!
_%'86,-'*E!O,6--?!R+%&+%I!!

T.**6,M+,*/?! fI! 5@"Aa:! O,)(*'()<! );;<'()*'+%! +7! <'%6),^'%*6=6,! ;,+=,)99'%=! '%!
)=,'(.<*.,6I! ),A+5$%#,-#"8!#'*!+$".,5$%#V!<!$+78#I,7.!"/&#245F:?!;;I!"" N@GcI!!

L),&6%)-?! RI! 1I?! D++&)E?! 0I?! T,+M%?! RI?! 2(/+<67'6<&?! [I?! L.**<6?! 2I?! D'</6-;E?! 2I?!
1)**/6M-?!0I?!1'--6<>,++V?!KI?!Q)%=?!pI?!R'?!LI?!b.=/6-?!DI! )%&!R+,&?!3I!5FG@#:!
K+M),&-!)%!'9;,+86&!'%86%*+,E!+7!PFZ!7,+9!)=,'(.<*.,6X!1+&6<!68)<.)*'+%!+7!
PFZ! 69'--'+%! 7)(*+,-! )%&! P! 7,)(*'+%! <6)(/6&! 7,+9! &'776,6%*! -+.,(6-! '%! _f!
)=,'(.<*.,6I! L"4,<*8!+.7#H5B.+,54!5"&#ZW5G:?!;;I!#HGN#HAI!!

L),<6E?!fI!1I!5@""B:#N$%.;$".59#7,4*A"$".,5$%#4,;!%<?!)8)'<)><6!)*X!
/**;X^^MMMI()-+-I(-I(9.I6&.^;.><'()*'+%-^;);6,-I;/; !5)((6--6&!@a!p)%.),E!
FG@a:I!!
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!@H#!

L/)96%?!QI!LI!KI!)%&!4.&-<6E?!3I!5@""#:!4!-*.&E!+7!*/6!(+9;),)*'86!6(+%+9'(-!+7!
(+%86%*'+%)<! )%&! J6,+! *,)77'(! -E-*69-! 7+,! ),)><6! (,+;-I!I,.%# $5;# @.%%$9!#
V!<!$+78&#4[ 5H:?!;;I!#B"N#"BI!!

L++V6?!$I!0I?!1)**'-+%?!3I!bI!4I?!4.&-<6E?!3I?!T)'<6E?!4I!OI?!Y,6(V<6*+%?!0I!OI?!D,)86-?!4I!
0I?!1+,,'-?!pI?!e.66%>+,+.=/?!2I!4I?!2)%&),-?![I!RI?!2','M),&6%)?!DI!1I?!K,)M'(V?!
OI?! Q)*V'%-+%?! 4I! 0I! )%&! 2.*/6,<)%&?! QI! pI! 5FG@#:! 39;','()<! *6-*! +7! )%!
)=,'(.<*.,)<! <)%&-();6! 9+&6<X! K/6! '9;+,*)%(6! +7! 7),96,! ;,676,6%(6! 7+,! ,'-V!
)86,-'+%!)%&!(,+;!(+9;<6U'*EI!IL?H#'*!5&#25F:?!;;I!@N@BI!!

[67,)!5FG@G:#G!+".%.<!+#=$5A$%#OV(S]^R?!)8)'<)><6!)*X!
/**;-X^^MMMI=+8I.V^=+86,%96%*^.;<+)&-^-E-*69^.;<+)&-^)**)(/96%*~&)*)
^7'<6B̂"HB"^,>FG"N76,*'<'-6,N9)%.)< N@@GH@FI;&7!5)((6--6&!@a!p)%.),E!FG@H:I!!

[67,)! 5FG@H):#2LX# V!-,+4_# @8!# 5!D# 2,44,5# L9+.7A%"A+$%# X,%.7/# <78!4!<# .5#
H59%$5;#6#LA9A<"# S]`a# A*;$"!# .57%A;.59# b?+!!5.59_# 8,D# ."# D,+0<# .5# *+$7".7!?!
)8)'<)><6! )*X! /**;-X^^MMMI=+8I.V^=+86,%96%*^;.><'()*'+%-^();N,67+,9 N
).=.-* NFG@HN.;&)*6 N'%(<.&'%=N=,66%'%=N/+M N'*NM+,V-!5)((6--6&!GH!Y6>,.),E!
FG@B:I!!

[67,)!5FG@H>:#=$+78#$9+.7A%"A+$%#*+.7!#.5;!c?!)8)'<)><6!)*X!
/**;-X^^MMMI=+8I.V^=+86,%96%*^.;<+)&-^-E-*69^.;<+)&-^)**)(/96%*~&)*)
^7'<6^#@@@cA^);'N-*)*-%+*'(6N@a9)E@HI;&7!5)((6--6&!@a!1)E!FG@H:I!!

3<ND)E),?!ZI!YI!)%&!R6.%=?!OI!5FGG@:!4!9.<*';<6!(,'*6,')!&6('-'+%!9)V'%=!7,)96M+,V!
7+,! ,6='+%)<! )\.)(.<*.,6! &686<+;96%*I! HA+,*!$5# ),A+5$%# ,-# '*!+$".,5$%#
V!<!$+78&#5225#:?!;;I!HBFNHAFI!!

Y)*%)--'?!bI?!T+.<),&?!KI!)%&!T+.',&6%?!RI!5FG@#:![686<+;96%*?!8)<'&)*'+%!)%&!.-6!
+7! )! &E%)9'(! 9+&6<! 7+,! -'9.<)*6! */6! (<'9)*6! (+%&'*'+%-! '%! )! <),=6! -()<6!
=,66%/+.-6! 6\.';;6&! M'*/! '%-6(* N;,++7! %6*-I!),A+5$%# ,-# 2,4*A"!+<# $5;#
H%!7"+,5.7<#.5#L9+.7A%"A+!&#W\?!;;I!aH NB@I!!

Y,)%V+?! _I?! f+<>6?! bI?! K/'6<?! 3I! )%&! R'6•?! 3I! 5FG@@:! 1.<*'N-'*6! 8)<'&)*'+%! +7! )! -+'<!
+,=)%'(!9)**6,!9+&6<!7+,!),)><6!7'6<&-!>)-6&!+%!=6%6,)<<E!)8)'<)><6!'%;.*!&)*)I!
?!,;!+4$&#5VV5@:?!;;I!@@"N@#HI!!

D)'-6,?!KI?!&6!T),,+-?!$I?!26,6V6?!YI!)%&!R)%=6?!YI!5FG@G:!`)<'&)*'+%!)%&!,6<')>'<'*E!+7!
*/6!3O$L!9+&6<!*+!-'9.<)*6!9)'J6!;,+&.(*'+%!'%!-9)<<N/+<&6,!7),9'%=!-E-*69-!
'%!*,+;'()<!-.> N/.9'&!Q6-*!47,'()!)%&!-69' N),'&!T,)J'<I! ),A+5$%#,-#L9+.7A%"A+!1#
H7,</<"!4<#\#H5B.+,54!5"&#52[ 5H:?!;;I!#@AN#FcI!!

D)--?! 2I! $I! 5@"A#:! [6('-'+% N)'&'%=! 9+&6<-X! 8)<'&)*'+%?! )--6--96%*?! )%&! ,6<)*6&!
'--.6-!7+,!;+<'(E!)%)<E-'-I!),A+5$%#,-#'*!+$".,5<#+!<!$+78&#255H:?!;;I!BG#NB#@I!!
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!@HH!

D'+8)%%)?! `I?! R.()?! OI?! L),96<)?! `I?! 1).,+?! 0I! )%&! 1),'+?! OI! 5FG@B:! 1'9'(! 6U;6,*!
W.&=696%*! */,+.=/! ).*+9)*6&! ;,+(6 &.,6! 7+,! -6<6(*'%=! ,)'%7)<<! 686%*-!
,6-;+%-'><6!7+,!-/)<<+M!<)%&-<'&6X!4!-*)*'-*'()<!);;,+)(/!*+!8)<'&)*'+%I!),A+5$%#
,-#2,4*A"!+<#$5;#?!,<7.!57!<&#\V ?&;;I!@HBN@a#I!!

D+,%+**?! LI! )%&! Q6(/-.%=?! YI! 5FG@B:! 2*)*'-*'()<! ,6=,6--'+%! 9+&6<-! 7+,! )--6--'%=!
(<'9)*6!'9;) (*-!+%!(,+;!E'6<&-X!4!8)<'&)*'+%!-*.&E!7+,!M'%*6,!M/6)*!)%&!-'<)=6!
9)'J6!'%!D6,9)%EI!),A+5$%#,-#L9+.7A%"A+$%#$5;#G,+!<"#=!"!,+,%,9/&#45Z?&;;I!A" N
@GGI!!

D.6E9),&?! LI! 4I! 5FG@H:! 4! ,68'6M! +7! 8)<'&)*'+%! 96*/+&+<+='6-! )%&! -*)*'-*'()<!
;6,7+,9)%(6! '%&'()*+,-! 7+,! 9+ &6<6&! -+<),! ,)&')*'+%! &)*)X! K+M),&-! )! >6**6,!
>)%V)>'<'*E!+7! -+<),! ;,+W6(*-I!V!5!D$J%!#$5;# IA<"$.5$J%!#H5!+9/#V!B.!D<&#2W?!
;;I!@GFHN@G#HI!!

b),&)V6,?! pI! TI?! b.',%6?! 0I! TI! 1I! )%&! 4%&6,-+%?! pI! 0I! 5@""c:!2,*.59# D."8# +.<0# .5#
$9+.7A%"A+!1#L4T!$%*6,%)*'+%)<?!Q)<<'%=7+,&?!_fI!!

b),&)V6,?!pI!TI?!b.',%6?!0I!TI?!4%&6,-+%?!pI!0I!)%&!R'6%?!DI!5FGGH:!2,*.59#D."8#+.<0#.5#
$9+.7A%"A+!&#F%&!6&?!L4T$!O.><'-/'%=?!Q)<<'%=7+,&?!_fI!!

b)J6<<?! OI! TI! 5@"c@:! 4! <'%6),! )<*6,%)*'86! *+! \.)&,)*'(! )%&! -69'8),')%(6!
;,+=,)99'%=! 7+,! 7),9! ;<)%%' %=! .%&6,! .%(6,*)'%*EI!L4!+.7$5# ),A+5$%# ,-#
L9+.7A%"A+$%#H7,5,4.7<&#[2 5@:?!;;I!a#NBFI!!

b)J6<<?! OI! TI! )%&! P+,*+%?! 0I! [I! 5@"AB:!=$"8!4$".7$%# *+,9+$44.59# -,+# !7,5,4.7#
$5$%/<.<#.5#$9+.7A%"A+!1#1)(9'<<)%?!P6M!m+,VI!!

b6)&E?! 3I! ZI! 5@"aH:! 2'9;<'7'6&! ;,6-6%*)*'+%! )%&! <+='()<! )-;6(*-! +7! <'%6),!
;,+=,)99'%=!*6(/%'\.6I !),A+5$%#,-#G$+4#H7,5,4.7<&2V5a:?!;;I!@G#aN@GHAI!

b6%%'%=6,?!bI!TI?!066-6?!2I!OI?!4%&6,-+%?!4I!3I!)%&!Q6'--?!pI!4I!5FG@G:!`)<'&)*'+%!+7!
(+9;.*)*'+%)<! 9+&6<-! '%! >'+96(/)%'(-I! X+,7!!;.59<# ,-# "8!# W5<"."A".,5# ,-#
=!78$5.7$%#H59.5!!+<&#X$+"#P1#),A+5$%#,-#H59.5!!+.59#.5#=!;.7.5!&#44D5c:?! ;;I!
AG@NA@FI!!

b1!K,6)-.,E!5FG@H:#?>X#;!-%$",+<#$"#4$+0!"#*+.7!<1#$5;#4,5!/#?>X_#>!7!4J!+#
S]`Q?!)8)'<)><6!)*X!
/**;-X^^MMMI=+8I.V^=+86,%96%*^.;<+)&-^-E-*69^.;<+)&-^)**)(/96%*~&)*)
^7'<6^FB"Ac"^D[O~[67<)*+,-~e*,<E~P)*'+%)<~4((+.%*-~[6(69>6,~FG@#~.;&)*
6I(-8^;,68'6 M!5)((6--6&!@@!p.<E!FG@H:I!!



! !

!@Ha!

b.--)'%?! 2I! )%&! 4<N4<'<'?! 4I! 5FG@B:! 4! %6M! );;,+)(/! 7+,! 9+&6<! 8)<'&)*'+%! '%! -+<),!
,)&')*'+%! .-'%=! M)86<6*?! ;/)-6! )%&! 7,6\.6%(E! (+/6,6%(6! )%)<E-'-I!),A+5$%# ,-#
L**%.!;#H5!+9/&#5VD?!;;I!B#" NBH"I!!

p6<<'%=-?! 4I! pI! )%&! Y.<<6,?! 1I! OI! 5@""a:! }4,)><6! (,+;;'%=}?! '%! 2+776?! 0I! pI! 56&I:!@8!#
L9+.7A%"A+$%#K,"!J,,01#@"*/!6&?!T<)(VM6<<!2('6%(6?!ZU7+,&?!3%=<)%&?! ;;I!@aGN
@"FI!!

f)'-6,?!bI!1I!)%&!16--6,?!fI![I!5FG@@:?!=$"8!4$".7$%#*+,9+$44.59#-,+#$9+.7A%"A+$%1#
!5B.+,54!5"$%#$5;#+!<,A+7!#!7,5,4.7<1#p+/%!Q'<6E!€!2+%-?!P6M!p6,-6EI!

f),.%),)*%6?! 4I?! 4J)9 N4<'?! 2I?! $JJ'?! DI! )%&! 2*6&.*+?! OI! 5FG@@:! L)<'>,)*'+%! )%&!
8)<'&)*'+%!+7!Y4ZN4\.)L,+;!9+&6<!7+,!',,'=)*6&!)%&!M)*6,!&67'('6%*!>)9>),)!
=,+.%&%.*I!),A+5$%#,-#Hc*!+.4!5"$%#L9+.7A%"A+!&#DZ5#:?!;;I!aG"NaFcI!!
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)<<+()*6&!*+!QQbK!*+!=,+M!-;, '%=!>),<6E!+,!-;,'%=!>6)%-!M/6,6)-!.%&6,!Z;*'+%!F?!

*/6!7),96,!/)-!*+!.-6!)<<!*/6!),6)!+7!7'6<&!4!+,!9+,6!5.-6!+7!;),*-!+7!+*/6,!7'6<&-:!*+!

=,+M!6'*/6,!-;,'%=!>),<6E!+,!-;,'%=!>6)%-!)7*6,!/),86-*'%=!QQbK I!

b+M!*/6!)&+;*'+%!+7!Z;*'+%!F!)-!)!><)(VN=,)--!(+%*,+<!96)-.,6!>E!)!7),96,!

'9;)(*!+%!7),9! ,686%.6! )%&!7),9! (+-*-! )-!M6<<! )-!,'-V! '-! */6!7+(.-!+7! */'-! -*.&E I!

K/.-!*/6!7+(.-!'-!%+*!+%!*/6!<6%=*/!+7!*/6!,+*)*'+%!+,!<+%=!*6,9!,+*)*'+%!;,6&'(*'+%-!

+,! +%! ><)(VN=,)--! ;+;.<)*'+%! &E%)9'(- !>.*! +%! */6! )&+;*'+%! +7! )! (,+;;'%=! ;<)%?!

M/'(/!'%8+<86-!9)%&)*+,E!M'%*6,!M/6)*i -;,'%=!>),<6E!+,!-;,'%=!>6)%-!-6\.6%(6!

)-! ><)(VN=,)--! (+%*,+<! 96)-.,6I! 4-! )! ,6-.<*?! */6! (+9;),)*'86! -*)*'(! +;*'9'-)*'+%!

9+&6<?!M/'(/!'-!);;<'6&!'%!*/'-! (/);*6, !'-!-6*!.;!*+!=6%6,)*6!)%%.)<!(,+;;'%=!;<)%-!

A&
NN^@ &

B&
N?GF &

I &
GRKA&

R&
GRAF&

A&
NN^@ &

B&
N?GF &

I &
GRKA&

R&
GRAF&

5):!Z;*'+%!@! 5>:!Z;*'+%!F!



! !

!@BB!

M'*/! '9;<'('*! ,+*)*'+%-?! M/'(/! '7! )&+;*6&?! (,+;-! ()%! >6! ,+*)*6&! +,! -6\.6%(6&! +%!

7'6<&!>)-'-!6'*/6,!>E!7+<<+M'%=!Z;*'+%!@!+,!Z;*'+%!FI!K/'-!);;,+)(/!M)-!)&+;*6&!*+!

9)V6!'*!;+--'><6!*+!(+9;),6!;,+7'*!9),='%-! +7!*M+!(,+;;'%=!;<)%-i ;,+7'*!9),='%!

+7!Z;*'+%!F!5(/+-6%! )-! )! ><)(VN=,)--! (+%*,+<!96)-.,6:! )%&!*/6! ;,+7'*! 9),='%-!+7!

Z;*'+%!@I!!

D343535 !"#$%%)*9&P%+-<89.+,,&)*0$,(+()"* &

4<*/+.=/!'*!'-!)(V%+M<6&=6&!*/)*!*/6!'--.6-!(+%(6,%'%=!><)(VN=,)--!'%76-*)*'+%!'-!+7!

&E%)9'(!%)*.,6!)%&!*/)*!*/6!>6%67'*!+7!)!(+%*,+<!96)-.,6!);;<'6&!'%!+%6!E6),!9)E!

,67<6(*! '%!-.>-6\.6%*!E6),-?!M'*/!*/6!7+(.-!+7!*/6!-*.&E!+%!*/6!(+9;),'-+%!+7!*/6!

6(+%+9'(! +.*(+96-! +7! *M+! (,+;;'%=! ;<)%-! */)*! ()%! >6! )&+;*6&! )-! ;),*! +7! ><)(VN

=,)--! (+%*,+<! -*,)*6='6-?! ><)(VN=,)--! ;+;.<)*'+%! &E%)9'(-! +,! '%76-*)*'+%! '-!

*/ 6,67+,6!%+*!6U;<'('*<E!9+&6<<6&!)%&!/6%(6!*/6!.-6!+7!-*)*'(!-'%=<6!E6),!9+&6<I!K/6!

6776(*! +7! ><)(VN=,)--! '%76-*)*'+%! '-! 9+&6<<6&! */,+.=/! -(6%),'+-! +7! M'%*6,! M/6)*!

E'6<&! ,6&.(*'+%-! .%&6,! &'776,6%*! <686<-! +7! '%76-*)*'+%! 5-66! K)><6!HN#! 7+,! E'6<&!

;6%)<*'6-!.%&6,!&'776,6%*!<686<-!+7!><)(VN=,)--! '%76-*)*'+%!+%!M'%*6,!M/6)*!7'6<&-:I!

K/'-!M)-!&+%6!*+!9)V6!'*!;+--'><6!*+!+>-6,86!*/6!<686<!+7!'%76-*)*'+%!)7*6,!M/'(/!'*!

M'<<!>6!9+,6!>6%67'(')<!*+!-M'*(/!*+!-;,'%=!(,+;;'%=?!(+%-'&6,'%=!<+M!;,+7'*)>'<'*E!

)--+(')*6&!M'*/ !-;,'%=!(,+;;'%=I !

 @;$&1)7$#8)*($9$.&:$)9;($#&9"+%&/."9.+11)*9&1"#$% &

R'%6),!;,+=,)99'%=!9+&6<-!()%!-6,86!)-!)%!)<*6,%)*'86!*+!7'6<&!6U;6,'96%*-!M/6%!

'*!(+96-!\.)%*'7E'%=!*/6!(+-*!+7!)&+;*'%=!)!,+*)*'+%!;<)%!*/,+.=/!*/6!6-*'9)*'+%!+7!

*/6!&'776,6%(6-! '%!+;*'9.9!;,+7'*-!7+,!)<*6,%)*'86!(,+;!+,! ,+*)*'+%!;<)%-I!1)%E!+7!

*/6! M66&! 9)%)=696%*! -*,)*6='6-! ()%! >6! ();*.,6&! '%! <'%6),! ;,+=,)99'%=! 5RO:!

9+&6<-!*+!'%86-*'=)*6!*/6!)9+.%*!+7!;,+7'*!<+-*!*/,+.=/!*/6!)&+;*'+%!+7!-*,)*6='6-!

-.(/! )-! M'%*6,! (,+; i -;,'%=! (,+;! -6\.6%(6 -I! 4<-+?! -+96! &E%)9'(-! ()%! >6!

'%*,+&.(6&! '%*+! 9'U6&N'%*6=6,! )%&! =+)<! ;,+=,)99'%=! 9+&6<-! >E! &'8'&'%=! */6!

(,+;;'%=!-6)-+%!'%*+!9.<*'N;6,'+&-!)%&!'%(+,;+,)*'%=!*/69!'%*+!*/6!9+&6<!51(L),<!

)%&!2;,66%?!@""c:I!

R'%6),! +,! 9'U6&N'%*6=6,! ;,+=,)99'%=! 9+&6<-! ()%! >6! 7+,9.<)*6&! )-! 9.<*' N

+>W6(*'86! 9+&6<-! 56I=I! 4%%6**-! )%&! 4.&-<6E?! FGGFC! L++V6!!"# $%&?! FG@#:! >E!

9)U'9'J'%=!+,!9'%'9'J'%=!+%6!+>W6(*'86!M/'<6-!*/6!+*/6,!+>W6(*'86-!),6!6U;,6--6&!



! !

!@Bc!

)-!'%6\.)<'*E!(+%-*,)'%*-I!b+M686,?!-.(/!7+,9.<)*'+%-!9)E! /)86!)!<'9'*)*'+%!'%!*/6!

-6%-6! */)*! 6)(/! =+)<! 6U;,6--6&! )-! '%6\.)<'*E! (+%-*,)'%*! 9.-*! >6! 6%7+,(6&?!

+*/6,M'-6!M'<<!,6-.<*! '%!'%76)-'><6!-+<.*'+%!5b)J6<<!)%&!P+,*+%?!@"ABC!h=)W%),!)%&!

f)8('(?!FG@@:I!K+!+86,(+96! */'-! <'9'*)*'+%?! )!M6'=/*6&!=+)<N;,+=,)99'%=!9+&6<!

M)-! );;<'6&!*+!+;*'9'- 6!=+)<-!-'9.<*)%6+.-<EI!!

4!*E;'()<!=+)<!;,+=,)99'%=!5DO:!9'%'9'-6-!*/6!&68')*'+%-!7,+9!=+)<!*),=6*-!

5T),%6**!!"#$%&?!@"AFC!0+96,+!)%&!06/9)%?!@"AH:!)%&!()%!=6%6,)<<E!>6!6U;,6--6&!

9)*/69)*'()<<E!)-X !

5HN@:!

!

subject	to	_@ ` + F@< − F@a = b@,				` ∈ 4J7d!

F@<, F@a, ` ≥ 0!

Q/6,6! >! ,6;,6-6%*-! *+*)<! &68')*'+%! *+! >6! 9'%'9'-6&?!?95+:! '-! )! <'%6),!

7.%(*'+%! +,! +>W6(*'86! 5=+)<:! +7!+&5-66! 3\I!!5HN#:! )%&!5HNH::! M/'(/! '-! )! 86(*+,! +7!

&6('-'+%! 8),')><6-!@9#'-! */6! *),=6*! -6*! 7+,! */6! 9*/! +>W6(*'86! +,! =+)<?!F@<#)%&!F@a#

,6;,6-6%*! */6! %6=)*'86! 5.%&6,N)(/'68696%*:! )%&! ;+-'*'86! 5+86,N)(/'68696%*:!

&68')*'+%-!7,+9! =+)<!*),=6*-#M/6,6)-! A9!)%&!B9!),6!*/6!,6<)*'86!M6'=/*-!)**)(/6&!*+!

*/6!&68')*'+%!8),')><6-!,6-;6(*'86<E!)%&!2,5<!'-!)!-6*!+7!(+%-*,)'%*-!56I=I!(+%-*,)'%*-!

.%&6,!26(*'+%!HIFI#:I!Y+,!9)U'9'-)*'+%!=+)<-?!*/6!9 '%'9'-)*'+%!+7!*/6!&68')*'+%!'-!

7+(.-6&! +%! */6! %6=)*'86! &68')*'+%-! M/6,6)-! 7+,! 9'%'9'-)*'+%! =+)<-! ;+-'*'86!

&68')*'+%-!),6!*/6!7+(.-!+7!*/6!9'%'9'-)*'+%!'%!*/6!DO!+>W6(*'86!7.%(*'+%I!

$%! */'-! (/);*6,! * /6! 9'U6&N'%*6=6,! M6'=/*6&! =+)<N;,+=,)99'%=! 5 1$QDO:!

9+&. <6!+7! */6! 24Y1Z[! M)-! );;<'6&! *+! '%86-*'=)*6! */6! 6776(*! +7! */6! )&+;*'+%! +7!

M'%*6,! M/6)*i -;,'%=! (,+;! -6\.6%(6! +%! 7),9! ,686%.6-! )%&! (+-*-I! K/6! 9+&6<!

)<<+M-!M6'=/*-!)%&!=+)<!*),=6*-!*+!>6!-6*!*+!+;*'9'J6!*/,66!),)><6!7),9'%=!=+)<-!>E!

-6<6(*'%=!+;*'9.9!(,+;!;<)%! )%&!9)(/'%6-^<)>+.,!%.9>6,- !5-66!Y'=.,6!HNH!7+,!*/6!

7<+M!(/),*!-/+M'%=!*/6!+.*<'%6!+7!*/6!1$DQO!9+&6<!)%&!)--+(')*6&!)--.9;*'+%- : I!!

1+&6<! (+&6-! ()%! )<-+! >6! 7+.%&! 8')! */6! 7+<<+M'%=! <'%VX!

/**;-X^^='*/.>I(+9^VM)&W+)/+&+^24Y1Z[ !

Minimise	i = 	&(k@F@< + l@
?

@m(

F@a)!



! !

!@BA!

!

Y'=.,6! HNHX!Y<+M(/),*!-/+M'%=!*/6!+.*<'%6!+7!*/6!1$QDO!9+&6<I!

!

! "#$% &''(!)*+",'

! !"#$%&'(#)""$%&'*+$%,-#'+.-/,0 1"#$%&'2/#3-4' /%5'+$%,-#'
+.-/, 0 1"#$%&'2-/%1'1-67-%(-18'#-57(-1'23/(9:&#/11'
$%;-1,/,$)%<

! =3/(9:&#/11'$%;-1,/,$)%'#-57(-1'+$%,-#'+.-/,'4$-35<
! >)%&',-#?'2-%-;$,');'1"#$%&'(#)""$%&'$%',-#?1');'4$-35'

$?"#)@-?-%,'$1'%),',/9-%'$%,)'()%1$5-#/,$)%'57-',)';)(71')%'
/%%7/3'?)5-33$%&<

! =3/(9:&#/11' ")"73/,$)%'54%/?$(1'$1'%),'?)5-33-5<
! A;;-(,');'23/(9 :&#/11'$1'/117?-5' ,)'2-'B'#-57(,$)%'$%'+$%,-#'

+.-/,'4$-35'7%5-#'5$;;-#-%,'3-@-31');'$%;-1,/,$)%<
! C/#?$%&'1-/1)%'$1'5$@$5-5'$%,)'DE',+):+--9'"-#$)51<
! !)$3',4"-'/%5'#/$%;/33';)#'-/(.';/#?'5-,-#?$%-' ,.-'+)#9/23-'

.)7#1');'-/(.'"-#$)5'$%'+.$(.';/#?')"-#/,$)%1'/#-'(/##$-5'
)7,<

! F/,/' ;)#',.-'1,754'/#-'G :4-/#'/@-#/&-'5/,/';)#'-/(.');',.-'HIG'
1-3-(,-5' ;/#?1<

! J+)'(#)""$%&'"3/%1'/#-' ()?"/#-5K' )%-'+$,.)7,'+$%,-#'
+.-/, 0 1"#$%&'(#)"'1-67-%(-' *L",$)%'M8'/%5')%-'+$,.'
+$%,-#'+.-/, 0 1"#$%&'(#)"'1-67-%(-'*L",$)%'D8<

! N#)"'4$-351';)#'-/(.';/#?'*,O./8' /#-' ;7%(,$)%1');'P';-#,$3$1-#'
#/,-' *9&O./8' /%5O)#'1)$3',4"-<

! Q#)11'?/#&$%'*RO./8' S'L7,"7,'*RO./8'3-11'T/#$/23-' N)1,'
*RO./8

! !721$54'"/4?-%,'*RO./8' 'S'U#-'DVVG';/#?'"/4?-%,'2/1-5')%'
,.-',4"-');'-%,-#"#$1-

! T/#$/23-' ()1,'*RO./8' ()?"#$1-1'1--5W';-#,$3$1-#W'(.-?$(/3' 'X'
17%5#4'()1,1

! L"-#/,$)%1'()1,'*RO./8'S';7-3' ()1,'/#-'2/1-5' )%'?/(.$%-'
+)#9'#/,-<

! Y)#9'#/,-1'*.O./8' /#-' ;7%(,$)%');'1)$3',4"-W'1--5'#/,-1'
;-#,$3$1-#'#/,-1W'(#)"'4$-351'/%5'?/(.$%-'1$Z-1<

! !72 :)",$?/3' )"-#/,$)%1'/%5'#),/,$)%1'/#-'/11)($/,-5'+$,.'
,$?-3$%-11' /%5'#),/,$)%/3'"-%/3,$-1' -["#-11-5' /1'()1,'*RO./8<

! C$[-5'()1,'*R8'S'\%%7/3'5-"#-($/,$)%W'#-"/$#'/%5'3/2)7#'()1,1<
! U#);$,'*R8'S'Q#)11'?/#&$%'3-11')"-#/,$)%'/%5';$[-5'()1,<
! ]$19'*R8'S'!,/%5/#5'5-@$/,$)%'$%'$%()?-<
! \&&#-&/,-' 1,754'-1,$?/,-1'/#-'2/1-5')%'17?');'+-$&.,-5'

?)5-3' -1,$?/,-1' /(#)11';/#?1<

! "#$% - ",'*.&+,*'

! Y)#9/23-' .)7#1'
()%1,#/$%,1

! !-67-%,$/3' /%5'%)%:
1-67-%,$/3' )"-#/,$)%1'
()%1,#/$%,1

! Y$%,-#'+.-/, 0 1"#$%&'
2/#3-4''L]'+$%,-#'
+.-/, 0 1"#$%&''2-/%1'
1-67-%($%&'()%1,#/$%,1

! J),/3'3/%5' /#-/'
()%1,#/$%,1

! "#$% / '*(#0 "12$-*+3$'

! ^/[$?$1-' ;/#?'"#);$,
24'"7,,$%&'?)#-'
+-$&.,')%'"#);$,'&)/3'
/%5'1-,,$%&' ,.-'&)/3'
,/#&-,' .$&.<

! ^$%$?$1-'#$19'
*1,/%5/#5'5-@$/,$)%'$%'
$%()?-8'24'"7,,$%&'3)+'
+-$&.,')%',.-'#$19'&)/3<

!+45)67 !+8$# 9+,*$5$. 4$+5:*$# 5"&% )."5.&!!+,5 !"#$%

! "#$% ' "%3$.

7. 5%); <

! "#$% " (*)(*

! U#);$,1;)# L",$)%1MX DN#)" U3/%1
! ]$19 ;)# L",$)%1MX DN#)" U3/%1
! N)1,1;)# L",$)%1MX DN#)" U3/%1

!=>?@6#ABA66
C6!ABDEF?G6666666
7-'36HE@?G<

' *(#0 .$'(%*' $'*+!&*$'

! Y-$&.,-5 \&&#-&/,- U#);$,1W]$191X
N)1,1;)# L",$)%1MX DN#)" U3/%1

- "!)&.+'", "H " )*+",' I6C6J6$'*+!&*$'

! _;'L",$)%'D'U#);$,'`'L",$)%'M'U#);$,'S'
Q/$%')#'=-%-;$,<

! _;'L",$)%'D'U#);$,'a'L",$)%'M'U#);$,'S'
N)1,<



! !

!@B"!

K/6! (/+'(6! +7! */6! 1$QDO! 9+&6<! M/'(/! (+%-'&6,-! )! -'%=<6! E6),!;<)%%'%=!

/+,'J+%!>.*!M'*/!&'-(,6*6!M'*/'%!E6),!;6,'+&-!M)-!&,'86%!>E!*/6!7)(*!*/)*!*/6!7+(.-!

+7!*/6!-*.&E!M)-!%+*!+%!><)(VN=,)--!;+;.<)*'+%!&E%)9'(-!>.*!+%!*/6! )%)<E-'-!+7!*/6!

)%%.)<!6(+%+9'(!5-/+,*!*6,9:! >6%67'*̂(+-*! +7!(,+;;'%=!;<)%-!*/)*!()%!>6!)&+;*6&!

*+! (+%*,+<! ><)(VN=,)-- ! )<*/+.=/! '*! '-! )(V%+M<6&=6&! */)*! */6! )&+;*'+%! +7! -.(/!

(,+;;'%=!;<)%-!'%!+%6!E6),!9)E!/)86!<+%=!*6,9!>6%67'*!'%!-.>-6\.6%*!E6),5-:I!4<-+?!

M'*/! */6! (+-*-! )%&!>6%67'*-!+7!)! (,+;! ;<)%!%+,9)<<E! '%(.,,6&!M'*/'%!*/6! (,+;;'%=!

-6)-+%! 5%+,9)<<E! )! E6),:?!(+9;),)*'86! 6(+%+9'(! )%)<E-'-! +7! &'776,6%*! (,+;;'%=!

;<)%-! +,! 6%*6,;,'-6-! 56I=I! =,+--! 9),='%! )%)<E-'-! +,!7),9! >.&=6*:! ),6! %+,9)<<E!

(),,'6&!+.*!+%!)%%.)<!>)-'-! )%&!*/.-! */6! );;<'()*'+%!+7!*/6!1$QDO!9+&6<! '%!*/'-!

(/);*6,!M)-!7+.%&!*+!>6!7'*!7+,!;.,;+-6I !!

K/6!1$QDO!9+&6<!/)-!@G!)(*'8'*'6-!5"!(,+;- @A!)%&!-6*N)-'&6:! 5-66!L/);*6,!#!

4;;6%&'U!7+,!<'-*!+7!(,+;-:!>.*!M) -!-6*!.;!*+!-6<6(*!7+.,!( ,+;- X!M'%*6,!M/6)*?!-;,'%=!

>),<6E?! -;,'%=! >6)%-! )%&! M'%*6,! +'<-66&! ,);6I!K/6-6! (,+;-! M6,6! 7+.%&! *+! >6!

(+99+%!)9+%=!7),96,-!M/6% !)!><)(VN=,)--!-.,86E!M)-!(+%&.(*6&! '%!3%=<)%&!)-!

;),*! +7!)!TD0$!;,+W6(*!)-!(,+;!-6*!.-6!>E!7),96,-!7+,! ><)(VN=,)--!9)%)=696%* I!!K/6!

9+&6<!)--.96-!*/)*!*/6,6!'-!)<M)E-!+%6!7),96,! 5'%*6=6,:!'%!)&&'*'+%!*+!*/6!<)>+.,!

%.9>6,-! -6<6(*6&! >E! */6! 9+&6<!)%&!*/.- ! >)-'()<<E! 9)V6 -! */6! 9+&6<! )! 9'U6&N

'%*6=6,I! 4<-+?! */6! 9+&6<! ()%! >6!-6*! .; ! *+! -6<6(*! '%*6=6,! 9)(/'%6! )%&! <)>+.,!

%.9>6,-I !K/6! &6('-'+%! 8),')><6-! ),6! */6! (,+;! *E;6- !5(,+;;'%=! ;<)%:I!K/6! 9+&6<!

+,'='%)<<E!+;*'9'-6-!*/,66!),)><6!7),9'%=!=+)<-X!9)U'9'-6 !;,+7'*?!9'%'9'-6 !%'*,)*6!

<6)(/'%=!)%&!9'%'9'-6 !,'-V!/+M686, ?!*/6! ,6-.<*-!+%!%'*,)*6N<6)(/'%=!=+)<!M6,6!%+*!

;,6-6%*6&! '%! */'-! -*.&EI! K/'-! M)-! &.6! *+! */6! 7)(*! */6! 7+(.-! M)-! +%! ;,+7'*!

9)U'9'-)*'+%!)%&!*+!-+96!6U*6%*!,'-V!-'%(6!*/6E!>+*/!&6;6%&!+%!(,+;!E'6<&-!)%&!

;,'(6- I!K/6!,'-V! 9'%'9'-)*'+% !=+)<!M)-!>)-6&!+%!*/6!9'%'9'-)*'+% !+7!*+*)<!)>-+<.*6!

&68')*'+%!51ZK4[:!);;,+)(/!&6 86<+;6&!>E!b)J6<<!5@"c@:I!K/6!+86,)<<!9+&6<!*/.-!

(+9>'%6-!9'U6&N'%*6=6,?!=+)<! ;,+=,)99'%=! )%&!1ZK4[! );;,+)(/6-I! 4<*/+.=/?! )!

1ZK4[! 9+&6<! (+.<&! /)86! >66%! );;<'6&?! M'*/! */6! ;,'9),E! 7+(.-! +%! ;,+7'*!

9)U'9'-)*'+%!)%&!-+96!(+%-'&6,)*'+%!*+!,'-V?!*/6!1$QDO!9+&6<!-6,86-!*/6!-)96!
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M/6)* N-;,'%=!>),<6E!,+*)*'+%!.%&6,!) !<686<!+7!'%76-*)*'+%?!*/6!&'776,6%(6-!>6*M66%!

Z;*'+%! @!)%&! Z;*'+%! F!M6,6! 6-*'9)*6&! 7+,! 6)(/! 7),9! )7*6,! M/'(/! */6E! M6,6!

-.996&! 5)==,6=)*6&:! )(,+--! 7),9-! 5cHa! 7),9-:I! $%! +,&6,! *+! ,6&.(6! ;+--'><6!

)==,6=)*'+%!>')-!)%&!>,'%=!*/6!)==,6=)*6!(+-*!6-*'9)*6!)-!(<+-6!)-!;+--'><6!*+!*/6!

_f! <686<?! 6)(/! 7),9! 6-*'9)*6! M)-! M6'=/*6&! .-'%=! */6! -)9;<6! M6'=/*! )--'=%6&! *+!

6)(/!7),9! '%!*/6!YT2I! Y+,!6)(/!-;,'%=!(,+;;'%=!-6\.6%(6 !)%&!.%&6,!6)(/!<686<!+7!

'%76-*)*'+%?! */6! )==,6=)*6! (+-*! ()%! >6!6-*'9)*6&! )-! -/+M%! '%! 3\I! 5HN" : ! 5-66!

'<<.-*,)*'+%! +7! ()<(.<)*'+%! '%! T+U! HN@! .%&6,! L/);*6,! 4;;6%&'U: ?! M/6,6!'X` j ! )%&!

'XS j !),6!*/6!;,+7'*-!=6%6,)*6&!>E!*/6!.*/!7),9!7+,!(/++-'%=!Z;*'+% !@!)%&!Z;*'+%!F!

(,+;!;<)%-!,6-;6(*'86<E?!D"j !'-!-)9;<'%=!M6'=/*! )--'=%6&!*+!*/6!.*/!7),9!'%!*/6!YT2!

&)*) #)%&!G!'-! */6!%.9>6,!+7!7),9-I !4<-+?!+*/6,!9+&6<!6-*'9)*6-! ;,6-6%*6&! .%&6,!

26(*'+%!HI#!M6,6!M6'=/*6&I!

5HN" : !

!

!

!

!

!

!

!
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4<*/+.=/!*/6!9+&6<!M)-!,.%!7+,!7+.,!<686<-!+7!><)(VN=,)--!'%76-*)*'+%-?!*/6!,6-.<*-!

;,6-6%*6&! /6,6! 7+(.-! ;,'9),'<E! +%! J6,+^<+M! )%&! 86,E!/'=/! <686<-! +7! ><)(VN=,)--!

'%76-*)*'+%-I![6-(,';*'86!-*)*'-*'(-!+7!9+&6<!6-*'9)*6-!.%&6,!*/6!&'776,6%*!<686<-!+7!

'%76-*)*'+%!)%&!.%&6,!Z;*'+%-!@!)%&!F!),6!-/+M%!'%!K)><6!HNA!*+!K)><6!HN@G!'%!*/6!

(/);*6,! 4;;6%&'UI!

 @;$&-",(&"0&P%+-<89.+,,&-"*(."%&:)(;&,/.)*9 &P+.%$J&

K)><6!HNH!-/+M-!*/6!)==,6=)*6!(+-*!6-*'9)*6-!+7!(+%*,+<<'%=!><)(VN=,)--!M'*/!-;,'%=!

>),<6EI! !Z.,! /6)&<'%6!6-*'9)*6-! ),6! */)*! (+%*,+<<'%=!><)(VN=,)--!M'*/! )! (,+;! ;<)% !

5>)-6&! +%! */6! -6<6(*6&! 7+.,! (,+;-:! '%(<.&'%=! )! 9)%&)*+,E! M'%*6,! M/6)*i -;,'%=!

>),<6E! ,+*)*'+%! .%&6,! )! -(6%),'+! +7! <+M! ><)(VN=,)--! '%76-*)*'+%! (+.<&! (+-*! _f!

),)><6!7),9'%=! )>+.*!nFAB!9'<<'+%!M/6,6)-! .%&6,! )! -(6%),'+!+7!86,E! /'=/!><)(VN

=,)--! '%76-*)*'+%?! )&+;*'+%! +7! M'%*6,! M/6)*i -;,'%=! >),<6E! ,+*)*'+%! )-! )! ><)(VN

=,)--! (+%*,+<! -*,)*6=E! (+.<&! (+-*! _f! ),)><6! 7),9'%=! )>+.*! n#a! 9'<<'+%I! ! K/6-6!

6\.)*6! *+! ;6,! /6(*),6! (+-*-! +7! );;,+U'9)*6<E! n AF̂ /)! )%&! n@Ĝ/)! ,6-;6(*'86<EI!!

$9;<696%*'%=! )! M'%*6,! M/6)*i -;,'%=! >),<6E! ,+*)*'+%! )7*6,! )! <+M! ><)(VN=,)--!

'%76-*)*'+%! ,6&.(6&! ;,+7'*! >E! FaI#Gj! 57,+9! n @?@F"?c"@?GGG! *+! nAH#?"FG?GGG!

5n#FB̂ /)!*+!n FH#̂ /)::! )%&!.%&6,!86,E!/'=/! '%76-*)*'+%?!;,+7'*! ,6&.(6&!>E!cIH"j!

57,+9!nHB@?"#@?GGG!*+!nHFc?#H"?GGG!5n@@B^/)!*+!n@Gc^/)::!5-66!K)><6!HNH:I!!

K/6! 1ZK4[! 6-*'9)*6&! ,'-V! )<-+! ,6&.(6&! >E! aI @cj! 57,+9! n BAc?@BF?GGG!*+!

nBAa?aA#?GGG! 5nFFâ /)! *+! n F@#̂/):! M/6,6)-! .%&6,! 86,E! /'=/! '%76-*)*'+%! ,'-V!

,6&.(6&! >E! GIF#j! 57,+9! n BAc?@BF?GGG!*+! nBAa?aA#?GGG!5n@"Â/)! *+! n @"ĉ /):I!

K/6! ,6&.(*'+%! M)-! 9)'%<E! &.6! *+! <+M6,! '%(+96! &68')*'+%! 6-*'9)*6-! )--+(')*6&!

M'*/! -;,'%=! >),<6E! )-! M6<<! )-! M'%*6,! Z20?! M/'(/! M)-! -6<6(*6&! '%! )&&'*'+%! *+! */6!

M'%*6,!M/6)*i -;,'%=!>),<6E!,+*)*'+%I!K/6!,6-.<*-!)<-+!-/+M!*/)*!(+%*,+<<'%=!><)(VN

=,)--!M'*/! -;,'%=!(,+;;'%=!(+.<&!,6&.(6!7),9! ,'-V I!b+M686,?!.%&6,!)! -(6%),'+!+7!

86,E! /'=/! '%76-*)*'+%! */6! ,6&.(*'+%!9)E!>6!%6=<'='><6!&.6! *+! */6!7)(*! */)*! -;,'%=!

(,+;;'%=!&'&!%+*! ,6-.<*! '%! )!>'==6,! ,6&.(*'+%! '%! ;,+7'*I!K/6!<+M6,!<686<-!+7! ;,+7'*!

+>-6,86&!M6,6!9)'%<E!&.6!*+!E'6<&!,6&.(*'+%-!'%!M'%*6,!M/6)*!E'6<&!&.6!*+!><)(VN

=,)--!'%76-*)*'+%I!
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!@A@!

$%!*6,9-!+7!(+-*-?!)<<!8),')><6!(+-*!(+9;+%6%*-!,6&.(6&I!Y+,!6U)9;<6?!.%&6,!

<+M!><)(VN=,)--!'%76-*)*'+%?!P!76,*'<'-6,!)%&!><)(VN=,)--!(/69'()<!5/6,>'('&6:!(+-*-!

,6&.(6&! >E! "IB#j! 57,+9! n Ba@?GBF?GGG!*+! naAA?#aG?GGG!5n@AÂ/)! *+! n @cĜ/)::!

)%&! @aIB#j! 57,+9! n B@H?@#a?GGG! *+! na@A?@c#?GGG! 5n@cĉ /)! *+! n @H"̂/)::!

,6-;6(*'86<EI!_%&6,!86,E!/'=/!'%76-*)*'+%?!P!76,*'<'-6,!)%&!><)(VN=,)--!(+%*,+<!(+-*-!

,6&.(6&! >E! #Ic#j! 57,+9! n aAH?HG"?GGG!*+! naBF?aAA?GGG!5n@B"̂/)! *+! n @BF̂/)::!

M/6,6)-! ><)( VN=,)--! (+%*,+<! 5/6,>'('&6:! (+-*! ,6&.(6&! >E! BIHaj! 57,+9!

naG"?c#F?GGG! *+! nHc"?Aa#?GGG! 5n@Hĉ/)! *+! n @#Â/)::I! K/6! ,6&.(*'+%! '%! P!

76,*'<'-6,! )%&! /6,>'('&6! (+-*-! M)-! &.6! *+! <+M6,! P! 76,*'<'-6,! )%&! (/69'()<! (+%*,+<!

(+-*! )--+(')*6&! M'*/! -;,'%=! >),<6EI! K/6-6! /)86! +>8'+.-! 6%8',+%96%*)<! >6%67'*-I!!

K/6! ,6<)*'86<E!<+M6,! ,6&.(*'+%! '%! /6,>'('&6! (+-*! .%&6,!86,E! /'=/! '%76-*)*'+%!M)-!

&.6!*+!*/6!7)(*!*/)*!*/6,6!M)-!%+*!9.(/!(/)%=6!'%!*/6!(,+;!;<)%!5.%&6,!Z;*'+%!@:!

M/6%!M'%*6,!M/6)*i -;,'%=!>),<6E!M)-!'9;+-6&I!Z;6,)*'+%-!)%&!7'U6&!(+-*-!+%!*/6!

+*/6,!/)%&!'%(,6)-6&!>E!cI@Gj!57,+9!n @?@BG?@Hc?GGG!*+!n@?FHF?aHc?GGG!5n##a^/)!

*+!n#aÂ /)::!)%&!@Ic" j!5n @?a#A?cHH?GGG!*+!n@?aBB?FAG?GGG!5nHHĤ/)!*+!n HaF̂ /):!

,6-;6(*'86<E! .%&6,! <+M! '%76-*)*'+%I! _%&6,! 86,E! /'=/! '%76-*)*'+%?! +;6,)*'+%-! (+-*!

'%(,6)-6&! >E! FIB@j! 57,+9! n @?FAF?FAF?GGG! *+! n@?#@a?AGF?GGG! 5n#cĜ /)! *+!

n#AĜ /)::! )%&! 7'U6&! (+-*! '%(,6)-6&! >E! @I@aj! 57,+9! n @?aaH?aA#?GGG! *+!

n@?acF?Hca?GGG!5nHHÂ/)! *+! n HaĤ /)::! ,6-;6(*'86<EI! K/6! '%(,6)-6! '%! +;6,)*'+%-!

(+-*!M)-!&.6!*+!*/6!7)(*!*/)*!M'*/!*/6!'9 ;<696%*)*'+%!+7!*/6!M'%*6,!M/6)*i -;,'%=!

>),<6E!,+*)*'+%?!-+96!<)%&!M)-!)<<+()*6&!*+!M'%*6,!Z20!)%&!7+,!-+96!7),9-?!-;,'%=!

>6)%-I!T+*/! -;,'%=!>6)%-! )%&!M'%*6,!Z20! /)86! -<+M6,!M+,V! ,)*6!M'*/! ,6-;6(*! *+!

(+9>'%6! /),86-*'%=! )%&! )-! )! ,6-.<*! ,6<)*'86<E! 9+,6! *'96!'-! -;6%*! +%! */6! 7'6<&!

/),86-*'%=?!<6)&'%=! *+! '%(,6)-6! '%!+;6,)*'+%-! (+-*I! 4<-+! */6! /),86-*'%=! ;6,'+&-!+7!

M'%*6,!M/6)*!)%&!-;,'%=!>),<6E!+86,<);?!96)%'%=!*/)*!9+,6!9)(/'%6-^<)>+.,!),6!

%66&6&!'%!+,&6,!*+!;6,7+,9!/),86-*'%=!M'*/'%!*/6!+;*'9)<!;6,'+&-!)%&!)-!)!,6-.<*!

<6)&!*+!'%(,6)-6!'%!7'U6&!(+-*I!!

!
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%&'()!* +* ,! -../).&0)! /)1)23)4567404! )4089&0)4! 7:! 6720/7((82.! '(&6;+./&44! <80=! <820)/! <=)&0> 4?/82.! '&/()@! /70&0872! 32A)/! :73/! ()1)(4! 7:! '(&6;+./&44!

82:)40&08724B!!

C)1) 23)5D740!
D79?72)204!!!
E&2A!C84;F!

C7<!!
G7B!

HI?(&2&0872! J)8.=0)A!H4089&0)4!
K)/75L7<!M2:)40&0872! N)A839!M2:)40&0872! O8.=!M2:)40&0872! P)/@!O8.=!M2:)40&0872!

Q?0872R"E&F!
ESTUUUF!

Q?0872R$E'F!
ESTUUUF!

Q?0872R"E&F!!
ESTUUUF!

Q?0872R$E'F!
ESTUUUF!

Q?0872R"E&F!
ESTUUUF!

Q?0872R$E'F!
ESTUUUF!

Q?0872R"E&F!
ESTUUUF!

Q?0872R$E'F!
ESTUUUF!

Q30?30! C"! V8)(A!W!X/86)! YZ*"UZ[UY! *Z\]*Z["] ! YZ$]#Z\#"! *Z\U#Z"^Y! *Z\[]Z]]" ! *Z]$[Z[\Y ! *ZY\^Z*"$! *ZY$[Z]"[ !
Q30?30!_!`3'48A@! C$! C"_`3'48A@! ^Z$]]Z""\ ! YZ#*"Z"[" ! ^Z"*YZ]#U! YZ]]*Z\^* ! YZ#U*ZY#"! YZY\UZ"\#! YZ*^[Z$" !̂ YZ[\UZY[Y!
G!a)/08(84)/!D740! C[ ! !! ^Y"ZU^$! Y##Z[YU! ^*[Z#U* ! Y#YZ##*! ^"\Z\^# ! Y]]Z^Y$! Y#*Z*U\! Y^$ZY##!
X!a)/08(84)/!D740! C*! !! $[^Z$UU! $$YZ\\\ ! $[*Z\$$ ! $$YZY**! $[UZ\[# ! $$*ZUUY! $$*Z][[ ! $$"Z"#] !
b!a)/08(84)/!D740! CY! !! $U\Z##$! "\\Z#$[ ! $U#Z[][ ! "\\Z"^ [ ! $U*ZUY#! "\]ZU\U ! "\]ZU"" ! "\[Z[]* !
`))A!D740! C^! !! $\[Z"*Y ! $#$Z\#U! $\"Z^[* ! $#$Z*$"! $#]Z*"$ ! $#UZ***! $#UZ[*[ ! $]^Z#YU!
c(&6;+./&44!
O)/'868A)!D740!

C] ! !! ^"*Z"[Y ! Y"#Z"][ ! ^U$Z^Y*! Y"*Z*#] ! Y^^Z"$[ ! YU"Z$#[! YU\Z][$ ! *]^Z#Y[ !

`32A/@!D740! C#! !! **[Z\\" ! [][ZU^* ! *[YZ]$] ! []U ZY"[! *U\ZUY*! [^"Z$[# ! [^#Z$U$! [**ZUU$!
P&/8&'()!D740! C\ ! C[_C*_CY_

C^_C]_C#!
$Z**#Z*"Y! $Z"##Z[#]! $Z*"]Z""" ! $Z"]#ZU""! $Z["]ZYY$! $Z"*"Z]"" ! $Z"^*Z*[U! $ZU]*Z#YY!

d/744!N&/.82! C"U! C$+C\ ! [Z#$#Z]U*! [Z^Y$Z]*^! [Z]$#Z^]U! [ZY\^Z\Y$! [Z*#]ZU$\! [Z**#Z*#] ! [Z$\#Z]#^! [Z["YZ^#" !
D740!7:!a&/9!
Q?)/&08724!

C"" ! !! "Z"^UZ"*] ! "Z$*$ZY*]! "Z"][ZU^Y! "Z$*\Z"$[ ! "Z$"$Z^$#! "Z$]$ZU"\! "Z$#$Z$#$! "Z["YZ#U$!

d/744!X/7:80!! C"$! C"U+C"" ! $Z^^#ZY[*! $Z*"UZ"\\ ! $ZYYYZ^[!̂ $Z[*]Z##$! $Z$]*Z[#U! $Z"]^Z*#^! $ZU"^ZY"Y! "Z\\\Z#$* !
a8I)A!D740! C"[ ! !! "ZY[#Z]** ! "ZY^^Z$#U! "ZY[[Z#$*! "ZY^YZUU*! "ZY[YZY\U! "ZY^YZ"$[! "ZYY*ZY#[! "ZY]$Z*]Y!
X/7:80! C"* ! C"$+C"[ ! "Z"$\Z]\" ! #*[Z\$U !

(-285,870)	
"ZU$"Z#"*! ]#$Z#]# !

(-238,936)	
][#Z]\U ! ^""Z[^* !

(-127,426)	
*^"Z\[" ! *$]Z[*\ !

(-34,583)	
NQ%-e!C84;! C"Y! e)18&0872!82!

82679)!
]#UZ[Y\ ! ]*UZU$ !̂ ]^*Z"]# ! ]["Z *\\ ! ]$[Z"^Y ! ]U#ZU##! ^#]Z"^$ ! ^#YZY#[!

G70),!%=)!1&(3)4!82!?&/)20=)4)4!&/)!0=)!A8::)/)26)4!82!?/7:804!E'+&FB!Q?0872!"!/)?/)4)204!&!6/7?!?(&2!82!<=86=!0=)!:&/9)/!6&2!&((76&0)!&!'8..)/!?/7?7/0872!7:!:&/9!(&2A!07!&2@!7:!0=)!:73/!6/7?4!

E<820)/!<=)&0Z!4?/82.!'&/()@Z!4?/82.!')&24!&2A!<820)/!78(4))A!/&?)F!<=)/)&4!Q?0872!$!/)?/)4)204!&!6/7?!?(&2!<80=!9&2A&07/@!<820)/!<=)&0> 4?/82.!'&/()@!/70&0872B!
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 !"#$%&'($&)$*+,%-./0,''$%&1(0&+$23("$'4031/$*#,1'$

%&'()!* +, !-./0-!1.)!&223)2&1) !4/-1!)-156&1)-!/7!4/813/((582!'(&49+23&--!051.!

-:3582! ')&8-;! ! <=3! .)&>(58)! )-156&1)-!?'&-)>! /8! 1.)! -)()41)>! 7/=3! 43/:-@! 58! 1.5-!

58-1&84)!&3)!1.&1!&>/:1582!&!0581)3!0.)&1A -:3582!')&8-!3/1&15/8!&-!&!'(&49+23&--!

4/813/(! 6)&-=3)! =8>)3! &! -4)8&35/! /7! (/0! '(&49+23&--! 587)-1&15/8! 4/=(>! 4/-1! BC!

&3&'()! 7&36582! &'/=1! DE,F!65((5/8! ?D"#GH.&@! 0.)3)&-! =8>)3! &! -4)8&35/! /7! I)3J!

.52.! 587)-1&15/8K! 1.)! -13&1)2J! 4/=(>! 4/-1! BC! &3&'()! 7&36582! &'/=1! D#G! 65((5/8!

?DL, H.&@;!%.)-)!3)-=(1-!-./0!1.&1!51!05((!4/-1!BC!&3&'()!7&36582!6/3)!'J!&>/:1582!

0581)3!0.)&1A -:3582! ')&8-!3/1&15/8!1.&8!&>/:1582!0581)3!0.)&1A -:3582! '&3()J!

3/1&15/8!./0)I)3!=8>)3!&!-4)8&35/!/7!I)3J!.52.!587)-1&15/8K!0581)3!0.)&1A -:3582!

')&8-! 3/1&15/8! 4/=(>! 3)-=(1! 58! (/0)3! :3/751! (/--! 1.&8! =8>)3! (/0! '(&49+23&--!

587)-1&15/8;! M6:()6)81582! 0581)3! 0.)&1A -:3582! ')&8-! 3/1&15/8! 3)-=(1)>! 58!

,G;," N! 3)>=415/8! 58! :3/751! ?73/6! D"K"LOKGO"KFFF! 1/! D*#FKFG#KFFF! ?D$LEH.&! 1/!

D"$# H.&@@! =8>)3! (/0! '(&49+23&--! 587)-1&15/8! ?-))! %&'()! ,@;! B8>)3! I)3J! .52.!

587)-1&15/8K! :3/751! 3)>=4)>! 'J!"#;O*N! ?73/6! D*E"KO$"KFFF! 1/! D$G*K*ELKFFF!

?D"$$ H.&!1/!D"F# H.&@@;!

B8>)3!&!-4)8&35/! /7! (/0! '(&49+23&--!587)-1&15/8K!P<%QR!)-156&1)>!35-9!&(-/!

3)>=4)>! 'J! E;#" N! ?73/6! DG#FK$,OKFFF!1/! DGLGKL"GKFFF!?DLL, H.&! 1/! DL"F H.&@@!

'=1! 5843)&-)>! 'J! L;OLN! ?73/6! DE#GK"ELKFFF! 1/! DGFGKLF"KFFF! ?D"O#H.&! 1/!

DLF*H.&@@! =8>)3! I)3J! .52.! 587)-1&15/8;! %.)! 5843)&-)! 58! 35-9! =8>)3! I)3J! .52.!

587)-1&15/8!0&- ! >=)! 1/! 1.)! 43/:! 4/6'58&15/8-! -)()41)>! 'J! 1.)! 6/>)(! &71)3! 1.)!

0581)3! 0.)&1A -:3582! ')&8-! 3/1&15/8! 4/8-13&581! 0&-! 56:/-)>;!%.)! 23/--! 6&3258!

)-156&1)! &--/45&1)>! 051.! -:3582! ')&8-! 0&-! 3)(&15I)(J! (/0)3! 1.&8! 1.&1! /7! -:3582!

'&3()J! &8>! &-! &! 3)-=(1K! 051.! 56:/-515/8! /7! 0581)3! 0.)&1+-:3582! ')&8-! -)S=)84)K!

6/3)!(&8>!0&-!&((/4&1)>!1/!-:3582! '&3()J!0.54.!5-!&--/45&1)>!051.!3)(&15I)(J! .52.!

35-9!&8>!.)84)!1.)!5843)&-)!58!1.)!P<%QR!35-9;!

M8!1)36-!/7!4/-1-K!I&35&'()!4/-1!4/6:/8)81-!3)>=4)>;!T/3!)U&6:()K!=8>)3!(/0!

587)-1&15/8K! V!7)315(5-)3! 4/-1! 3)>=4)>! 'J! L,; E"N! ?73/6! DE,"KFELKFFF! 1/!

D*#*K$*"KFFF!?D"## H.&!1/!D"*F H.&@@!0.)3)&-!'(&49+23&--!.)3'545>)!4/-1!3)>=4)>!

'J! $L;FLN! ?73/6! DE"*K"$,KFFF!1/! D*"GK,F*KFFF!?D"GGH.&! 1/! D"LF H.&@@;! B8>)3!
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Table	 4-5:	 	 Aggregate	 revenues/costs	 estimates	 of	 controlling	 black-grass	 with	 winter	 wheat—spring	 beans	 rotation	 under	 four	 levels	 of	 black-grass	

infestations.		

Revenue/Cost	
Components			
(and	Risk)	

Row		
No.	

Explanation	 Weighted	Estimates	

Zero/Low	Infestation	 Medium	Infestation	 High	Infestation	 Very	High	Infestation	

Option_1(a)	
(£‘000)	

Option_2(b)	
(£‘000)	

Option_1(a)		
(£‘000)	

Option_2(b)	
(£‘000)	

Option_1(a)	
(£‘000)	

Option_2(b)	
(£‘000)	

Option_1(a)	
(£‘000)	

Option_2(b)	
(£‘000)	

Output	 R1	 Yield	×	Price	 5,410,305	 4,565,631	 5,278,981	 4,545,237	 4,937,771	 4,507,318	 4,596,412	 4,472,760	
Output	+	Subsidy	 R2	 R1+Subsidy	 6,277,119	 5,432,456	 6,145,780	 5,412,049	 5,804,581	 5,374,117	 5,463,216	 5,339,571	
N	Fertiliser	Cost	 R3	 		 651,062	 484,341	 643,804	 485,963	 619,968	 490,508	 584,409	 495,054	

P	Fertiliser	Cost	 R4	 		 236,200	 212,246	 234,922	 212,164	 230,938	 211,870	 224,733	 211,600	
K	Fertiliser	Cost	 R5	 		 209,882	 181,441	 208,373	 181,445	 204,058	 181,543	 197,011	 181,453	

Seed	Cost	 R6	 		 293,145	 279,647	 291,634	 278,542	 287,412	 275,153	 280,343	 271,911	

Black-grass	
Herbicide	Cost	

R7	 		 614,135	 417,504	 602,654	 415,209	 566,123	 407,355	 509,732	 400,534	

Sundry	Cost	 R8	 		 443,991	 300,972	 435,727	 299,347	 409,054	 293,655	 368,202	 288,873	

Variable	Cost	 R9	 R3+R4+R5+R
6+R7+R8	

2,448,415	 1,876,150	 2,417,111	 1,872,668	 2,317,552	 1,860,082	 2,164,430	 1,849,422	

Gross	Margin	 R10	 R2-R9	 3,828,704	 3,556,308	 3,728,670	 3,539,383	 3,487,029	 3,514,036	 3,298,786	 3,490,150	

Cost	of	Farm	
Operations	

R11	 		 1,160,147	 1,452,088	 1,173,065	 1,453,900	 1,212,628	 1,457,446	 1,282,282	 1,461,879	

Gross	Profit		 R12	 R10-R11	 2,668,534	 2,104,146	 2,555,636	 2,085,461	 2,274,380	 2,056,633	 2,016,515	 2,028,264	

Fixed	Cost	 R13	 		 1,538,744	 1,624,074	 1,533,824	 1,624,067	 1,535,590	 1,640,454	 1,554,583	 1,653,802	

Profit	 R14	 R12-R13	 1,129,791	 480,074	
(-649,717)	

1,021,814	 461,396	
(-560,418)	

738,790	 416,179	
(-322,610)	

461,931	 374,462	
(-87,469)	

MOTAD	Risk	 R15	 Deviation	in	
income	

780,359	 727,217	 764,178	 723,510	 723,165	 714,712	 687,162	 707,201	

Note:	The	values	in	parentheses	are	the	differences	in	profits	(b-a).	Option	1	represents	a	crop	plan	in	which	the	farmer	can	allocate	a	bigger	proportion	of	farm	land	to	any	of	the	four	crops	

(winter	wheat,	spring	barley,	spring	beans	and	winter	oilseed	rape)	whereas	Option	2	represents	a	crop	plan	with	mandatory	winter	wheat—spring	beans	rotation.	
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+;'5(66!',,'/-!.&+1':!(.!(!5':</-)+0!)0!C5+,)-A!-&'5'!/+<6:!3'!5':</-)+0.!)0!;(5)(36'!

/+.-.!(0:!)0!.+*'!/(.'.!5':</-) +0!)0!,(5*!5).8A!(0:!+0!)0:);):<(6!,(5*!3(.).A!-&'5'!

/+<6:! 3'! 7()0.! :'C'0:)07! +0! -&'! 6+/(-)+0! +,! ,(5*! (0:! -&'! 6(0:! (;()6(36'! -+! -&'!

,(5* =! c7()0A! .)0/'! .C5)07! /5+CC)07! &(.! -&'! C+-'0-)(6! -+! 5':</'! 36(/8975(..!

)0,'.-(-)+0A!)-!C+..)36'!-&(-!-&'5'!/(0!3'!)*C5+; '*'0-.!)0!D)'6:!:<'!-+!5':</-)+0.!

)0! 36(/8975(..! C+C<6(-)+0! )0! -&'! 6+07! 5<0! (0:! -&(-! )-! ).! C+..)36'! -&(-! .C5)07!

/5+CC)07!/(0!3'!3'0',)/)(6!-+!H]!(5(36'!,(5*)07!)0!-&'!6+07!5<0=!!

E0;'.-)7(-)07!-&'!',,'/-!+,!.C5)07!/5+CC)07!+0!36(/8975(..! &(. !0+5*(66D!3''0!

3(.':! +0! ,)'6:! 'FC'5)*'0-.! 2'=7=! T&(<;'6! !"# $%&A! ?PP"i! b+..! (0:! _<66A! ?P"?i!

]'.&-8(5! !"# $%&A! ?P"N4=! _+1';'5A! .</&! 'FC'5)*'0-.! /+<6:! 3'! 'FC'0.);'! (0:! -)*'!

/+0.<*)07!-&<.!*(8)07!*(-&'*(-)/(6!*+:'6.!-&'!3'.-!(6-'50(-);'=!c6-&+<7&!.+*'!

.-<:)'.! 1'5'! ,+<0:! -+! &(; '! (CC6)':! *(-&'*(-)/(6! *+:'6.! -+! )0;'.-)7(-'! 1'':!

*(0(7'*'0-! .-5(-'7)'.! 1)-&! 5'.C'/-! -+! -&'! Eeb! 2'=7=! X(0:'D! (0:! b'::A! "JJ"i!

[1)0-+0!(0:!])07A!"JJ@i!e<A!?PP"i!X(00'66!!"#$%&A!?PP@i!X(5:+!!"#$%&A!?P"Pi!^'6-5(0!

!"#$%&A!?P"?4A!-&'!*+:'6.!,+<0:!1'5'!3(.':!+0!: D0(*)/!C5+75(**)07!(CC5+(/&'.!

1&)/&! (6-&+<7&! *(D!3'! *+5'! (CC5+C5)(-'! '.C'/)(66D! )0! -&'! /+0-'F-!+,! *+:'66)07!

C+C<6(-)+0! :D0(*)/.A! *(D! 3'! (..+/)(-':! 1)-&! (! 6)*)-(-)+0! +,! 7'0'5(-)07!

/+*C6)/(-':! *+:'6! 1)-&! .+6<-)+0.! ,+5! .<39C5+36'*.! -&(-! *(D! G<.-! 3'! 6+/(6!

+C-)*<*! 3<-! 0+-! 76+3(6! +C-)*<*=! c6.+A! 0+0'! +,! -&'! .-<:)'.! /)-':! '.-)*(-':! -&'!

/+.-!+,!(:+C-)07!(!0+0 9/&'*)/(6!36(/8 975(..!/+0-5+6!*'(.<5'!(-!-&'!0(-)+0(6!./(6'=!!

E0!-&).!.-<:D!1'!:';'6+C':!(!,(5*!6';'6!*+:'6!/+*3)0)07!*)F': 9)0-'7'5A!7+(6!(0:!

5).8! C5+75(**)07! ( CC5+(/&'.A! )0/+5C+5(-)07! .+*'! +,! -&'! 1'':! *(0(7'*'0-!

.-5(-'7)'.! -&5+<7&! -&'! *+:'66)07! +,! +C-)*(6! (0:! .<3 9+C-)*(6! +C'5(-)+0.! (0:!

1)0-'5! 1&'(- B .C5)07! 3(56'D! +5! .C5)07! 3'(0.! 5+-(-)+0.! +5! .'O<'0/'. =! E0! 6)0'(5!

C5+75(**)07!3(.':!*+:'6.A!:D0(*)/.!/(0!3'!)0/+5C+5( -':!-&5+<7&!-&'!*+:'66)07!

+,! *<6-)9C'5)+:.! )0! 1&)/&! (/-);)-)'.! +5! +C'5(-)+0.! (5'! /(55)':! +<-! 2b/T(56! (0:!

[C5''0A!"JJK4=!%&<.!)0!+<5!*+:'6A!-&'!/5+C!.'(.+0!1(.!:);):':!)0-+!?$!-1+ 91''8!

C'5)+:.!-+!)0/+5C+5(-'!.+*'! 1)-&)0!D'(5!:D0(*)/. A!1&)/&!(5'!)*C+5-(0-!)0!(00<(6!

,(5*! C6(00)07! (0:! /5+CC)07!(0:! -+! (66+1! ,+5! -)*'6)0'..! C'0(6-)'. ! 3<-! 1)-&+<-!

:);):)07!-&'!*()0!+3G'/-);'!2C5+36'*4!)0-+!.<3 9C5+36'*. !21&)/&!1(.!0+-!5'O<)5':!

:<'!-+!,+/<.!+,!-&'!.-<:D4 =!E0!-&).!.-<:DA!,+<5!/5+C.!(0:!.+*'!.C'/),)/!,(5*! 2-)66(7'4!

+C'5(-)+0.!(0:!(..<*C-)+0. !1'5'!(:+C-': =!c.!1)-&!*+:'6.A!-&'!(//<5(/D!+,!5'.<6-.!
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). !0+5*(66D! )0,6<'0/':!3D! -&'! *+:'6! ,+5*<6(-)+0! (0:! -&'!O<(6)-D!+,! :(-(!<.':! )0!

3<)6:)07!-&'!*+:'6= !c6-&+<7&!-&'.' !*(D!.'5;'!(.!(!6)*)-(-)+0!+,!-&'! *+:'6!(0:!3D!

'F-'0.)+0! -&'! .-<: D! )0! -&'! /(.'! +,! -&'! (775'7(-)+0 A! -&'! 5'.<6-.! C5'.'0-':! 7);'!

)0.)7&-!)0-+!-&'! ',,'/-!+,!-&'!(:+C-)+0!+,! ,(5*!*(0(7'*'0-! .-5(-'7)'.!+0! ,(5*)07!

+3G'/-);' A! .C'/),)/(66D! C5+,)-! *(F)*).(-)+0! (0:! -+! .+*'! 'F-'0-! 5).8! *)0)*).(-)+0!

+3G'/-);'.!)0!(5(36'!,(5*)07 =!

%&'!5'.<6-.!+,!-&'!(775'7(-'!/+.-!+,!36(/8 975(..!/+0-5+6!1)-&!.C5)07!/5+CC)07!

.&+1':! -&(-! )0! -&'! .&+5-! -'5*A!H]! (5(36'! ,(5*)07! /(0! 6+.'! C5+,)-! 3D! (:+C-)07!

1)0-'5!1&'(- B .C5)07!3(56'D!+5!.C5)07!3'(0.!5+-(-)+0A!(6-&+<7&!<0:'5!(!./'0(5)+!

+,! ;'5D! &)7&! 36(/8975(..! )0,'.-(-)+0! )0! 1)0-'5! 1&'(-! ,)'6:.A! 6+..! +,! C5+,)-! :<'! -+!

.1)-/&)07! -+! .C5)07! /5+CC)07! /+<6:! 3'! 6+1'5=! %&'! +;'5(66! ',,'/-! +,! /+0-5+66)07!

36(/8975(..!1)-&!.C5)07!/5+CC)07!5'.<6-':! )0!C5+,)-!5':</-)+0!:<'! -+!6+1'5!D)'6:.!

+5!C5+,)-(3)6)-D!(..+/)(-':!1)-&!.C5)07!/5+C.!(.!1'66!(.!1)0-'5!I[R!2\)FA!?P"@4=!%&'!

6+1'5!C5+,)-(3)6)-D!(..+/)(-':!1)-&!.C5)07!/5+C.!*(8'.!(5(36'!,(5*'5.!5'6</-(0-!-+!

(:+C-! .</&! (! 0+0 9/&'*)/(6! 1'':! *(0(7'*'0-! .-5(-'7D! <0:'5! -&'! Eeb! .D.-'*!

2T&)8+1+!!"#$%&A!?PPJ4=!!c6.+A!-&'!5':</-)+0!)0!C5+,)-!1(.!C(5-6D!:<'!-+!-&'!)0/5'(.'!

)0!+C'5(-)+0.! (0:! ,)F':! /+.-! :<'! -+! -&'! /5+C! /+*3)0(-)+0! (0:! -&'! )*C6)/(-)+0! ).!

-&(-!-&'!/5+C.!.'6'/-':!3D!,(5*'5.!/+<6:!&(;'!(!75'(-!)0,6<'0/'!+0!-&'!C5+,)-(3)6)-D!

+,!-&')5!,(5*!'0-'5C5).'!-&5+<7&!(..+/)(-':!6(3+<5!(0:!*(/ &)0'5D!/+.-.!2^(50(5:!

(0:! \)FA! "JKMi! ](DA! "J#"4=!>+5! 'F(*C6'A!1)-&! -&'! )*C6'*'0-(-)+0!+,! *(0:(-+5D !

1)0-'5!1&'(- B .C5)07!3'(0.! 5+-(-)+0A! .+*'! (*+<0-!+,! .C5)07!3(56'D! (0:! 1)0-'5!

I[R! 1'5'! (6.+! .'6'/-':=! _+1';'5A! 1)0-'5! 1&'(-! (0:! .C5)07! 3(56'D! &(;'!

+;'56(CC)07! &(5;'.-)07! C'5)+:.! 2*): 9c<7<.-! -+! '(56D9['C-'*3'54! 1)-&!

+;'56(CC)07! +C-)*(6! &(5;'.-)07! C'5)+:! 2*): 9c<7<.-! -+! 6(-' 9c<7<.-4=! c6.+! -&'!

+C-)*(6! &(5;'.-)07! C'5)+:! +,! .C5)07! 3'(0.! 26(-' 9c<7<.-! -+! '(56D9['C-'*3'54!

+;'56(C!1)-&!-&'!&(5;'.-)07!C'5)+:.!+,!1)0-'5!1&' (-!(0:!.C5)07!3(56'D=!%&<.!-+!3'!

(36'!-+!C'5,+5*!&(5;'.-)07!+C'5(-)+0.!1)-&)0!-&'.'!C'5)+:.! )0!+5:'5!0+-!-+!)0/<5!

D)'6:!C'0(6-)'.! (0:! (6.+!C'5,+5*! .+*'!C6+<7&)07! -+! .-(5-! -&'! '.-(36).&*'0-!+,! (!

0'1! /5+CA! *+5'! *(/&)0'.S6(3+<5! (5'! 5'O<)5':! 6'(:)07! -+!&)7&'5! +C'5(-)+0.! (0:!

,)F':! /+.-.=! %+! )*C5+;'! -&'! C5+,)-(3)6)-DA! -&'5'! ).! -&'! 0'':! -+! /&++.'! (! /5+CC)07!

C6(0! +5! .D.-'*! ()*':! (-! 5':</)07! 6(3+<5! (0:! *(/&)0'5D! /+.-.! -&5+<7&! ',,)/)'0-!

6(3+<5! (0:! *(/&)0'5D! C6(00)07! 3<-! C5+*+-'.! C5+,)-(3)6)-D! 2^(50(5:! (0:! \)FA!
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"JKM4=!%&'!)*C6)/(-)+0!).!-&(-!),!(5(36'!,(5*'5.!1'5'!-+!(:+C-! .C5)07!/5+CC)07!-+!

/+0-5+6! 36(/8975(..A! -&'! .-5(-'7D! 0'':.! -+! 3'! /+*3)0':! 1)-&! ',,)/)'0-! -)*)07! +5!

C6(00)07!+,!+C'5(-)+0.! (0:! *(/&)0'5DS6(3+<5!<.'! '.C'/)(66D! )0!C'5)+:.! )0!1&)/&!

6(3+<5! 5'O<)5'*'0-.! ( 5'! &)7&!(0:! -&).! /(0! 3'! ;'5D! ',,'/-);'! (0:! )*C5+;'! ,(5*!

C5+,)-.=!

T+*C(5).+0! +,! -&'! .C5)07! 3(56'D! (0:! .C5)07! 3'(0.! 5'.<6-.! .&+1.! -&(-! )0!

-'5*.! +,! 36(/8 975(..! /+0-5+6A! .C5)07! 3(56'D! /(0! 3'! .():! -+! 3'! 3'--'5! -&(0! .C5)07!

3'(0.!1)-&!5'.C'/-!-+!-&'!5'6(-);'6D!6+ 1'5!(775'7(-'!/+.-!'.-)*(-'.!(..+/)(-':!1)-&!

-&'!1)0-'5!1&'(- B .C5)07!3(56'D!5+-(-)+0=!%&).! ).! (!5',6'/-)+0!+,! -&'! ,(/-! -&(-! -&'!

/&+)/'! +,! /5+C! )0! -&'! 5+-(-)+0! ).! ;'5D! .)70),)/(0-! )0! 1'':! *(0(7'*'0-! 2_aTcA!

?P"@(4=! %&'! .';'5)-D! (0:! :).-5)3<-)+0! +,! 36(/8975(. .! )0! U<5+C'! (5'! :'-'5*)0':!

*()06D!3D!.+)6!-DC'.!(0:!/5+CC)07!.D.-'*.!2b+..A!?P"M4=!%&<.!.'6'/-)07!-&'!5)7&-!

.C5)07! /5+C! 1)-&! /+0.):'5(-)+0! -+! -&'! ,(5*h.! .)-<(-)+0! 2_aTcA! ?P"@34! /(0! 3'!

3)+6+7)/(66D!(0:!'/+0+*)/(66D!;)(36'!(.!,(5!(.!5':</-)+0.!)0!36(/8 975(.. !C+C<6(-)+0!

(0:!C5+,)-!*(F)*).(-)+0 !(5'!/+0/'50':=! !

%&'! )0/5'(.'! )0! C5+,)-! +3.'5;':! (-! -&'! )0:);):<(6! ,(5*! 6';'6! )*C6)'.! -&(-!

:'C'0:)07!+0!-&'!,(5*h.!.)-<(-)+0!3(.':!+0!,(/-+5.!.</&!(.!.+)6!-DC'!(0:!C5';()6)07!

5()0,(66!C(--'50!(0:! -&'!&'/-(5'.!+,!6(0:! (;() 6(36'! -+! -&'! ,(5* A! /+0-5+66)07!36(/89

75(..! 1)-&! .C5)07! /5+CC)07! /(0! 3'! '/+0+*)/(66D! 3'0',)/)(6! (0:! )0! .+*'! /(.'.!

5':</'! ,(5*! 5).8! )0! -'5*.! 5':</-)+0! )0! :';)(-)+0.! )0! )0/+*'=! %+! .+*'! (5(36'!

,(5*'5.A! /+0-5+66)07! 36(/8975(..! 1)-&! .C5)07! /5+C.! &(.! -&'! C+-'0-)( 6! -+! 3'!

C5+,)-(36'! :<'! -+! -&'! (..+/)(-':! 6+1'5! ;(5)(36'! /+.-.! (0:! -&'! )0/5'(.)07! /+.-! +,!

/&'*)/(6!/+0-5+6!(..+/)(-':!1)-&!1)0-'5!/5+C.!2^(D'5A!?P"$4=!e)-&!-&'!)0(3)6)-D!+,!

36(/8975(..! :';'6+C)07! 5'.).-(0/'! -+! 0+0 9/&'*)/(6! /+0-5+6A! :5(1)07! +0! -&'!

3'0',)-.! + ,! +-&'5!0+09/&'*)/(6! /+0-5+6! *'(.<5'.! .</&! (.!C6+<7&)07! (0:! :'6(D':!

.+1)07! )0! (::)-)+0! -+! 5+-(-)+0! C6(0.!.</&! (.! -&' !+0'.! .&+10! 3D! IC-)+0! ?! /+<6:!

*(8'!36(/8 975(..! /+0-5+6!1)-&! .C5)07! /5+CC)07! ;'5D! ',,'/-);'!2b+..! (0:! f<-*(0A!

?P"Mi! _aTcA! ?P"@34! (0:! 5':</'! / &'*)/(6! )0C<-.! 1&)/&! )0! -<50! /+<6:! )*C5+;'!

C5+,)-(3)6)-D! (0:! 3'0',)-! -&'! '0;)5+0*'0-= !%&<.! :'C'0:)07! +0! (! ,(5*h.! .)-<(-)+0!

(0:! 1)-&! -&'! &'6C! +,! (75+0+*).-A! 1)0-'5! 1&'(- B .C5)07!3(56'D! +5! .C5)07! 3'(0.!

.'O<'0/'. ! /+<6:! 3'! (:+C-':! (.! C(5-! +,! (! C(/8(7'! +,! 36(/8 975(..! *(0(7'*'0-!
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.-5(-'7)'. ! '.C'/)(66D! ,(5*! 1&)/&! 0+5*(66D! 75+1! -&'! ,+<5! /5+C.! (:+C-':! ,+5! -&'!

.-<:D =!

E-!).!)*C+5-(0-!-+!;)'1!-&'!)*C(/-!+,!-&).!*+:'66)07!)0!(!C+6)/D!/+0-'F-=!!%&'!

'5(:)/(-)+0!+5!*)-)7(-)+0!+,!36(/8 975(..!).!(!*(G+5!/&(66'07'!(0:!)0!-'5*.! +,!,++:!

.'/<5)-D! (0:! '0;)5+0*'0-(6!C5+-'/-)+0A! )-.! *(0(7'*'0-!C5+;):'.!C+.)-);'!C<36)/!

7++:.=! ! %&'! C5+;).)+0! +,! C+.)-);'! 'F-'50(6)-)'.! ,5+*! (75)/<6-<5'! &(;'! 7'0'5(66D!

3''0!'0/+<5(7':!-&5+<7&!-&'!(:+C-)+0!+,!-&'!C5+;):'5!7'-.!C5)0/)C6'!2_(06'D!(0:!

I76'-&+5C'A! "JJKi!_(06'D!!"#$%&A!"JJ#4! (0:! .+! -&'! (775'7(-'!C'5!&'/-(5'! /+.-.!+,!

36(/8975(..!*(0(7'*'0-!C5+;):'!<.!1)-&!(0!'.-)*(-'!+,!C+..)36'!C+6)/D!C(D*'0-.!

0'':':! -+! )0/'0-);).'! (:+C-)+0! +,! -&'! .D.-'*! 0'':':! -+! 7'0'5(-'! -&+.'! C+.)-);'!

'F-'50(6)-)'.=! ! c6-&+<7&! )-! ).! (/80+16':7':! -&(-! .C5)07! /5+CC)07! 5':</'.! 36(/8 9

75(..! C+C<6(-)+0! (0:! -&(-! 5':</-)+0! )0! )0,'.-(-)+0! )0! +0'! D'(5! /(0! 6'(:! -+!

)*C5+;'*'0-!)0!D)'6:!)0!.<3.'O<'0-!D'(5.A!-&'! Y#?S&(!'.-)*(-'!3(.':!+0!-&'!,+<5!

/5+C.!.'6'/-':!,+5!-&'!.-<:D!.<77'.-.!(!/+.-!-+! H]!(5(36'!,(5*)07! !,+5!-&'! (:+C-)+0!

+,!1)0-'5! 1&'(- B .C5)07! 3(56'D!.'O<'0/'! +5! 5+-(-)+0!(0:! -&<.! 1+<6:! 5'C5'.'0-!

.</&! (! C+..)36'! C(D*'0-! 6';'6! ),! ,(5*'5.! 1'5' ! -+! (:+C-! .C5)07! /5+CC)07!(,-'5 !

)0/):'0/'!+,! j'5+!+5!6+1!36(/8 975(..! )0,'.-(-)+0=! !_+1';'5A!1)-&!5' 6(-);'6D!6+1'5!

6+..!+,!C5+,)-!<0:'5!(!./'0(5)+!+,!;'5D!&)7&!36(/8975(..!)0,'.-(-)+0.!+0!1)0-'5!/5+C!

,)'6:.A!,(5*'5.!*(D!3'!3'--'5!+,!.1)-/&)07!-+!.C5)07!/5+CC)07!(0:!.</&!C(D*'0-.!

-+!)0/'0-);).'!(:+C-)+0!*(D!0+-!3'!5'O<)5':= !

%&'!+;'5(66! ',,'/-!+,! /+0-5+66)07!36(/8975(..!1)-&! .C5)07! /5+C.!5'.<6-':! )0! (!

5':</-)+0!)0!C5+,)-!)0!-&'!.&+5-!-'5* A!1&)/&!/+<6:!(,,'/-!-&'!(:+C-)+0!+,!.</&!0+0 9

/&'*)/(6! .-5(-'7D! 3D! (5(36'! ,(5*'5.=! _+1';'5A! 1)-&! UH! [<.-()0(36'! H.'! +,!

X'.-)/):'.! d)5'/-);'! 5'O<)5)07! (5(36'! ,(5*'5.! -+! 7);' ! C5)+5)-D! -+! 0+09/&'*)/(6!

*'-&+:.! +,! C6(0-! C5+-'/-)+0! 2_aTcA! ?P"@34A! /+0-)0<+<.! 5'.'(5/&! <.)07! 6)0'(5!

C5+75(**)07! 3(.':! +C-)*).(-)+0! (CC5+(/&'.! -+! /+*'! <C! 1)-&! +C-)*(6! C5+,)-!

'.-)*(-'.! +,! :),,'5'0-! .C5)07! /5+CC)07! .-5(-'7)'.! -+! /+0-5+6! 36(/8 975(..! /+<6:!

'0 /+<5(7'! ,(5*'5.! -+! (:+C-! .</&! 0+0 9/&'*)/(6! 36(/8! 75(..! /+0-5+6! *'(.<5' ! (.!

C(5-!+,!(!C(/8(7'!+,!1'':!/+0-5+6!.-5(-'7)'. =!c6.+A!,<-<5'!5'.'(5/&!1)-&!(!/+*3)0':!
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1)0-'5 9.'(.+0!/(<6),6+1'5!)0!\+5-&'50!E0:)(=! '()*#+()"!,"-).&# 9<A$CC=!?M?9?M#=!!
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^()6'DA! c=! [=A! ^'5-(76)(A! b=A! >5(.'5A! E=! b=A! [&(5*(A! c=! (0:! d+<(5)0A! U=! 2?PPJ4!
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'()*#+()"!,"-).&# C; A$CC=!"PN9""M=!!
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^(50'--A! d=A! ^6(8'A! ^=! (0:! b/T(56A! ^=! c=! 2"J#?4! a+(6! C5+75(**)07! ;)(!
*<6-):)*'0.)+0(6! ./(6)07! (CC6)':! -+! ['0'7(6'.'! .<3.).-'0/'! ,(5*.=! >:!(-,$.#
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^</81'66A! c=! U=! (0:! _(j'66A! X=! ^=! 2"JK?4! E*C6)/(-)+0.! +,! (775'7(-)+0! 3)(.! ,+5! -&'!
/+0.-5</-)+0! +,! .-(-)/! (0:! :D0(*)/! 6)0'(5! C5+75(**)07! .<CC6D! *+:'6.=!
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T(5;(6&+A! >=! X=! 2?PP$4! c75)/<6-<5'A! C'.-)/):'.A! ,++:! .'/<5)-D! (0:! ,++:! .(,'-D=!
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T&(6(8A! c=A! ^(6/+*3'A! ]=A! ^()6'DA! c=! (0:! >5(.'5A! E=! 2?PP#4! X'.-)/):'.A! C5','5'0/'!
&'-'5+7'0' )-D! (0:! '0;)5+0*'0-(6! -(F'.=! /)0(.$%# )1# >9(-,0%"0($%# ?,).):-,5&#
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T&(<;'6A!^=A!a<)66'*)0A!k=A!T+63(/&A!\=!(0:!a(.O<'jA!k=!2?PP"4!U;(6<(-)+0!+,!/5+CC)07!
.D.-'*.! ,+5! *(0(7'*'0-! +,! &'53)/):' 95'.).-(0-! C+C<6(-)+0.! +,! 36(/875(..!
2>%)*!,0(05#:7)50()-<!5!_<:.=4=!'()*#+ ()"!,"-).&#FH2?4A!CC=!"?K9"MK=!!

T&)8+1+A!R=A!>(6+D(A!`=A!X'-)-A! [=! (0:!b<0)'59k+6()0A! \=!b=!2?PPJ4!E0-'75(-':!1'':!
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&'53)/):'!5'.).-(0/'! *'/&(0).*.! )0!75(..!1'':.=! +%$."#6,-!.,!&#FFGA$CC=!@M9
N?=!!

b/T(56A!^=!c=!(0:![C5''0A!%=!_=!2"JJK4=#>**%-!<#8$"2!:$"-,$%#+()9($::-.9#05-.9#
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75(.. 9(6+C'/<5<.9*D+.<5+):'. 95';).': 9':)-)+0 9?P"M!2(//'..':!"J!k<0'!
?P"$4=!!



! !

!"JK !
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The	estimation	of	aggregate	cost	is	illustrated	below	with	results	for	10	farms	under	low	infestation
The	Option	2	is	winter	wheat-spring	barley	sequence

Profit	Option	1 Profit	Option	2 Weight Weighted	
Profit	Option	1

Weighted	
Profit	Option	2

Difference

! " #
$%&%' (%&%' " %%%)%!

Farm	1 40,029 32,446 23.12 925,379 750,074 -175,305
Farm	2 46,180 25,738 23.71 1,094,937 610,241 -484,696
Farm	3 24,063 7,285 2.33 56,054 16,970 -39,084
Farm	4 20,575 12,856 15.78 324,739 202,902 -121,838
Farm	5 126,009 57,938 40.51 5,104,061 2,346,790 -2,757,271
Farm	6 43,758 41,530 32.85 1,437,606 1,364,417 -73,188
Farm	7 87,580 70,613 13.27 1,162,357 937,174 -225,183
Farm	8 57,913 58,019 13.66 791,116 792,567 1,451
Farm	9 -10,827 -10,827 31.64 -342,558 -342,558 0
Farm	10 27,569 27,569 10.71 295,329 295,329 0

$**+,*-.,%'/0.%1234%/5%'/6347%#%8-63,0%5/+%"-+40%9%./%9:; <=>?@A>99A

Farms

$ ( '
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b'(0 ! [: ! b'(0 ! [: ! b'(0 ! [: ! b'(0 ! [: !
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]!>'5-)6).'5!T+.- ! #APN@! JA"KN! #APN@! JA"KK! #APNJ! JA?P$! #APNN! JA?P$!

['':!T+.- ! "?A@"@! "@APJ"! "?AM$N! "@APM?! "?A?"@! "MAKNJ! "?APKP! "MA$K"!

^6(/8 975(..!
_'53)/):'!T+.- !

"#ANMM! ?PA#N$! "#A@M"! ?PAK?M! "#AP#M! ?PAP#P! "KAK#P! "JAJPP!

[<0:5D!T+.-! "MAM$P! "@AJJP! "MA?##! "@A#JM! "MAPM$! "@A@??! "?A#?M! "@A?J@!

`(5)(36'!T+.- ! #MA?#@! JMA#J#! #MA"?J! JMAKP#! #?ANKP! J?A$J?! #?APJK! J?A@@#!

a5+..!b(57)0 ! "NKA#$K! "##AN$$! "NKA""$! "#KA"PJ! "NNAJJP! "#KA@"M! "N@AJMP! "#$A?P#!

T+.-!+,!>(5*!
IC'5(-)+0. !

$@A@NJ! K?A$MM! $@AN@P! K?A#P?! $@A$JK! K?A#N@! $@A#J@! K?AJ"P!

a5+..!X5+,)-!! JMA@P@! ""JA"K#! J?ANKN! ""KA@$"! J"A?JN! ""#AP@J! JPAPM$! ""KAPN?!

>)F':!T+.- ! K?APJ@! #PA#@K! K?APJM! #PA$K?! K?A#?"! #MA$@P! KMA@"M! #@A"P#!

X5+,)-! ?"AM""! NPA$?J! ?PA@#?! @JAMM$! "#A@K@! @KA$@J! "$A$?M! @KAM""!

bI%cd!R).8 ! M?A?#?! M$A#PN! M?A""K! M$ANPN! M"AK?K! MNAJMP! M"AMJM! MNA$?$!

[:!n![-(0:(5:!:';)(-)+0 =!%&'!<0)-!,+5!(66!'.-)*(-'.!(5'!Y=!
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!

!

!

!

!
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“Only	those	who	will	risk	going	too	far	can	possibly	find	out	how	far	it	is	
possible	to	go.”		

!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!―!%=[=!U6)+-!
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!

!

!

!

!

!



! !

!?PN!

!

L.#"2!#*(!,!<-.9#,2$*"!(=#"2!#:-D!<G-."!9!(#B!-92"!<# 9)$%G*()9($::-.9 #:)<!%#B$5#

$**%-!<#")#-.H!5"-9$"!#5*(-.9#,()**-.9#$5#$#A%$,FG9($55#,)."()%#:!$50(!&#Q2!#:)<!%#

B$5#*$($:!"!(-5!<#05-.9#<$"$#1)(#XYZ#1$(:5#5!%!,"!<#1():#"2!#;C6#")#-.H!5"-9$"!#"2!#

,)5"# O)(# 9$-.P# )1# ,)."()%%-.9# A%$,FG9($55# B-"2# 5*(-.9# ,()**-.9=# *$("-,0%$(%7# B-."!(#

B2!$" [ 5*(-.9# ,()*# 5!\0!.,! #)(# ()"$"-). &# Q2!# (!50%"5# 52)B# "2$"# $"# "2!# $99(!9$"!#

O.$"-).$%P#%!H!%=#"2!#5"($"!97#,)0%<#,)5"#"2!#W]#$($A%!#5!,")(#A!"B!!.#^_Z#$.<#^S`a#

:-%%-).# 1)(# $<)*"-.9# B-."!(# B2!$"[ 5*(-.9# A$(%!7#5!\0!.,!# ")# ,)."()%# A%$,FG9($55#

B2!(!$5#$<)*"-.9#B-."!(#B2!$" [ 5*(-.9#A!$.5#5!\0!.,!#,)0%<#,)5"#A!"B!!.#^`X#$.<#

^aZT#:-%%-).#<!*!.<-.9#).#"2!#%!H!%#)1#-.1!5"$"-). &#N)B!H!(=#).#-.<-H-<0$%#1$(:#A$5-5=#

"2!(!#,)0%<#A!#A!.!1-"5#O-.,(!$5!#-.#*()1-"P#$5#B!%%#$5#,)5"#O%)55#)1#*()1-"P#<!*!.<-.9#

).# "2!# 1$(:b5# 5)-%# "7*!=# ($-.1$%%# %!H!%=# $.<# $(!$# )1# %$.<# $H$-%$A%!# ")# "2!# 1$(:&# Q2!#

*)%-,7# -:*%-,$"-).# -5# "2$"# "2!#$99(!9$"!# %!H!%#(!50%"5#).# *!(# 2!,"$(!# A$5!5#9-H!#

-.<-,$"-).# )1# *)55-A%!# 1$(:# *$7:!."# ")# -.,!."-H-5!# "2!# $<)*"-).# )1# "2!# 5"($"!97# $5#

*$("#)1#"2!#A%$,FG9($55#,)."()%#*$,F$9!&#

4-5F#$H!(5-).#A!2$H-)0(# )1#$($A%!#1$(:!(5#$%5)# -.1%0!.,!#1$(:!(5#<!,-5-).G

:$F-.9&#;)(#!D$:*%!=#$#1$(:!(b5#%!H!%#)1#(-5F#$H!(5-).#,$.#-.1%0!.,!#"2!-(#$<)*"-).#)1#

.!B#"!,2.)%)9-!5=#-..)H$"-).#)(#505"$-.$A%!#1$(:#:$.$9!:!."#5"($"!9-!5#50,2#,()*#

()"$"-).#B-"2 #B-."!(#,()* [ 5*(-.9#,()*#5!\0!.,! #")#,)."()%#A%$,FG9($55&#Q205#(-5F#-5#

H!(7# 5-9.-1-,$."# -.#505"$-.$A%!# $($A%!# 1$(:-.9&# L.# "2-5# ,2$*"!(=#$#:-D!< G-."!9!(#

83Q>K# :)<!%# $.<#$#($.<):%7# 9!.!($"!<# (-5F# $H!(5-).# *$($:!"!(# :!"2)<# $(!#

$**%-!<#")#-.H!5"-9$"!#$.<#!H$%0$"!#$A5)%0"!#(-5F#$H!(5-).# ,)!11-,-!."#$.<#,()**-.9#

<!,-5-).&#>%5)=#"2!#:)<!%#-5#$**%-!<#")#-.H!5"-9$"!#$#5,!.$(-)#)1#2)B#1$(:!(5#B)0%<#

(!$,"#")#*)%-,7#,2$.9!#<!*!.<-.9#).#"2!-(#%!H!%#)1#(-5F#$H!(5-).&#>%"2)092#<-11!(!."#

$**()$,2!5# 2$H!# A!!.# $**%-!<#")# -.H!5"-9$"!# 1$(:!(5# (-5F# $H!(5-).=# .)# 5"0<7# B$5#

1)0.<# -.# W]# ,)."!D"# ")# 2$H!# $**%-!<# "2!# :!"2)<)%)97# $<)*"!<# -.# "2-5# 5"0<7&# Q2!#

(!50%"5#52)B#%!H!%5#)1#(-5F#$H!(5-).#$,()55#(!9-).5#-.#?.9%$.<&#Q2!#*)%-,7#-:*%-,$"-).#

)1#"2!#(!50%"5#-5#"2$"#$($A%!#1$(:#*)%-,-!5#,$.#A!#(!9-).$%-5!<=#"$-%)(!<#")#1$(:!(5b#(-5F#

$H!(5-).&#

>#H!(5-).# )1# "2!#5"0<7#*(!5!." !<#B$5#50A:-""!<#") #"2!#>:!(-,$.# /)0(.$%#)1#

>9(-,0%"0($%#?,).):-,5#1)(#*0A%-,$"-).&##



! !

!?P$!

!

]B$<c)#>2)<)=#K$H-<#39%!"2)(*!=#4)A!("#+&#;(!,F%!").#

!

E0/+5C+5(-)+0!+,!5).8! )0-+! ,(5*! *+:'6.!&(.!3'/+*'! (//'C-':! (.! ;)-(6! )0! -'5*.!+,!

(CC5+F)*(-)07! *+5'! /6+.'6D! -+! 5'(691+56:! ,(5*! :'/).)+0 9*(8)07! (0: ! )*C5+;)07!

-&'!C5':)/-);'!C+1'5!+,!*+:'6.=!!E0!-'5*.!+,!C+6)/DA!.<.-()0(3)6)-D!7+(6.!(..+/)(-':!

1)-&! :)5'/- ! ,(5*! +5 ! .<3.):D! C(D*'0-.! -+! 5'C6(/'! 5).8 95':</)07! )0C<-.! .</&! (.!

,'5-)6).'5!(,,'/-!-&'!3(6(0/'!+,!)0/+*' 9;(5)(0/'! 5'6(-)+0.&)C.!(0:!/5'(-' !(1(5' 0'.. !

+,!-&'!5).8.!(..+/)(-':!1)-&! (6-'50(-);'!,(5*!C6(0.= !>(5*!* +:'6.!0'':!-+!3'!(36'!-+!

'.-)*(-'! 1&'5'!5 ).8! 'F).-.! (0:! )0/+5C+5(-'!&+1! :'/).)+0.! *)7&-!3'! -(8'0! )0! -&'!

/+0-'F-! +,! -&(-! 5).8=! !c! /+0/'C-<(6A! *'-&+:+6+7)/(6! (0:! '*C)5)/(6! ,5(*'1+58! ). !

:';'6+C':! -+!(/&)';'! -&).! (0:! ,)66!(!7(C!)0!-&'!6)-'5(-<5'=!!c!*(-&'*(-)/(6!*)F': 9

)0-'7'5! bI%cd! *+:'6A! 1&)/&! (66+1 .! -&'! 7'0'5(-)+0! +,! (! C+5-,+6)+! +,! (6-'50(-);'!

,(5*! C6(0.! (0:! (0! ',,)/)'0-! 'FC'/-':! )0/+*' 9;(5)(0/'! 2U 9̀4! ,5+0-)'5! <.)07!

5(0:+*6D! 7'0'5(-':! 5).8! (;'5.)+0! C(5(*'-'5. ! ).! 3<)6-! (0:! ;(6):(-': =! !b+:'6 9

C5':)/-': ! ,(5*! C6(0.! 1'5'! /+*C(5':! 1)-&! 5'(6 91+56:! +3.'5;':! ,(5* 96';'6! 6(0:!

<.'!-+! '.-)*(-'! .C(-)(6!:),,'5'0/'.! )0!5).8 9(--)-<:'=!! R'.<6-.! .&+1':!5).8 9(;'5.)+0!

(*+07!(5(36'! ,(5*'5.!(/5+..! 5'7)+0.!)0!U076(0:=!c0!(0(6D.).!+,!(! .&),-!)0!*(58'-!

C5)/'.! -+! )66<.-5(-'! C+6)/D! 5'6';(0/'! .&+1.! &+1! -&'! *+:'6! C5+;):'.! (! *'(0.! +,!

'.-)*(-)07! .C(-)(66D!5','5'0/': !5).8!,(5*'5!-DC+6+7)'.A!1&)/&!/+<6:!3'!;(6<(36'!)0!

C5+*+-)07!5'7)+0(6!(75)/<6-<5(6!C+6)/D=!!

!

!

!



! !

!?PK!

!

R).8!).!)0';)-(36'!)0!(75)/<6-<5'!(0:!-&'!/(66!-+!*(8'!/+0;'0-)+0(6!(5(36'!.D.-'*.!

-+! *+5'! .<.-()0(36'! ';'0! 'FC+. '.! ,(5*'5.! -+! *+5'! 5).8! 2f)'0! !"# $%&A! ?PPKi!

^'5'0-.'0! (0:! ;(0!c..'6:+08A!?P"$4=!%&).! ).!3'/(<.'! .<.-()0(36'! (5(36'! ,(5*)07!

.D.-'*.! (5'! <0:'5C)00':! 3D! .<.-()0(36'! ,(5*)07! C5)0/)C6'.A! 1&)/&! C5+*+-'.!

',,)/)'0-!<.'!+,A!(0:! .+*'-)*'.!5':</-)+0.! )0!-&'! (*+<0-.!+ ,! ;)-(6!)0C<-.! .</&!(.!

,'5-)6)j'5.! (0:!C'.-)/):'.!0+5*(66D!<.':!3D! ,(5*'5.! -+! .(,'7<(5:! /5+C!D)'6:.! (0:!

,(5*! C5+:</-);)-D! 2^'5'0-.'0! (0:! ;(0! c..'6:+08A! ?P"$4=! c6-&+<7&! 5':</-)+0.! )0!

.</&!)0C<-.! /+<6:!3'!3'0',)/)(6!-+!-&'! '0;)5+0*'0-!-&5+<7&!5':</-)+0.!)0!0 )-5(-'!

6'(/&)07! (0:! C+66<-)+0! +,! 1(-'5! .+<5/'.A! )-! /(0! (6.+! )*C(/-! 0'7(-);'6D! +0! /5+C!

D)'6:.! (0:! &'0/'! ,(5*! C5+:</-);)-D=! c6.+A! -&'! (:+C-)+0! +,! .<.-()0(36'! C5)0/)C6'.!

*(D! *'(0! (:+C-)07! 0'1! ,(5*! *(0(7'*'0-! .-5(-'7)'.! (0:! -'/&0+6+7)'.A! 1&)/&!

*(D!+5!*(D!0+-!3 '!:5);'0!3D!5'7<6(-)+0.!2C+6)/D4!)0!+5:'5!-+!(/&)';'!-&'!:'.)5':!

5'.<6-.! 3<-! *(D! 3'! (..+/)(-':! 1)-&! <0C5+;'0! 3'0',)-.! +0! ,(5*! C5+:</-);)-DA!

'FC+.)07! ,(5*'5.! -+! 5).8=! %&'! )*C6)/(-)+0! ).! -&(-! .<.-()0(36'! (5(36'! .D.-'*.A!

(6-&+<7&! .''0! (.! 3'0',)/)(6! -+! -&'! '0; )5+0*'0-A! /+<6:! )0/5'(.'! -&'! 5).8! (0:!

<0/'5-()0-)'.!)0!-&'!(5(36'!,(5*)07!3<.)0'..=! !

_(5:(8'5! !"# $%&! 2?P"N4! 75+<C':! -&'! -DC'.! (0:! .+<5/'.! +,! 5).8! )0! ,(5*)07!

<0:'5! -&'! ,+66+1)07! *()0!&'(:)07.Q !)0.-)-<-)+0(6A!C'5.+0(6A!C5+:</-)+0! (0:!C5)/'!

+5!*(58'-! 5).8.=!E0.-)-<-)+0(6!5).8!/+0/'50.!-&'!-DC'!+,!C+6)/D!7<):)07!+5!7<(5:)07!

(75)/<6-<5(6! C5(/-)/'.! /(0! C5'.'0-! ,(5*'5.! 1)-&! )0.-)-<-)+0(6! 5).8.=! >+5! 'F(*C6'A!

-&'! 0)-5(-'! :)5'/-);'! C5'./5)3'.! *(F)*<*! \! ,'5-)6).'5! (*+<0-.! -+! 3'! (CC6)':! )0!

\)-5(-'!`<60'5(36'!t+0'.!2\`t .4!2d',5(A!?P"M4!(0:!-&).!/(0!)*C(/-!+0!/5+C!D)'6:.=!

_+1';'5A! .<3.):D!C(D*'0-.!2(0+-&'5!C+6)/D4 !.</&! (.! .)076'! ,(5*!C(D*'0-. !*(D!

(6.+! .'5;'! (.! (! C(D*'0-! ,+5! -&'! +CC+5-<0)-D! /+.-! ,+5! 0+-! (CC6D)07! (3+;'! -&'!

*(F)*<*! \! ,'5-)6).'5! 6)*)-.=! c6.+A! -&'! 3(00)07! +,! / '5-()0! &'53)/):(6! (/-);'!

)075':)'0-.! /(0! /+0.-5()0! -&'! 1'':! *(0(7'*'0-! ',,+5-.! +,! (5(36'! ,(5*'5.=!

X'5.+0(6!5).8.!(5'!/+0/'50':!1)-&!-&'!,(5*'5!+5!-&'!,(5*!1+58'5. B ,+5!'F(*C6'A!

)0/+55'/-! (CC6)/(-)+0! +,! (0! )0C<-! 2'=7=! ,'5-)6).'54! 3D! (! ,(5*'5! /(0! /(<.'! 6+..'. !)0!

C5+:</-)+0=! c7()0A! -&'! (:+C-)+0! +,! (0! )*C5+;':! 3<-! <0-'.-':! -'/&0+6+7D! 3D! (0!

(5(36'! ,(5*'5! (.! C(5-! +,! ',,+5-.! -+! *(8'! -&'! ,(5*! *+5'! .<.-()0(36'! *(D! 3'!

(..+/)(-':!1)-&!5).8!2_(5:(8'5A! !"#$%&A!?P"N4=!



! !

!?P#!

c5(36'! ,(5*'5.! (5'! (6.+!'FC+.':! -+! C5+:</-)+0! 5).8.! -& 5+<7&! ;(5)(3)6)-D! )0!

1'(-&'5!(0:!)0/):'0/'!+,!C'.-.!(0:!:).'(.'.!2 _(5:(8'5A! !"#$%&A!?P"Ni!̂'5'0-.'0!(0:!

;(0! c..'6:+08A! ?P"$4=! >+5! 'F(*C6'A! &)7&! )0,'.-(-)+0! +,! 36(/8975(..! /(0! /(<.'!

.<3.-(0-)(6! D)'6:! 5':</-)+0! )0! 1)0-'5! 1&'(-! D)'6:! (0:! &'0/'! ,(5*! C5+:</-);) -D!

2^(D'5A!?P"N4=!%&'!;(5)(3)6)-D!+5!;+6(-)6)-D!)0!/5+C!C5)/'.!2(.!5',6'/-':!)0!>)7<5'!N 9

"4! (.! 1'66! (. ! )0C<-! C5)/'.A! /+<C6':! 1)-&! -&'! ,(/-! -&(-! ,(5*'5.! (5'! C5)/'! -(8'5.A!

'FC+.'.! -&'*! -+! C5)/'! +5! *(58'-! 5).8=! e)-&! -&'! +-&'5! -DC'.! +,! 5).8.! .</&! (.!

1'(-&'5A! C'.-! (0:! :).'(.'.! +5! 5).8! (..+/)(-':! 1)-&! )0C<-.! -5(0.6(-)07! )0-+!

C5+:</-)+0! 5).8! -&5+<7&! ;(5)(3)6)-D! )0! /5+C! D)'6:A! -&'! .-<:D ! C5'.'0-':! )0! -&).!

/&(C-'5 !C5)*(5)6D!,+/<. !+0!C5+:</-)+0!2D)'6:4!(0:!C5)/'!5).8=!!

!
[+<5/'Q! ^(.':! +0! :(-(! ,5+*! -&'! d',5(h.! c75)/<6-<5(6! X5)/'! E0:)/'. !
2&--C.QSS111=7+;=<8S7+;'50*'0-S.-(-).-)/.S(75)/<6-<5(69C5)/'9)0:)/'.4 =!

!
>)7<5'!N9" Q!X5)/'.!+,!1&'(-A!3(56'DA!C+-(-+'.!(0:!+)6.'':!5(C'!,5+*!k(0<(5D!"JJ#!-+!b(5/&!
?P"K=$

!

!
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Potatoes
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Oilseed rape



! !

!?PJ!

%&'!)0';)-(3)6)-D!+,!5).8!)0!(75)/<6-<5'!*'(0.!-&'!/+0.):'5(-)+0!+,!5).8!)0!,(5*!

C6(00)07! +5! ,(5*! C6(00)07! (0(6D.).! ).! /5</)(6=!E0/+5C+5(-)+0! +,! 5).8! )0-+! ,(5*!

.)*<6(-)+0!*+:'66)07!&(.!3'/+* '!(//'C-':!(.!/5</)(6!-+!(CC5+F)*(-'!*+5'!/6+.'6D!

-+! 5'(691+56:! ,(5*! :'/).)+0 9*(8)07! 2T&(50'..! !"# $%&A! ?P"Mi! _(j'66!!"# $%&A! "J#Mi!

_(5:(8'5! !"#$%&A!?P"N4=!!E70+5)07!5).89(;'5.'!3'&(;)+<5!+,!,(5*'5.!)0!,(5*!C6(00)07!

*+:'6.! /(0!6'(:! -+!3)(.':! *+:'6! '.-)*(-'.! 2_(j'66! !"#$%&A! "J#Mi!_(5:(8'5A!?PPPi!

_(5:(8'5! !"# $%&A! ?P"N4=! E0/+5C+5(-)07! 5).8! (;'5.)+0! +5! C5','5'0/'! +,! ,(5*'5.! )0!

,(5*! C6(00)07! *+:'6.! &(.! 3''0! ,+<0:! -+! )*C5+;'! C5':)/-);'! C+1'5! +,! *+:'6.!

2_(j'66!!"#$%&A!"J#Mi!I76'-&+5C'A!"JJNi!T++8'!!"#$%&A!?P"M4=!!E0!(!C+6)/D!/+0-'F-A!-&'!

)0/5'(.)07! C5'..<5'! -+! /+*3)0'! C5+:</-);)-D! 7+(6.! 1)-&! .<.-()0(3)6)-D! 7+(6.! )0!

,(5*)07!.D.-'*.!'F(/'53(-'.!-&'!C5+36'*!+,!5).8!1&'0!C5'..<5'!*+<0-.!-+!5'C6(/'!

5).895':</)07!)0C<-.A!.</&!(.!C'.-)/):'.!(0:!,'5-)6).'5.A!1)-&!*+5'!.<.-() 0(36'!3<-!

'/+0+*)/(66D! 5).8)'5!&<.3(0:5D!+C-)+0.!.</&!(.!+57(0)/A!5+-(-)+0(66D95'.-5)/-':!+5!

.)*C6D! 6+1'59)0C<-! .D.-'*.! 2f)'0! !"# $%&A! ?PPKi! ^'5'0-.'0! (0:! ;(0! c..'6:+08A!

?P"$4=!!E-!).!-&<.!)*C+5-(0-!-&(-!-&'!:)./)C6)0'!/+0-)0<'.!-+!(:;(0/'!+<5!(3)6)-D!-+!

<0:'5.-(0:A! 5'C5'.'0-! (0:! .)*<6(-'! (75)/<6-<5(6! 5).8! (0:! :+! .+! 1&)6.-! (6.+!

)*C5+;)07!*+:'6!-5(0.,'5(3)6)-D!(0:!(CC6)/(3)6)-D!-+!.C(-)(66D9.C'/),)/!C5+36'*.= !

c! /5</)(6! /+*C+0'0-! +,! <.',<66D! <0:'5.-(0:)07! 5).8! ,+5! (0D! 8)0:! +,! C+6)/D!

(CC6)/(-)+0!).!-+!80+1!-&'!'F-'0-!-+!1&)/&!,(5*'5.!(5'!(,,'/-':!3D!-&')5!'FC+.<5'!

-+!5).8=!!]0+1)07!1&'5'!5).8!'F).-.!(0:!)0/+5C+5(-)07!-&+.'!5).8.!)0-+!(!*+:'66)07!

,5(*'1+58!).!+0'!-&)07A!(CC5'/)(-)07!&+1!:'/).)+0.!*)7&-!3'!-(8'0!)0!-&'!/+0-'F-!

+,! -&(-! 5).8! ).! (0+-&'5=! ! E:'(66DA! (.!1'66! (.! 3')07! (36'! -+! *+:'6! (6-'50(-);'! 5).8D!

,(5*! C6(0.! 1'! 0'':! -+! 80+1! ,(5*'5.h! (--)-<:'! -+! 5).8! (0:! '6)/)-! -&')5! 5).8!

C5','5'0/'.! .)0/'! -&).!1)66!)0,6<'0/'!&+1! ,(5*! :'/).)+0.! (5'! -(8'0! (0:! :'/).)+0.!

5'6(-)07! -+! -&'! +;'5(66! .-5(-'7D! +,! -&'! ,(5*! 3<.)0'.. !)0! 7'0'5(6! 2])071'66A! "JJ@i!

T&(50'..! !"#$%&A!?P"Mi!_(5:(8'5!!"#$%&A!?P"NA![(O)3!!"#$%&A!?P"$4=!!!

b</&!(--'0-)+0!&(.!3''0!C():!)0!6)-'5(-<5'!-+!,(5*'5.h!5).8!(;'5.)+0A!(--)-<:'.!

-+1(5:!5).8!+5!,(5*!5).8!)0!7'0'5(6!-&5+<7&!-&'!<.'!+,!,(5*!C6(00)07!*+:'6.!(0 :!

+-&'5!(CC5+(/&'.!2'=7=!_(j'66A!"JK"i!_(j'66!!"#$%&A!"J#Mi!U6(*)0!(0:!R+7'5.A!"JJ?i!

I76'-&+5C'A!"JJNi!c:'.)0(!(0:!I<(--(5(A!?PPPi!f)'0A!?PP?A!a(5:'35+'8A!?PP$i!f)'0!

!"# $%&A! ?PPKi! c/.!!"# $%&A! ?PPJi! ^5)/8!!"# $%&A! ?P"?i! T++8'!!"# $%&A! ?P"Mi! [(O)3!!"# $%&A!

?P"$4=!!c6.+A!-&'! )0/+5C+5(-)+0!+,! ,(5*'5.h!5).8!(;'5.)+0!+5!(--)-<:'! -+1(5:.!5).8!



! !

!?"P!

)0-+! 5).8! *+:'6.! &(.! 0+5*(66D! 3''0! -&5+<7&! ')-&'5! :)5'/-! '6)/)-(-)+0! 2'=7=! d)66+0!

(0:! [/(0:)jj+A!"JK#i!^)0.1(07'5A!"J#Pi! I76'-&+5C'A!"JJNi!_(55).+0! !"#$%&A!?PPKi!

^5)/8!!"#$%&A!?P"?i!T&(50'..! !"#$%&A!?P"M4!+5!-&5+<7&!)0:)5'/-!(CC5+(/&'.!26).-':!)0!

b/T(56!(0:![C5''0A!"JJK4!1&)/&!/(0!3'!<.':!-+!):'0-),D!+5!(CC5+F)*(-'!,(5*'5.h!

5).8!(;'5.)+0=!!_+1';'5A!)0!-'5*.!+,!-&'!)0:)5'/-!(CC5+(/&'.!0+-!*(0D!&(;'!3''0!

(CC6)':! )0! /+0G<0/-)+0! 1)-&! 5).8! *+:'6.! 1&'5'! (! 5+3<.-! C5':)/-);'! :'/).)+0!

,5(*'1+58!).!-&<.!/5'(-':!2_(j'66! !"#$%&A!"J#Mi!U6(*)0!(0:!R+7'5.A!"JJ?4=!!!

E0! -&).! /&(C-'5! (! /+0/'C-<(6A! *'-&+:+6+7)/(6! (0:! '*C)5)/(6! ,5(*'1+58! ).!

:';'6+C':! -+! 35):7'! -&).! 7(C! )0! -&'! 6)-'5(-<5'! 3D! /+*3)0)07! (0:! (:;(0/)07!

(CC5+(/&'.! <.':! 3D!_(j'66! !"#$%&!2"J#M4A!U6(*)0! (0:!R+7'5.!2"JJ?4!-&5+<7&! -&'!

(CC6)/(-)+0!+,!(!*(-&'*(-)/(6!*)F': 9)0-'7'5!bI%cd!*+:'6!2&'5'(,-'5!bEbI%cd4!

1&)/&! (66+1.! -&'! 7'0'5(-)+0! +,! (! C+5-,+6)+! +,! (6-'50(-);'! ,(5*! C6(0.! 1&)/&! +,,'5!

(6-'50( -);'!5).8D!+C-)+0.=!!>5+*!-&).!.'-!(0!',,)/)'0-!'FC'/-':!)0/+*' 9;(5)(0/'!2U 9

`4!,5+0-)'5!).!7'0'5(-':! <.)07!5(0:+*6D!7'0'5(-':!0+0 9:'-'5*)0).-)/!5).8!(;'5.)+0!

C(5(*'-'5.! (0:! 3D! /+*C(5)07! '.-)*(-':! ,(5*! C6(0.! 1)-&! 5'(6 91+56:! +3.'5;':!

,(5* 96';'6!6(0:!<.' !(0: !):'0-),D!.C(-)(6!:),,'5'0/'.!)0!5).8 9(--)-<:'=!!c6-&+<7&!-&'!

*+:'6!<-)6).'.!:(-(!,5+*!-&'!H]A!-&'!C5)0/)C6'.!+,!)-.!/+0.-5</-)+0A!-'.-)07!(0:!<.'!

(5'! '0-)5'6D! -5(0.,'5(36'A! <06)8'! *(0D! 'F).-)07 ! 5).8! '6)/)-(-)+0! 'F(*C6'.=! ! %&'!

*'-&+:! ).! &)7&6D! C+6)/D! 5'6';(0-! )0! -&(-! )-! .<77'.-.A! (0:! C5+;):'.! (! *'(0.! -+!

/5'(-'A!-&'!'F).-'0/'!+,!.C(-)(66D 95','5'0/':!5).8!,(5*'5!-DC+6+7)'.A!1&)/&!/+<6:!3'!

;(6<(36'!)0!-&'!C5+*+-)+0!+,!5'7)+0(6!(75)/<6-<5(6!C+6)/D=!!

c6-&+<7&!+-&'5! 5).8! C5+75(**)07! (CC5+(/&'.! .</&! (.! O<(:5(-)/! (0 :!

.-+/&(.-)/!C5+75(**)07!'F).-!(0:!*(D!&(;'!.+*'!(:;(0-(7'.!+;'5!bI%cdA!1&)/&!

).!(!6)0'(5!(CC5+F)*(-)+0!+,!-&'!O<(:5(-)/!C5+75(**)07!2pR4A!bI%cd!/+0-)0<':!

-+!3'!<.':!,+5!*+:'66)07!5).8!)0!,(5*)07!.D.-'*.!2'=7=!c:'.)0(!(0:!I<(--(5(A!?PPPi!

I7<5-.+;! !"#$%&A!?PP#i!T++8'!!"#$%&A!?P"M4!(0:!-&<.!,)-!,+5!C<5C+.'!(.!,(5!(.!-&'!()*!

+,!-&).!/&(C-'5!).!/+0/'50':=! p<(:5(-)/!C5+75(**)07! 2pR4!(..<*'.!,(5*'5h.!<-)6)-D!

,<0/-)+0! -+! 3'! O<(:5(-)/ A! (0! (..<*C-)+0! 5'7(5:':! (.! <0(//'C-(36'! )0! -&(-!

O<(:5(-)/!(5'!0+-!)0/5'(.)07!(-!( 66!C+)0-.!(0:!(6.+!O<(:5(-)/!<-)6)-D!,<0/-)+0!)*C6)'.!

)0/5'(.)07!(3.+6<-'!5).8!(;'5.)+0!2_(5:(8'5! !"#$%&A!?P"N4=!c0+-&'5!(..<*C-)+0!-+!

;(6):(-'! pRA! 1&)/&! ).! .''0! (.! (! :5(13(/8! ,+5! pR! ).! -&(-! -&'! :).-5)3<-)+0! +,! 0'-!

5';'0<'.! ).! 0+5*(6! )0! -&(-! -&'! :).-5)3<-) +0! +,! ,(5*! 5';'0<'.! ).! <06)8'6D! -+! 3'!



! !

!?"" !

0+5*(6! :<'! -+! ;(5)(3)6)-D! )0! 5';'0<'.! 2 _(5:(8'5! !"# $%&A! ?P"N4=! ! e)-&! -&'!

:).-5)3<-)+0! +,! ,(5*! 5';'0<'.! 0+5*(66D! .8'1':A! )-! &(.! 3''0! ,+<0:! -&(-! )0! .</&!

)0.-(0/'A! -&'! *'(0! (3.+6<-'! :';)(-)+0!<.':! (.! (! *'( .<5'!+,!5).8! )0!bI%cd! *(D!

+<-C'5,+5*! -&'! .(*C6'! ;(5)(0/'! <.':! (.! (! *'(.<5'! +,! 5).8! )0! pR! 2_(j'66! (0:!

\+5-+0A!"J#$4=!%&<.!pR!/(0!3'! .():! -+ !3'!1'(8!<0:'5!-&'!0+5*(6)-D!(..<*C-)+0!

2^(50(5:! (0:! \)FA! "JKM4! -&<.! *(8)07! bI%cd! ,)-! ,+5! C<5C+.'! '.C'/)(66D! )0!

.)-<(-)+0.!1&'5'!-&'!* '(.<5'*'0-!+,!5).8!).!3(.':!+0!:';)(-)+0.!)0!)0/+*'A!1&)/&!

)0!-<50!).!3(.':!+0!&).-+5)/(6!:(-(!+,!)0/+*'! :(-(A!1&)/&!(5'!6)8'6D!-+!3'! .8'1':=!

[-+ /&(.-)/!C5+75(**)07!&(.!3''0!,+<0:!-+!&(;'!(:;(0-(7'.!+;'5!pR!(0:!bI%cd!

)0!-&(-!)-! /(0!3'--'5!&(0:6'!5(0:+*!;(5 )(-)+0!2^(50(5:!(0:! \)FA!"JKM4=!_+1';'5A!

.-+/&(.-)/! C5+75(**)07! /(0! 3'! /+*C6)/(-':! :<'! -+! '.-)*(-)+0! +,! C5+3(3)6)-D!

:).-5)3<-)+0!,+5!(66!)-'*.!)0!-&'!*+:'6!*(-5)F!6)8'6D!-+!3'!(..+/)(-':!1)-&!5(0:+*!

;(5)(-)+0!(0:! (.! (!5'.<6-!*(8)07!)-! -+! /+*C6)/(-':! (0:! -) *'! /+0.<*)07!2^(50(5:!

(0:! \)FA! "JKMi! ](66! (0:! e(66(/'A! "JJ@4=! %&<.! 1)-&! -&'! ,+/<.! +,! -&).! /&(C-'5! +0!

C5+:</-)+0!(0:!C5)/'!5).8A!1&)/&!(5'!3(.':!+0!&).-+5)/(6!,(5*!)0/+*'!:(-(!6)8'6D!-+!

3'! .8'1': A! /+<C6':!1)-&! -&'! ,(/-! -&'! /+0.-5</-)+0!+,!bI%cd!*+:'6! ).!5'6 (-);'6D!

6'..! -)*'! /+0.<*)07! 3<-! +,,'5! (! 3'--'5! (6-'50(-);'! -+! +-&'5! 5).8! *+:'66)07!

(CC5+(/&'.A!-&'!bI%cd!(CC5+(/&!).! ,+<0:!-+!3'! ,)-! ,+5!C<5C+.'!)0!-'5*.!+,! ,(5*!

6';'6!5).8!*+:'66)07=!!

!

!

!c..<*)07!(66!,'(.)36'!,(5*! C6(0.!C5+:</' !+5!D)'6:!-&'!.(*'! 'FC'/-':!)0/+*'!

+;'5! -)*'A! (! 5).8 9(;'5.'! ,(5*'5! 1)66! .''8! -+! (:+C-! -&'! ,(5*! C6(0! -&(-! *)0)*).'.!

;(5)(0/'!25).84!7);'0!-&'!'FC'/-':!)0/+*'!2_(j'66A!"JK"4=!! %&'!<-)6)-D!,<0/-)+0!+,!(!

5).89(;'5.'! :'/).)+0 9*(8'5!&(.! (!0'7(-);'!5 (-'!+,! /&(07'!+,!*(57)0(6!<-)6)-D!1)-&!

5'.C'/-!-+!1'(6-&!1&'5'(.!,+5!(!5).8 90'<-5(6!:'/).)+0 9*(8'5A!-&'!5(-'!+,!/&(07'!+,!

*(57)0(6!<-)6)-D!).!j'5+!2c55+1A!"J$Ni!_(5:(8'5!!"#$%&A!?P"N4=!%&).!)*C6)'.!-&(-!,+5!(!

5).89(;'5.'! ,(5*'5A! 'FC'/-':! <-)6)-D!1)66! :'/5'(.'! (.! -&'!6';'6!+,!C(D+,,! )0/5'(.'.!

2_(5:(8'5! !"#$%&A!?P"N4=!

`(5)(0/'! 2`4! 6';'6! /(0! 3'! C(5(*'-'5).':! -+! 7'0'5(-'! (..+/)(-':! 'FC'/-':!

)0/+*'!2U4!6';'6.!1)-&!(..+/)(-':! `h.!-+!:'5);'! ',,)/)'0-! .'-!+,!U 9̀ ! ,(5*!C6(0.! ,+5!



! !

!?"? !

-&'!5).89(;'5.'! ,(5*'5=!%& ' !C(5-!+,! -&'! :'5);':!U 9̀ ! ,5+0-)'5! (-!1&)/&!-&'!&)7&'.-!

6';'6!+,!)0/+*'!).!(--()0':!5'C5'.'0-.!-&'!,(5*!C6(0!(-!1&)/&!-&'!*(F)*<*!C5+,)-!

'F).-.!(0:!+06D!+0'!,(5*!C6(0!/(0!7'0'5(-'!-&(-! 'FC'/-':! )0/+*'=!d),,'5'0-!6';'6.!

+,! U! /(0! 3'! 7'0'5(-':! 3D! :),,'5'0-! ,(5*! C6(0.! 1)- &! (..+/)(-':! `! 6';'6.= !

X(5(*'-'5).(-)+0! +,! U 9̀ ! C()5.! ).! /+0.):'5':! (.! (! *+5'! (CC5+C5)(-'! (CC5+(/&! -+!

'.-)*(-'! -&'!C+..)36'! )*C(/-.!+,!5).8 9,5''! '0;)5+0*'0-(6!C+6)/)'.!1)-&!5'.C'/-! -+!

.&),-.!)0!-&'!',,)/)'0-!U 9̀ !.'-!2_+C'!(0:!f)07(5:A!"JJ?4=!!_+1';'5A!-&'!( CC6)/(-)+0!

+,! -&).! (CC5+(/&! -+! (0(6D.'! C+-'0-)(6! C+6)/D! )*C(/-.! /5)-)/(66D! :'C'0:.! +0!

80+16':7'! +,! 1&'5'! +0! -&(-! C+5-,+6)+! +,! U9̀ ! ',,)/)'0-! ,(5*! C6(0.! -&'! ,(5*'5! ).!

/<55'0-6D!C5+:</)07=! !U.-)*(-)07! -&).!C+)0-!+0! -&'!U9̀ ! ,5+0-)'5! /(0!6'(:! -+! *+5'!

/+0;)0/)07 !:'/).)+0.!5'7(5:)07!-&'! .<//'..!+,! .</&!C+6)/)'.=!!c7()0A!80+16':7'!+,!

-&'!,(5*!C6(0!1&)/&!*(F)*).'.!-&'!<-)6)-D!:'5);':!,5+*!;(5D)07!U 9̀ !C()5.!(66+1.!(!

3'--'5! (..'..*'0-! +,! 5).8! *)0)*).)07! -'/&0)O<'.! 1)-&)0! ,(5* 96';'6! C6(00)07!

C5+36'*.A! -&5+<7&! /+*C(5).+0! 1)-&! +3.'5;':! ,(5*! C6(0.! 2f)0! !"# $%&A! "JK@i!

I76'-&+5C'A!"JJNi!]5')-6'5! !"#$%=A!?P"@4=!!!

c75)9'0;)5+0*'0-(6! C+6)/)'.! (..+/)(-':! 1)-&! .<.-()0(36'! (75)/<6-<5'!

0+5*(66D! )0;+6;'! :)5'/-! C(D*'0-.! -+! ,(5*'5.! ,+5! -&'! 7'0'5(-)+0! +,! C+.)-);'!

'F-'50(6)-)'.!:'5);':!- &5+<7&!-&'!(:+C-)+0!+,!6'..!)0-'0.);'!,(5*!C6(0.!23(.':!+0!

-&'!gC5+;):'5!7'-.!C+6)/DhA!_(06'D!!"#$%=A! "JJJ4=! !>(5*'5.!5'/');)07! :)5'/-! )0/+*'!

C(D*'0-.!*'(0!-&(-!(!/'5-()0!C5+C+5-)+0!+,!-&')5!)0/+*'!).!7'0'5(-':! ',,'/-);'6D!

y5).89,5''y!(0:!)0-5+:</-)+0!+,!- &).!1+<6:!(:G<.-!-&'!.&(C'!+,!-&'!U 9̀ !,5+0-)'5=!!%&'!

)*C6)/(-)+0! 1+<6:! 3'! -&'! C+6)/D! &(;)07! :),,'5'0-! )*C(/-.! ,+5! :),,'5'0-! ,(5*'5.!

:'C'0:)07! +0! 1&'5'! -&'D! C+.)-)+0':! +0! -&'! U 9̀ ! ,5+0-)'5! 3(.':! -+! -&')5! 6';'6! +,!

5).89(;'5.)+0=!%&).! ).! )66<.-5(-':! )0!>)7<5'!N9?1&'5'! -&'! )0/6<.)+0!+,! (! g5).89,5''h!

+C-)+0!(;()6(36'!,+5!6'..!)0-'0.);'A!C5+,)-9.<3+C-)*(6!,(5*!C6(0.!g-)6-':!+<-h!-&'!U9̀ !

',,)/)'0-!,(5*!C6(0.!,5+*!PX!-+!U.X=! !

%&'! 5).89(;'5.'! ,(5*'5! 1)66! 5(-)+0(66D! C5+:</'! (- ! -&'! C+)0-! 1&'5'! &'5S&).!

<-)6)-D! ,+5! (0! U9̀ ! C()5! ).! *(F)*).':=! %&).! 5'C5'.'0-.! -&'! C+)0-! (-! 1&)/&! -&'! U 9̀ !

,5+0-)'5! 6)'.! -(07'0-! -+! -&')5! &)7&'.-! (--()0(36'! ).+ 9<-)6)-D! /<5;'A!1&)/&! )0! -<50!

:'C'0: . !+0!-&'!6';'6!+,! -&'! ,(5*'5h.!5).8! (;'5.)+0=! !E,! -&'!C5+:</' 5! :).C6(D':! (0!

).+9<-)6)-D!/<5;'!(.!:'./5)3':!3D!E ?" 9?M!-&'0!-&'!.&),-!)0!-&'!U9̀ !,5+0-)'5!1+<6:!&(;'!

6)--6'!+5!0+!',,'/-!+0!-&'!,(5*!C6(0!(:+C-':!3D!-&'!,(5*'5 A!)*C6D)07!-&(-!-&'!5).89



! !

!?"M!

,5''! (75) 9'0;)5+0*'0-! +C-)+0! 1+<6:! 0+-! 3'! (:+C-':=! ! _+1';'5A! ),! -&'! C5+ :</'5!

:).C6(D':!(0!).+ 9<-)6)-D!/<5;'!(.!:'./5)3':!3D!E "" 9"M!-&'0!-&'!.&),-!)0!-&'!U9̀ !,5+0-)'5!

,5+*!PX!-+!U.X!1+<6:!/(<.'!(!/&(07'!)0!-&'!,(5*!C6(0!(0:!(-!6'(.-!C(5-!+,!-&'!(75) 9

'0;)5+0*'0-!+C-)+0!1+<6:!3'!(:+C-':= !

!

>)7<5'!N9?Q![&),-!)0!(0!U9̀ !,5+0-)'5!3D!)0/+5C+5(-)+0!+,!(!5).89,5''!' 0-'5C5).' !

!

E0!+5:'5!-+!.)*<6(-'!-&).!C&'0+*'0+0!+,!*(F)*).':!<-)6)-DA!-&'5'!).!-&'!0'':!

-+!5'/5'(-'! -&'! 5).8D!C+5-,+6)+!+,! ,(5*!C6(0.! ,(/)07! (! ,(5*'5! (0:! .)*<6-(0'+<.6D!

'.-(36). &! &+1! -&'! ,(5*'5! 1)66! .'6'/-! ,5+*! -&+.'! C6(0.! (//+5:)07! -+! &'5S&).! 5).8!

C5','5'0/'!+5!5).8!(;'5.)+0!6';'6=!!%&).!5'O<)5'.!-&'!'.-)*(-)+0!+,!,(5* 9.C'/),)/!U 9̀ !

,5+0-)'5.! (0:! .<3.'O<'0-6D! -&'! '.-)*(-)+0! +,! 5).8 9(;'5.)+0! C+)0-.! +0! -&+.'! U 9̀ !

,5+0-)'5.=!%&'!'.-)*(-)+0!+,!5).8 9(;'5.)+0!C+)0-.!+0!U9̀ !,5+0-)'5.!/(0!3'!(/&)';':!



! !

!?"@!

3D!')-&'5!-&'!:)5'/-!(0:!C5)*(5D!'6)/)-(-)+0!+,!,(5*'5 9.C'/),)/!<-)6)-D!,<0/-)+0.!2'=7=!

I76'-&+5C'A! "JJN4! +5! -&5+<7&! )0:)5'/-! *+:'66)07! (CC5+(/&'.! 2'=7=! _(j'66!!"# $%&A!

"J#Mi!U6(*)0!(0:!R+7'5.A!"JJ?4=!!E0!-&'! )0:)5'/-! (CC5+(/&'.A!(!*+:'6! /(C(36'!+,!

7'0'5(-)07!',,)/)'0-!U 9̀ !C()5.!).!/(6)35(-':!-+!5'C5'.'0-!(!C(5-)/<6(5!.)-<(-)+0!(0:!

):'0-),D!1&)/&!5).8 9(;'5.)+0!C(5(*'-'5!3'.-!'0(36'.!-&'!*+:'6!-+!*+.-!(//<5(-'6D!

*(-/&!+3.'5;':!6(0:!<.' =!%&'!5).8!(;'5.)+0!C(5(*'-'5! ).!'..'0-)(66D!'.-)*(-':! 3D!

*(8)07!)0,'5'0/'.!,5+*!+3.'5;':! '/+0+*)/!3'&(;)+<5!2f)'0A!?PP?4= !%&).!)0:)5'/-!

(CC5+(/&!).!-&<.!(:+C-':!)0 !-&).!/&(C-'5=!c6-&+<7&!-&'!gC(5'0-h!*+:'6!2[c>bId4!).!

:'./5)3':!)0!T&(C-'5! MA!['/-)+0!N=M!'FC6()0. !-&'!:';'6+C*'0-!+,! -&'!*)F': 9)0-'7'5!

bI%cd!*+:'6 !(.!(!.-(0: 9(6+0'!*+:'6! /(C(36'!+,!7'0'5(-)07!',,)/)'0-!U 9̀ !C()5.!-+!

5'C5'.'0-! :),,'5'0-! 5'C5'.'0-(-);'! ,(5*! .)-<(-)+0 =! H.)07! :(-(! ,5+*! -&'! H]! >(5*!

^<.)0'..! [<5;'DA! -&'! *+:'6! ).! (CC6)':! -+! 7'0'5(-'! 5'.<6-.A! 3(.':! +0! 1&)/&! -&'!

/+',,)/)'0- . ! +,! (3.+6<-'! 5).8! (;'5.)+0! (5'! '.-)*(-':! (0:! :'*+0.-5(-'! &+1! 5).8!

(;'5.)+0!(,,'/-.!,(5*!/&+)/'=!>)0(66DA! (0!'F(*C6'!(0:!(0(6D.).!+,! (0!)0:</':!.&),-!)0!

-&'! U9̀ ! ,5+0-)'5! (5'! C5'.'0-':! - +! .&+1! -&'! .C(-)(6! :),,'5'0/'.! )0! 6(0:! <.'! )0!

5'.C+0.'! -+! ;(5)(-)+0! )0! /5+C! C5)/'.! /(<.':! 3D! C+6)/D! /&(07'= ! %&'! 5'.'(5/&!

O<'.-)+0.!+,!-&).!.-<:D!/(0!-&'5',+5'!3'!.<**(5).':!(.!,+66+1.Q !

"= c5'!(5(36'!,(5*'5.!)0!U076(0:!5).8!(;'5.'q !

?= c5'!-&'5'!(0D!:),,'5'0/'.!)0 !5).8!(;'5.)+0!(/5+..!5'7)+0.!)0!U076(0:q !

M= d+!-&'!6';'6.!+,!5).8!(;'5.)+0!)0,6<'0/'!/5+CC)07!:'/).)+0.q !

@= e&(-!).!-&'! ',,'/-!+,!C+6)/D!/&(07'!+0!,(5*'5.!1)-&!:),,'5'0-!6';'6.!+,!5).8!

(;'5.)+0q !

!

! I -+-7-'/(-&+$&,$(&(/.$/*'&.6(#$4#5-/(-&+$8IJ!KL>$7&4#. $

%&'! )0/+5C+5(-)+0! +,! 5).8! )0-+! (75)/<6-<5(6! 6(0:9<.'! *(-&'*(-)/(6! C5+75(**)07!

*+:'6.! &(;'! 0+5*(66D! 3''0! -&5+<7&! -&'! <.'! +,! 5).8! C5+75(**)07! (CC5+(/&'.A!

*()06D!O<(:5(-)/! 5).8!C5+75(**)07!2pRX4!2'=7=!b(58+1)-jA! "JN?i!>5'<0:A! "JN$i!

f)'0A! ?PP?4! (0:! )-.! 6)0'(5! (CC5+F)*(-)+0! ;'5.)+0A! -&'! *)0)*).(-)+0! +,! -+-(6!

(3.+6<-'! :';)(-)+0!2bI%cd4!2_(j'66A! "JK"i! c:'.)0(! (0:! I<(--(5(A!?PPPi! [-+--! !" !

$%&A! ?PPMi!^ z50'5A! ?PP$i!T++8'! !"# $%&A! ?P"Mi!I.(8 )! (0:! ^(-( 6&(A!?P"@4! (.! 1'66! (.!

.-+/&(.-)/! C5+75(**)07! 2c/.! !"# $%&A! ?PPJi! _(j'66!! "# $%&A! ?P"N4=! E0! pRXA! 'FC'/-':!

)0/+*'!).!*(F)*).':!.<3G'/-!-+!-&'! /+0.-5()0-! +0!)0/+*' !;(5)(0/'!-&5+<7&!-&'!<.'!



! !

!?"N!

+,! (! ;(5)(0/' 9/+;(5)(0/'! *(-5)F! (0:! (..<*'.! (! O<(:5(-)/! <-)6)-D! ,<0/-)+0! +,! -&'!

:'/).)+0!*(8'5=!_+1';'5A!)0!bI%cd!-&'!;(5)(0/'!).!5'C6(/':!1)-&! *'(0!(3.+6<-'!

:';)(-)+0! 2 8 . 4! +5! )0! .+*'! ,+5*<6(-)+0.A! -&'! .-(0:(5:! :';)(-)+0=! c0+-&'5!

(..<*C-)+0! -+! ;(6):(-'! pRX! ).! -&(-! -&'! :).-5)3<-)+0! +,! -+-(6! )0/+*'! ).! 0+5*(6!

2I7<5-.+;! !"# $%&A! ?PP#4! &+1';'5A! )0! (75)/<6-<5'! -&'! :).-5)3<-)+0! +,! )0/+*'!).!

0+5*(66D! .8'1' :! 2_(5:(8'5! !"# $%&A! ?PP@4=!c6-&+<7&! pRX! *+:'6.! (5'! .():! -+!

7'0'5(-'! *+5'! ',,)/)'0-! .+6<-)+0.! -&(0! bI%cdA! bI%cd! ).! .-)66! 5'6';(0-! (0:!

/+0-)0<':! -+! 3'! <.':! )0! ,(5*! 5).8! *+:'66)07! 2'=7=! T++8'! !"# $%&A! ?P"Mi! I.(8)! (0:!

^(-(6&(A! ?P"@4! (0:!)0! )0.-(0/'.! 1&'5'! -&'! ' 0-'5C5).'! )0/+*'! :).-5)3<-)+0.! (5'!

.8'1':A! -&'!*'(0!(3.+6<-'!:';)(-)+0! )0!bI%cd! *(D!+<-C'5,+5*!.(*C6'!;(5)(0/'! !

)0!pRX! 2_(j'66! (0:! \+5-+0A! "J#$i! c:'.)0(! (0:! I<(--(5(A! ?PPP4 !(0:! -&<.! *(8'.!

(CC6)/(-)+0! +,! bI%cd! )0! *+:'6! ,(5*! 5).8! 2:';)(-)+0! )0! )0/+*'4! (6.+! , )-! ,+5!

C<5C+.'=!!

E0! -&).! .-<:DA! (! *)F':9)0-'7'5! bI%cd! *+:'6 ?M! 2&'5'(,-'5! bEbI%cd4!

:';'6+C':!<.)07! -&'!R!C5+75(**)07! .+,-1(5'! 2R!T+5'!%'(*A!?P"N4! 2.''! ,+5! -&'!

,6+1/&(5-!.<**(5).)07!-&'!*+:'6!+<-6)0'!(0:!(..+/)(-':!(..<*C-)+04! ).!(CC6)':!-+!

)0;'.-)7(-'!,(5*' 5.h!5).8!;'5.)+0!(0:!/5+CC)07!:'/).)+0.!(0:!.<3.'O<'0-6D!<.':!-+!

'.-)*(-'!2(CC5+F)*(-'4!/+',,)/)'0-!+,!(3.+6<-'!5).8!(;'5.)+0!,+5!(5(36'!,(5*'5.!)0!

-&'! U076(0:! <0:'5! -&'! 'FC'/-':! ;(6<' 9;(5)(0/'! 2U 9̀4! ,5(*'1+58=! %&).! ).! :+0'!

3(.':!+0!-&'!(..<*C-)+0!-&(-!-&' !,(5*'5!2-&'!:'/).)+0!*(8'54!1(0-.!-+!*(F)*).'!

&'5!+5!&).!'FC'/-':!<-)6)-D!3(.':!+0!-&' !6)0'(5!<-)6)-D!,<0/-)+0!.&+10!3D!UO=!2N9" 4A!

1&)/&!).!-&'!'FC'/-':! )0/+* '!2?4!2:',)0':!3D!UO=!!2N9?44!6'..!&(6,!+,!-&'!/+',,)/)'0-!

+,! (3.+6<-'! (;'5.)+0! 2 4$4! *<6-)C6)':! 3D! -&'! ;(5)(0/'! 2 R4! )0! )0/+*'=! UO=!2N9" 4!

3(.)/(66D! '.-)*(-'.! -&'! /'5-()0-D! 'O<);(6'0-! ,5+*! -&'! 'FC'/-':! )0/+*'! 2 ?4!

:)./+<0-':! 3D! -& '! 5).8! C5'*)<*! 2P=N4$R4=! %&'! *(70)-<:'! +,! 4$! :'-'5*)0'.! -&'!

)*C+5-(0/'! -&'! ,(5*'5! (--(/&'.! -+! 5).8! (0:! &'0/'! -&'! ,(5*'5h.! 6';'6! +,! 5).8!

(;'5.)+0=!%&(-!).A!)-!5',6'/-.!&+1!*</&! ?!-&'!,(5*'5!).!1)66)07!-+!,+57+!)0!+5:'5!-+!

5':</'! R=!c6.+A!-&'!<.'!+,!UO=!2N9" 4!*'(0.!(!6)0'(5!<-)6)-D!,<0/-)+0!).!(..<*':! ,+5!

-&'!,(5*'5!+5!:'/).)+0!*(8'5= !

!2N9" 4!

!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
?M!b+:'6!/+:'.!/(0!3'!,+<0:!;)(!-&'!,+66+1)07!6)08Q! &--C.QSS7)-&<3=/+*S81(:G+(&+:+S[c>bId!!

! " # $
%
&

' ( ) !



! !

!?"$ !

$

>)7<5'! N9MQ! >6+1/&(5-! .&+1)07! -&'! +<-6)0'! +,! -&'! bEbI%cd! *+:'6! (0:! (..+/)(-':!
(..<*C-)+0= !

!

! "#$% &''(!)*+",'

! !"#$%$&'()*(+,-."-%(,-"(),%"/(&'(0$%1&-$#,2(&-(3,%1("4"'1(,'/(
10,1(4,-$,)$2$1*($'(*$"2/(,'/(3-$#"%($'(3-"4$&5%(+,-.$'6(
%",%&'%($'+25"'#"(+,-.$'6(&-(#-&33$'6(/"#$%$&'7(

! 8,-."-%( ,-"(,%%5."/(1&(.",%5-"( -$%9(),%"/(&'(/"4$,1$&'($'(
10"$-(+,-.($'#&."(+-&.(3-"4$&5%(*",-%7(

! :(2$'",-(51$2$1*(+5'#1$&'(),%"/(&'(! = # − %
&'() $%(,%%5."/(

$'(10"(%15/*(;<0"-"(! =(51$2$1*>(" =("?3"#1"/($'#&.">(#$%=(
,)%&251"( -$%9(,4"-%$&'(#&"++$#$"'1>(&=(4,-$,'#"@7(

! 8,-.$'6(%",%&'($%(/$4$/"/($'1&(AB(1C&DC""9(3"-$&/%7
! E&$2(1*3"(,'/( -,$'+,22(+&-(",#0(-"6$&'(/"1"-.$'"(10"(C&-9,)2"(

0&5-%(&+(",#0(3"-$&/($'(C0$#0(+,-.(&3"-,1$&'%(,-"(#,--$"/(
&517

! F$"2/( ,'/(3-$#"(/,1,(+&-(10"(%15/*(,-"((,4"-,6"( /,1,( ),%"/(&'(
GD*",-(/,1,(+&-(",#0(-"6$&'(+-&.(AHHIJKH(1&(AHKLJKM7

! N$%9(,4"-%$&'(3,-,."1"-%(;' @(,-"(/"1"-.$'"/(5%$'6(
-,'/&.2*(6"'"-,1"/( 4,25"%(,'/(,-"( ,%%&#$,1"/(C$10(.",'(
,)%&251"( /"4$,1$&'(;O:!@("%1$.,1"%7

! :)%&251"(-$%9(,4"-%$&'(#&"++$#$"'1%(,-"("%1$.,1"/(5'/"-(10"(PD
Q(+-,."C&-9(5%$'6($'#&."(;P(@(,'/(4,-$,'#"(;Q@(
#&--"%3&'/$'6(1&(' ,'/(O:!(4,25"%7

! N$%9(,4"-%$&'($%(/"+$'"/(,%('%R(H(&-(#$%R(H7(,"*$- ' ,'/( #$%
"%1$.,1"%(+&-(-"6$&'%(,-"(STU(#&.3,-,)2"7

! V-&%%(.,-6$'(;WJ0,@( =(T51351(;WJ0,@(2"%%(Q,-$,)2"( X&%1(
;WJ0,@

! E5)%$/*(3,*."'1(;WJ0,@((=(Y-"(AHHG(+,-.(3,*."'1( ),%"/(&'(
10"(1*3"(&+("'1"-3-$%"7(:22(+,-.%( ,-"(,%%5."/(1&(-"#"$4"(10"(
3,*."'17

! Q,-$,)2"(#&%1(;WJ0,@(#&.3-$%"%(%""/>(+"-1$2$%"->(#0".$#,2( (Z(
%5'/-*(#&%1%

! T3"-,1$&'%(#&%1(;WJ0,@(=(+5"2(#&%1(,-"(),%"/(&'(.,#0$'"(
C&-9(-,1"7

! <&-9(-,1"%(;0J0,@(,-"(+5'#1$&'(&+(%&$2(1*3">(%""/(-,1"%(
+"-1$2$%"-(-,1"%>(#-&3(*$"2/%(,'/(.,#0$'"(%$["%7

! E5)D&31$.,2(&3"-,1$&'%(,'/(-&1,1$&'%(,-"(,%%&#$,1"/(C$10(
1$."2$'"%%(,'/(-&1,1$&',2(3"',21$"%("?3-"%%"/( ,%(#&%1(;WJ0,@7

! 8$?"/(#&%1(;W@(=(:''5,2( /"3-"#$,1$&'>(-"3,$-(,'/(2,)&5-(#&%1%7
! Y-&+$1(;W@(=(V-&%%(.,-6$'(2"%%(&3"-,1$&'(,'/(+$?"/(#&%17
! N$%9(;W@(=(O",'(,)%&251"( /"4$,1$&'(&-(Q,-$,'#"7

! "#$% . ",'*/&+,*'

! <&-9,)2"(0&5-%(#&'%1-,$'1%
! E"\5"'1$,2( ,'/('&' D

%"\5"'1$,2(&3"-,1$&'%(
#&'%1-,$'1%

! X-&3(%"\5"'#$'6(#&'%1-,$'1%
! X-&3(3-&3&-1$&'(#&'%1-,$'1%
! U&1,2(2,'/( ,-",( #&'%1-,$'1%7

! "#$% "01$.*+2$'

! O,?$.$%"(+,-.(3-&+$17
! O$'$.$%"(-$%9(;.",'(

,)%&251"( /"4$,1$&'@

!+!"*&#34 !+5$# 6+,*$7$/ !"*&# !"#$% 8

! "#$% ' "%2$/

4/ 7%)9 8

! "#$% " (*)(*

! Y-&+$1%
! N$%9;O",' :)%&251"!"4$,1$&'@
! N$%9:4"-%$&' Y,-,."1"-% ;' @
! X-&3Y2,'%

!:;<=3#>?>33
@3!>?ABC<D3333333
4.'23EB=<D8

' $%$.*+", "E /$)/$'$,*&*+2$ '%&,# RA &,# #$2$%")!$,* "E

$62 E/",*+$/ E"/ /$7+",'
! X&.3,-$%&' &+.&/"2 6"' "-,1"/ #-&3 32,'% 1&-",2 #-&3

32,' /,1,
! P%1$.,1$&'&+O",' :)%&251"P--&- ;O:P@ #&--"%3&'/$'6

1&",#0 ' ,'/ #-&332,'
! ' ( $1010"2&C"%1O:P = -"3-"%"'1,1$4" ' +&-10"-"6$&'7
! N"3-"%"'1,1$4" N, $%"%1$.,1"/ 5%$'6 P ,'/ Q 4,25"%

#&--"%3&'/$'6 1&-"3-"%"'1,1$4" ' ,'/ P ,'/ Q 4,25"%
#&--"%3&'/$'6 1&10"-$%9'"51-,2 ;' =H@-"%521%7

! X&'%1-5#1$&'&+PDQ+-&'1$"-5%$'6Q4,25"%/"-$4"/ +-&.
O:! -"%521%7



! !

!?"K!

c6-&+<7&!bI%cd!).!(!6)0'(5!(CC5+F)*(-)+0!+,!'FC'/-':!;(6<' 9;(5)(0/'!2U 9̀4!

2_(j'66A!"JK"4!(0:!7'0'5(-'.!)0/+*' 9*'(0!(3.+6<-'!:';)(-)+0!2U 9b4!,5+0-)'5A!-&'!

8 . !)0!bI%cd!/(0!3'!/+0;'5-':!-+! R!2](). '5!(0:!b'..'5A!?P"P4!-+!7'0'5(-'!(0!U 9̀ !

,5+0-)'5!3(.':!+0!1&)/&!(0!(CC5+F)*(-':!(3.+6<-'!5).8!(;'5.)+0!/+',,)/)'0-!/(0!3'!

'.-)*(-':!,5+*!-&'!5(-)+!+,!-&'!)0/+*'!2 ?4!(0:!;(5)(0/'!2 R4=!%&'!bEbI%cd!*+:'6!

*(F)*).' .! 'FC'/-':! )0/+*'! 2,(5*! C5+,)-4! .<3G'/-! -+! :';) (-)+0! )0! )0/+*'!

2*'(.<5':! 3D! 8 . 4! 2UO=!2N9M4!(0:! !2N9@44! (0:! (! .'-! +,! /+0.-5()0-.! <0:'5! ['/-)+0!

N=M=?=! %&'! *+:'6! ,+5*<6(-)+0! ).! (0! (:(C-':! ,+5*<6(-)+0! ,5+*! _(5:(8'5! 2"JJK 4!

23(.':! +0! -&'! 6)0'(5! (CC5+F)*(-)+0! +,! >5'<0:! 2"JN$4! ,+5*<6(-)+04! (0:! /(0! 3'!

.-(-':!(.!,+66+1.Q !

!2N9?4!

!

2N9M4!

!

!2N9@4!

!

e&'5'!! #*!).!-&'!*'(0!'FC'/-':!75+..!*(57)0A! $-!).!-&'!(5'(!+,!/5+C! -#(0:!)-!).!'O<(6!

-+!.<*!+,!-&'!(5'(!+,!,)5.-!+5!6(.-!+C'5(-)+0!/(55)':!+0!(!/5+C! -=!' -cF!).!-&'!/+.-!+,!-&'!

c-&!+C'5(-)+0!+0!-&'!--&!/5+C!)0!C'5)+:!F#(0:! 7-cF!).!-&'!(5'(!+,! c-&!+C'5(-)+0!+0!-&'!

--&!/5+C!)0!C'5)+:!F=!' : !).! -&'! /+.-!+,! *(/&)0'5D!(0:!6(3+<5! 5'O<)5':! -+!C'5,+5* !

,)'6:!+C'5(-)+0.!(0:! . :# ).!-&'!0<*3'5!+,!*(/&)0'.!+,!-DC'.! : !5'O<)5':!-+!C'5,+5*!

-&'! ,)'6:! +C'5(-)+0.=! #*+! ).! -&'! 75+..! *(57)0! +,! -&'! --&! /5+C! <0:'5! \ -&! .-(-'! +,!

0(-<5'! (0:A! <\ ! ).! (0! 5!3D! "! ;'/-+5! +,! (/-);)-D! 6';'6.! *'(.<5)07! 0'7(-);'! )0/+*'!

:';)(-)+0.!<0:'5! \ -&!.-(-'!+,!0(-<5'A!* \ !).!(!"!3D!5!;'/-+5!+,!C5+3(3)6)-)'.!+,!-&'! \ -&!

.-(-'! +,! 0(-<5'! (0:! 8 . ! ).! (! *'(.<5'! +,! *'(0! (3.+6<-'! :';)(-)+0! 2 bcd4! +5! 5).8A!

1&)/&!/(0!3 '!C(5(*'-5)/(66D!;(5)':= !

E0! -&'! bEbI%cd! *+:'6A! 8 . ! ).! C(5(*'-5)/(66D! ;(5)':! (0:! -&'! *(70)-<:'!

5',6'/-.! -&'! 6';'6! +,! 5).8! (;'5.)+0=! e&'0! 8 . ! ).! .'-! (-! )-.! &)7&'.-! C+..)36'! ;(6<'A!

bEbI%cd!).!.+6;':!(.!(!C<5'!C5+,)-!*(F)*).(-)+0!*+:'6!25'C5'.'0-)07!-&'!)0/+*'!

,+5!-&'!5).890'<-5(6!,(5*'54=!_+1';'5A!-+!3'!(36'!-+!C(5(*'-'5).'! 8 .#<.)07!1')7&-.!

, -#*+ $ #. */ 0*

*

1 23+ 4 522267820992: 22

!

, ; +3+

+

2< = >?2= >2@ABCDE!

!

FGHIJKL*M " 2, #. *0*

*

$ , , , N*OPQ*OP

PO*

$ 2, NR SR

R

$ , ; +3+

+

!

!



! !

!?"# !

25'C5'.'0-':!3D! d 4!-+!.'5;'!(.!5).8!(;'5.)+0!C(5(*'-'5A!UO=!2N 9@4!1(.!*+:),)':!-+!

7'-!UO=!2N9N4=!!

!2N9N4!

!

%&'!5).8!(;'5.)+0 !C(5(*'-'5! 2d 4!).!-&'0!C(5(*'-'5).':!<0-)6! 0+!.+6<-)+0!+,!)0-'5'.-!

/(0! 3'! 7'0'5(-':! 2_(5:(8'5! !"# $%&A! ?P"N4=!e &'0! d ! ).! j'5+! 25',6'/-)07! 0+! 5).8!

(;'5.)+0!+5!5).8!0'<-5(64A!-&'!&)7&'.-!;(6<'.!,+5!3+-&!8 . !(0:!'FC'/-':!)0/+*'!(5'!

+3-()0':! (0:! -&'!*+:'6!).! .+6; ':! (.! (!C<5'!C5+,)-!*(F)*).(-)+0!*+:'6!2_(j'66! !"#

$%&A! "J#M4=! e&'0!d ! ).! (-! )-.! &)7&'.-! C+..)36'! ;(6<'! 25',6'/-)07! 'F-5'*'! 5).8!

(;'5.)+04A! -&'! 6+1'.-! C+..)36'! ;(6<'.! (5'! +3-()0':! ,+5! 3+-&! 8 . ! (0:! 'FC'/-':!

)0/+*'=! !

! I&4#.$%&+'(3/-+(' $

%&'!/+0.-5()0-.!/+0.):'5': !)0!bEbI%cd!(5'!5'.+<5/'A!.'O<'0-)(6S0+0 9.'O<'0-)(6!

+C'5(-)+0.! (0:! /5+C! .'O<'0/)07! +5! 5+-(-)+0(6! /+0.-5()0-.=! I-&'5! /+0.-5()0-.!

/+0.):'5':!(5'!-+-(6! /5+CC)07!(5'(!(0:!/5+C!(5'(!+5!C5+C+5-)+0!/+0.-5()0-.=!

%&'! 5'.+<5/'! 21+58(36'! &+<5.4!/+0.-5()0-! 2UO=!! 2N9$44! '0.<5'.! -&(-! -&'!

(*+<0-!+,!(!5'.+<5/'!0'':':!-+!/(55D!+<-!(0!+C'5(-)+0!+0!(!/5+C!:+'.!0+-!'F/'':!

-&'! (*+<0-!+,! -&'! 5'.+<5/'! (;()6(36'=!%&<.! -&).! /+0.-5()0-! '0.<5'.! 5'.+<5/'! <.'!

',,)/)'0/D= !

!2N9$4!

!

e&'5'A! T*OPR!).!-&'!1+58!5(-'!+,!+C'5(-)+0! c!/(55)':!+0!/5+C! -!<.)07!(!*(/&)0'!+,!

-DC'!: !)0!C'5)+:!F!(0:! Q*OP!(5'(!+,!+C'5(-)+0! c!/(55)':!+0!(!/5+C! -!C'5)+:!F=!URPV !).!

-&'! (*+<0-! +,! 5'.+<5/'! 21+58(3 6'! &+<5.4! (;()6(36'! )0! C'5)+:!F#-+! /(55D! +<-! (0!

+C'5(-)+0!1)-&!1+58(3)6)-D! -DC'!B!<.)07! *(/&)0'! -DC'! : !$.< !SR !-&'!0<*3'5!+,!

*(/&)0'!-DC'!*!/(6/<6(-':!3D!-&'!*+:'6= !

%&'! .'O<'0-)(6! +C'5(-)+0! /+0.-5()0-! 2UO=!2N9K44! '0.<5'.! -&(-! (! .<//'..+5!

+C'5(-)+0!).!0+-!/(55)':!+<-!<0-)6!)-.!C5'/':)07!+C'5(-)+0!&(.!3''0!/(55)':!+<-!(0:!

-&(-!-&'!(5'(!+,!-&'!.<//'..+5!+C'5(-)+0!*<.-!3'!'O<(6!-+!-&'!(5'(!+,!-&'!C5'/':)07!

;3 < 2= > $ W= >?

= >26XYZ320[2\ X]\ Z^[2_09`Z?W2_08XZ32687a 2X[ 2̂a0YXa`a 2_09`Z2[725!

, , T*OPRQ*OP

O*

2< 2URPV SR 2222222ba ?c?d 2!

!



! !

!?"J !

+C'5(-)+0=! >+5! 'F(*C6'A! (! /5+C! /(00+-! 3'! &(5;'.-':! <0-)6! )-! &(.! 3''0! C6(0-':!

2.+104!(0:!-&'!(5'(!&(5;'.-':!*<.-!3'! 'O<(6!-+!-&'!(5'(!C6(0-':=!%&'!/+0.-5()0-!

/(0!3'!'FC5'..':!(.!,+66+1.Q! !

$

2N9K4!

!

e&'5'A! ] !3'6+07.!-+!(!.'-!+,!C'5)+:.!)0!1&)/&!(0!+C'5(-)+0!/(0!3'!/(5 5)':!+<-!+0!(!

/5+C=!>+5!0+09.'O<'0-)(6!+C'5(-)+0.A!1&)/&!(5'!/(55)':!+<-!3(.':!+0!-&'!.-(7'.!+,!

/5+C!:';'6+C*'0-A! !

2N9#4!

!

%&'!/5+C!.'O<'0/)07S5+-(-)+0(6!/+0.-5()0-!2UO=!!2N9J44!'0.<5'.!-&(-!-&'!-+-(6!

(5'(! +,! (! .<//'..+5! /5+C! ).! 'O<(6! -+! -&'! (5'(! +,! -&'! 6(.-! +C'5(-)+0! +,! -&'!

C5':'/'..+5!/5+C=!%&).!/(0!3'!'FC5'..':!(.!,+66+1.Q! !

!2N9J4#

!

2N9"P4#

!

e&'5'A! 8*eP!).! -&'! (5'(! +,! /5+C #, !-(8)07!+;'5! ,5+*!2,+66+1)074! /5+C!-!)0!C'5)+:!F!

1&'5'(.! Q*fP !).!-&'!(5'(!+,!6(.-!+5!,)0(6!+C'5(-)+0!/!/(55)':!+<-!+0!/5+C!-!)0!C'5)+:!F=!

%&'! /+0.-5()0-! 5'C5'.'0-':! 3D! UO=! 2N9"P4! '0.< 5'.! -&(-! -&'! (5'(! +,! -&'! ,)5.-!

+C'5(-)+0!+,!/5+C!,#)0!C'5)+:!F!2QegP4!:+'.!0+- !'F/'':! (-,F=!!

E0!-&'!bEbI%cd!*+:'6A!6)*)-(-)+0.S/+0.-5()0-.!(5'!C<-!+0!-&'!(5'(.!+,!/5+C.!

.</&!(.!C+-(-+'.A!1)0-'5!+)6.'':!5(C'!(0:S+5!6'7<*'.!2,)'6:!3'(0.4A!&+1';'5!-&'5' !

).!*+5'!,6'F)3)6)-D!)0!-&'!5+-(-)+0!C6(0!.'6'/-':!3D!-&'!*+:'6=!%&'!/5+C!C5+C+5-)+0.!

1'5'! ,+5*<6(-':! )0! .</&! (! *(00'5! -+! 5',6'/-! .+*'! +,! -&'! C'.-! *(0(7'*'0-!

C5)0/)C6'.! +,! 35'(8)07! :).'(.'! /D/6'.! <.)07! /5+C! 5+-(-)+0=! >+5! 'F(*C6'A! -&'!

C5+C+5-)+0!+,!1)0-'5!+)6.'':!5(C'!).!6'..!-&(0!+5!'O<(6!-+!"SM!+,!-&'!-+-(6!6(0:!(5'(!

0* " 2, Q*OP

P

!

, Q*OP

Phi

2< 2, Q*j Ok gl P

Phi

2222222b2X?m2n %?c!

!

, 8*eP

e

" 2, Q*fP !

2, QegP

Phi

< 2, 8*eP

e

!



! !

!??P!

-+!(CC'(5!"!)0!M!D'(5.!)0!-&'!5+-(-)+0=!c7()0A!-&'!/5+C!C5+C+5-)+0.!1'5'!,+5*<6(-':!

-+! /(C-<5'! -&'!g75''0)07h!5<6'.!+,! -&'!T+**+0!c75)/<6-<5(6!X+6)/D!2d',5(A!?P"@4A!

1&)/&!'0.<5'.!-&(-!0+!+0'!/ 5+C!/(0!-(8'!*+5'!-&(0!KNL!+,!-&'!/5+C!(5'(=!%&'!-+-(6!

(5'(!/+0.-5()0-!'0.<5'.!-&'!.<*!+,!(5'(.!+,!(66!/5+C.!).!'O<(6!-+!-&'!-+-(6! /5+CC)07!

(5'(! (;()6(36'!-+!-&'!,(5*'5 =!!

! M/.-4/(-&+$&,$("#$IBIJ!KL$7&4#. $

%&'! bEbI%cd! *+:'6! 1(.! ;'5),)':! (0:! ;(6):(-':! ;(6):(-) +0! 3D! 5'.<6-.! -&5+<7&!

C5':)/-) ;' ! ;(6):(-)+0! 2b/T(56! (0:! [C5''0A! "JJK4=! %&'! ;'5),)/(-)+0! 1(.! :+0'! 3D!

.+6;)07! -&'! *+:'6!1)-&! -1+! :),,'5'0-! .+6;'5.! -+! /&'/8! /+0.).-'0/D!+0! -&'!5'.<6-.!

7'0'5(-':!3D!-&'!*+:'6=!!%&'!C5':)/-) ;' !;(6):(-)+0!1(.!/(55)':!+<-!<.)07!H] !>(5*!

^<.)0'..! [<5;'D!2>^[4! :(-(! ,5+*!?PPJ! -+!?P"M!,+5!?#"!6+16(0:! (5(36'! ,(5*.! )0!

U076(0:! (0:! e(6'.! 1)-&! /5+C! D)'6:.A! ,(5*! (5'(A! .+)6! -DC'.! (0:! 5()0,(66! (.! :(-(!

)0C<-.!2.''! ['/-)+0!M=K!+,!T&(C-'5!M! ,+5! *+5'! )0,+5*(-)+0!+0! *+:'6! ;(6):(-)+04 =!

c775'7(-'!6';' 6!/+*C(5).+0!+,!*+:'6!5'.<6-.!2/5+C!(5'(.4!(0:!+3.'5;':!>^[!:(-(!

1(.!/(55)':!+<-!<.)07!.-(-).-)/(6!*'(.<5'.!+,!(..+/)(-)+0!2.''!'F(*C6'.!)0!a().'5! !"#

$%&!2?P"P4i!X<6;'0-+!!"#$%&!2?P"M4!(0:!a<'D*(5:!2?P"@44!(0:!5'.<6-.!(5' !C5'.'0-':!

)0!%(36'!N9" =!!

%(36'!N9" Q!b+:'6!;(6):(-)+0!/+*C(5).+0!3'-1''0!C5':)/-':!(0:!+3.'5;':!/5+C!(5'(. !

b'(.<5'.!+,!(..+/)(-)+0 ! U.-)*(-'. !
5! P=J"{P=P"|!
} ! P=$K!{P=PN|!
R?! P=#M!
bcU ! P=@?!
Rb[U ! P=NM!
\ [U! P=#P!
eEc ! P=JN!
fTU! P=@K!
TRb! P=PK!
E0-'5/'C- ! P=P?!2P=JJ4!{P=M@|!
[6+C'! P=#N!29"=P#4!{P=MP|!

[(*C6'!.)j'!,+5!(66!'.-)*(-'.!n!"P!3(.':!+0!-&'!0<*3'5!+,!(/-);)-)'.!2J!/5+C.!C6<.!.'- 9(.):'4!)0!-&'!*+:'6=!fTU!

;(6<'.!(5'!0+5*(66D!6+1!/+*C(5':!-+!\[U!(0:!eEc! :<'!-+!-&'!&)7&'5!*(70)-<:'!+,!-&'!:'0+*)0(-+5=!`(6<'.!)0!

C(5'0-&'.'.Q!)0!35(/8'-.!(5'!- 9.-(-).-)/.!(0:!)0!35(/'.!(5'!C 9;(6<'.= !

!

!



! !

!??" !

c6-&+<7&! *'(.<5'.! +,! (..+/)(-)+0! .</&! (.! -&'! 5++-! *'(0! .O<(5'! '55+5!

2Rb[U4!(0:!*'(0! (3.+6<-'! '55+5!2bcU4!.&+1':! .+*'!6';'6!+,! 3)(.! )0! -&'!*+:'6!

C5':)/-)+0.A! '.-)*(-'.! .</&! (.! -&'!X'(5.+0! /+55'6(-)+0!254A! [C'(5*(0! /+55'6(-)+0!

2}4A! /+',,)/)'0-! +,! :'-'5*)0(-)+0! 2R ?4A! \(.&9[<-/6),,'h.! *+:'6! ',,)/)'0/D! 2\[U4A!

e)66*+--h.!)0:'F!+,!(75''*'0-!2eEc4!(0:!f'7(-'.h.! /+',,)/)'0-!+,! ',,)/)'0/D! 2fTU4!

.&+1':! C+.)-);'! (..+/)(-)+0! 3'-1''0! C5':)/-':! /5+C! (5'(.! (0:! +3.'5;':! /5+C!

(5'(.=!%&'!5'.<6-.!+,! -9-'.-!+0!-&'! )0-'5/'C-! (0:! .6+C'!+,!5'75'..)07!-&'!+3.'5;':!

/5+C!(5'(.!+0!C5':)/-':!/5+C!(5'(.!.&+1':!-&(-!-&'!)0-'5/'C-!(0:!.6+C'!1'5'!0+-!

:),,'5'0-!,5 +*!j'5+!(0:!+0'!5'.C'/-);'6D=!! !

! B4#+(-,-%/(-&+$&,$3-'0$/5#3'-&+$@/3/7#(#3'$$

%&'5'!(5'!:),,'5'0-!(CC5+(/&'.!+5!*'-&+:.!+,!'6)/)-)07!5).8!(;'5.)+0!/+',,)/)'0-!+5!

C(5(*'-'5!,5+*!,(5*'5.=!b/T(56!(0:![C5''0!2"JJK4!6).-':!.)F!:),,'5'0-!(CC5+(/&'.!

,+5!.C'/),D)07!-&'!5).8!(;'5.)+0!C(5(*'-'5=!%&'.'!)0;+6;'!:';'6+C)07!-&'! ',,)/)'0-!

,5+0-)'5!3D! .+6;)07! ,+5! *(0D!5).8! (;'5.)+0!C(5(*'-'5.=!c6.+A! (0! ',,)/)'0-! ,5+0-)'5!

/(0! 3'! :';'6+C':! (0:! C5'.'0-':! -+! ,(5*'5.! -+! C)/8! (//'C-(36'! C+)0-.=! c7()0A! (0!

(CC5+(/&!)0!1&)/&!.+*'! .+5 -!+,!7(*36)07!7(*'!).!C6(D':!1)-&!,(5*'5.!3D!(.8)07!

-&'*! -+! /&++.'! 3'-1''0! -1+! +C-)+0.A! (,-'5! 1&)/&! (! /+)0! ).! -+..':! -+! :'-'5*)0'!

1&'-&'5!+5!0+-!-&'!+<-/+*'!).!3(:!+5!7++:!(0:!-&'!5'.<6-.!<.':! -+! '.-)*(-'!5).8!

(;'5.)+0! /+',,)/)'0-.! ,+5! ,(5*'5.! 2'=7=! d)66+0 ! (0:! [/(0:)jj+A! "JK#i! ^)0.1(07'5A!

"J#P4=! _+1';'5A! .</&! :)5'/-! '6)/)-(-)+0! (CC5+(/&! /(0! 3'! -)*'! /+0.<*)07! (0:!

'FC'0.);'= !!

T&(50'.. ! !"# $%&! 2?P"M4! (6.+! 5';)'1':! +-&'5! '6)/)-(-)+0! (CC5+(/&'.! (0:!

(6-&+<7&! .</&! (CC5+(/&'.! (0:! -&'! +-&'5.! *'0-)+0':! (3+;'! *(D! &(;'! -&')5!

(..+/)(-':! (:;(0-(7'.A! -&'! (CC5+(/&! (CC6)':! )0! -&).! .-<:D! ).! 5'6(-);'6D! 0+-!

/+*C6)/(-':! (0:! 0+-! (..+/)(-':! 1)-&! (0D! ,)0(0/)(6! /+0.-5()0-.=! %&'! (CC5+(/&!

(:+C-':! )0! -&).! /&(C-'5 ! ).! .)*)6(5! -+! -&'! +0'! .<77'.-':! )0! b/T(56! (0:! [C5''0!

2"JJK4!(0:!(CC6)':!3D![)* * +0.!(0:!X+*(5':(!2"JKN4A!^5)08!(0:!b/T(56!2"JK#4!

(0:! _(j'66! !"# $%=! 2"J#M4! &+1';'5A! -&')5! '.-)*(-':! 5'C5'.'0-(-);'! 5).8! (;'5.)+0!

C(5(*'-'5.!1'5'!0+-!5(0:+*6D!7'0'5(-': =!c6.+A!(.!C(5-!+,!+<5!(CC5+(/&A!-&'!(5(36'!

,(5*)07! .D.-'*! ).! *+:'66':! )0! :'-()6! -+! 5 ',6'/-! -&'! 5'(6! :'/).)+0! '0;)5+0*'0-!

1&)/&!,(5*'5.!,(/'=!% &'!(:+C-':!(CC5+(/&!1(.!C5)*(5)6D!:<'!-+!-)*'!(0:!,)0(0/)(6!

/+0.-5()0-.! ,+5! :)5'/-! '6)/)-(-)+0! -&5+<7&! ^)0.1(07'5h.! (CC5+(/&! +5! 7'0'5(-)07!



! !

!???!

',,)/)'0-!,5+0-)'5!(0:!C5'.'0-)07!-+!,(5*'5.!-+!C)/8!(//'C- (36'!C+)0-.=!%&'!*+:'6!).!

.+6;':!,+5!:),,'5'0-! 5(0:+*6D!7'0'5(-':! 5).8!(;'5.)+0!C(5(*'-'5.!2 d 4!(,-'5!1&)/&!

-&'!/5+CC)07!(-!d#C+)0-.#5'C5'.'0-)07!/&(07'!+,!3(.).!(5'!.'6'/-':!(0:!/+*C(5':!

1)-&! +3.'5;':! /5+CC)07=! %&'! 6';'6! +,! :';)(-)+0! +5! (..+/)(-)+0! ).! -&'0 !*'(.<5':!

<.)07! .-(-).-)/(6! '.-)*(-'. ! .</&! (.! -&'! *'(0! (3.+6<-'! :';)(-)+0! +5! '55+5! 2 8>? 4=!

c6.+A! -&'! *'(0.! (0:! .-(0:(5:! :';)(-)+0.! +,! *+:'6! 5'.<6-.! 2/5+CC)074! (-! -&'!

.'6'/-':! C+)0-.! (0:! +3.'5;':! /5+CC)07! 1'5'! /+*C(5':=! _+1';'5A! -&'!

:'-'5*)0(-)+0!+,!-&'!5'C5 '.'0-(-);'! d !1(.!3(.':!+0!-&'!*)0)*<*! 8>? !;(6<'=!!

! L/(/:$#5/.6/(-&+$&,$7&4#.$%&7@&+#+('$/+4$7&4#.$36+'$

%&'! -1+! *()0! +3G'/-);'.! )0! -&'! bEbI%cd! *+:'6! (5'! 'FC'/-':! ,(5*! C5+,)-!

*(F)*).(-)+0A! 1&)/&! ).! 75+..! *(57)0! 6'..! ,(5*! +C'5(-)+0! (0:! *(/&)0'5D! (0:!

6(3+<5!/+.-.A!(0:!5). 8!2:';)(-)+04!)0!)0/+*'!*'(.<5':!3D!*'(0!(3.+6<-'!:';)(-)+0=!

T5+C!D)'6:!(0:!C5)/'!:(-(!1'5'!+3-()0':!,5+*!?PPJS"P!-+!?P"MS"@!>(5*!^<.)0'..!

[<5;'D! 2>^[4! ,+5! -&5''! >^[! :',)0':! 5'7)+0.! )0! U076(0:! 2\+5-&! U076(0:A! U(.-!

U076(0:! (0:! e'.-! U076(0:4! -+! '.-)*(-'! +<-C <-! 2D)'6:! W! C5)/'4! 2.''! /&(C-'5!

cCC'0:)F!,+5!C5)/'!(0:!D)'6:!:(-(4 =!%&'!/5+C!C5)/'.!1'5'!(:G<.-':!,+5!)0,6(-)+0!-+!

?P"$!C5)/'.!<.)07!_b!%5'(.<5D!2?P"$4!:',6(-+5!.'5)'.=!%&'!75+..!*(57)0!).!:',)0':!

(.!+<-C<-!2C6<.! [)076'!>(5*!X(D*'0-A! [>X4!6'..!,'5-)6).'5A!.'':! (0:! .<0:5D! /+.-.!

)0/6<:)07!/&'*)/(6!/+.-.=!%&'![>X!;(6<'!(0:!-&'!.<0:5D!/+.-.!1'5'!+3-()0':!,5+*!

\)F!2?P"@4=!%&'!,'5-)6).'5!/+.-.!(5'!3(.':!+0!d',5(!2?P"P4!5'/+**'0:':! ,'5-)6).'5!

(*+<0-A! :'-'5*)0':! 3D! .+)6! -DC'A! 1&'5'(.! .'':! /+.-.! 1'5'! 3(.':! +0! .'':! 5 (-'.!

,5+*!%++.'D!2"J##4=!a5+..!*(57)0.!<0:'5! \ -&!.-(-'!+,!0(-<5'!1'5'!7'0'5(-':!,+5!

-&'! -&5'' ! 5'7)+0.=! %&'! *'(0! 75+..! *(57)0.! (0:! .<3.'O<'0-6D! -&'! :';)(-)+0.! )0!

)0/+*'!1'5'!'.-)*(-':= !

%&'! +C'5(-)+0.! /+.-.! 1'5'! ,<0/-)+0.! +,! 1+58! 5(-'.! ,+5! *(/&)0'. A!1&)/&! )0!

-<50!1'5'! ,<0/-)+0.!+,! *(/&)0'! .)j'.A! ,'5-)6).'5!(*+<0 -.A! .'':! 5(-'.A! /5+C!D)'6:.A!

.+)6!-DC'!(0: !,<'6!C5)/'=!%&'!+C'5(-)+0.!/+.-!-++8!)0-+!/+0.):'5(-)+0!D)'6:!C'0(6-)'.!

,+5! .<39+C-)*(6! +C'5(-)+0.! (0:! 5+-(-)+0.=! %&'! ,)F':! /+.-! 2(00<(6! *(/&)0'5D! (0:!

6(3+<5!/+.-4! '.-)*(-'.! 1'5'! 3(.':! +0! (00<(6! :'C5'/)(-)+0A! 5'C()5S*()0-'0(0/'!
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Table	5-3:	Result	of	the	comparison	of	model	generated	crop	areas	with	observed	crops	areas	in	North,	East	and	West	England	under	different	risk	

aversion	coefficients.		

Results	 Risk	Aversion	Parameter	
North	England	 East	England	 West	England	

!" =	0	 Φ	=	0.303	 !" =	0.669	 Observed	
Cropping	

(ha)	

!" =	0	 Φ	=	0.540	 !" =	0.814*	 Observed	
Cropping	

(ha)	

!" =	0	 Φ	=	0.144	 !" =	0.482	 Observed	
Cropping	

(ha)	
Farm	Income,	#	(£)	 62,049	 50,351	 7,241	 --	 204,984	 153,447	 19,247	 --	 90,871	 86,970	 26,653	 --	
$%&"(£)" 44,956	 32,069	 15,232	 --	 102,756	 47,890	 19,331	 --	 46,923	 41,943	 25,376	 --	
'" (£)" 62,995	 44,936	 21,344	 --	 143,986	 67,106	 27,087	 --	 65,751	 58,772	 35,558	 --	
("(£2’	106)" 3,968.37	 2,019.24	 455.57	 --	 20,731.97	 4,503.22	 733.71	 --	 4,323.19	 3,454.15	 1,264.37	 --	
)(" " 1.02	 0.89	 2.95	 --	 0.70	 0.44	 1.41	 --	 0.72	 0.68	 1.33	 --	
* +" 0.00	 0.0000120	 0.0000312	 --	 0.00	 0.0000064	 0.0000186	 --	 0.00	 0.0000090	 0.0000420	 --	
")#"(£)" 62,049	 38,232	 133	 --	 204,984	 139,146	 12,433	 --	 90,871	 71,465	 108	 --	
*, " 0.00	 12,119	 7,108	 --	 0.00	 14,301	 6,814	 --	 0.00	 15,505	 26,545	 --	
,*, " 0.00	 0.24	 0.98	 --	 0.00	 0.09	 0.35	 --	 0.00	 0.18	 1.00	 --	
	 	 	 	 	 	 	 	 	 	 	 	 	
Cropping	(ha)	 	 	 	 	 	 	 	 	 	 	 	 	
Winter	wheat	 65.5	 59.5	 74.0	 67.0	 92.6	 119.1	 11.0	 118.6	 55.6	 74.9	 62.8	 69.8	
Spring	wheat	 0.0	 16.8	 51.8	 25.1	 0.0	 45.9	 188.4	 28.0	 0.0	 0.0	 45.8	 19.9	
Winter	barley	 38.3	 60.4	 22.3	 34.6	 66.3	 40.7	 34.5	 37.1	 55.6	 45.0	 83.4	 27.0	
Spring	barley	 42.3	 21.3	 0.0	 34.1	 88.5	 28.9	 0.0	 42.0	 45.8	 34.8	 0.0	 34.7	
Beans	 15.8	 15.8	 15.8	 21.6	 26.4	 26.4	 26.4	 31.2	 16.0	 16.0	 25.2	 26.4	
Ware	potatoes	 44.4	 30.2	 0.0	 22.5	 105.2	 50.7	 17.1	 49.3	 45.8	 40.3	 11.9	 28.6	
Winter	OSR	 47.6	 36.5	 26.6	 33.2	 42.0	 62.1	 16.3	 60.5	 37.3	 45.0	 26.8	 49.4	
Sugar	beet	 0.0	 13.4	 63.5	 15.7	 0.0	 47.3	 105.2	 53.9	 --	 --	 --	 --	
	 	 	 	 	 	 	 	 	 	 	 	 	
Measure	of	Dispersion/Association	 	 	 	 	 	 	 	 	 	
Mean	 31.73	 31.73	 31.73	 31.73	 52.57	 52.57	 49.86	 52.57	 36.54	 36.54	 36.54	 36.54	
Standard	deviation	 23.83	 19.05	 28.24	 15.81	 41.71	 29.20	 64.63	 28.90	 21.04	 23.77	 29.26	 17.36	
$ %#" 0.38	 0.29	 0.64	 	 0.62	 0.12	 1.06	 	 0.44	 0.27	 0.64	 	
*$-# " 0.46	 0.36	 0.78	 	 0.70	 0.16	 1.42	 	 0.47	 0.33	 0.79	 	
. /0%" 0.43	 0.56	 0.03	 	 0.13	 0.84	 -0.32	 	 0.38	 0.62	 0.11	 	
1	For	East	of	England,	22.0ha	of	farm	area	was	unused.		The	column	in	bold	represents	the	risk	aversion	parameter	value	at	which	the	comparison	of	model	generated	cropping	and	

observed	cropping	gave	the	best-fit	and	minimum	deviation	(error).	("=	variance,	)( 	=	Coefficient	of	variation,	)# 	=	Certainty	equivalent,	*, 	=	Risk	premium,	,*, 	=	Proportional	risk	

premium,	$%#	=	Mean	absolute	error,	*$-# 	=	Root	mean	square	error,	. /0% 	=	Modified	Willmott’s	index	of	agreement.	



! !

!""# !

 Risk	aversion	behaviour	across	regions	

$%&! '()*! +,&')(-.! /+'+0&1&')! 2 ! 3! (4&.1(5(&4! 6+)&4! -.! 1%&! '()*! -/1(0+7! )-781(-.)!

'+.9&4! 5'-0! :;<=! 1-! :;>=;! $%&! ?-''&)/-.4(.9! " #! &)1(0+1&)! 6+)&4! -5! @A;!2>B<>3!

'+.9&4!5'-0!:;:::::C=!1-!:;::::<=:;!D71%-89%!1%&! " #!&)1(0+1&)!2" #E:3!)%-F!'()* B

+,&')(-. !-5!+'+67&!5+'0&')! (.!+77! '&9(-.)G!1%&!4(55&'&.?&)! (.!1%&!)%+/&)! -5!1%&!@BH!

5'-.1(&'! +)! F&77! +)! 1%&! /-)(1(-.(.9! -5! 1%&! /-(.1)! )%-F(.9! 1%&!" #! &)1(0+1&)! 2)&&!

I(98'&!>B=3G!'&57&?1!1%&!4(55&'&.?&)!(.!1%&!'()*!+,&')(-.!7&,&7)!+?'-))!1%&!'&9(-.)"> ;!!

!

I(98'&! >B=J!@BH!5'-.1(&'! )%-F(.9!1%&!+6)-781&! '()*!+,&')(-.!&)1(0+1&)!5-'!K-'1%!@.97+.4G!

@+)1!@.97+.4!+.4!L&)1!@.97+.4;!!

!

$+67&!>B=!)%-F)!+!)800+'M!-5!1%&!'()*!-/1(0+7!)-781(-.)!F(1%!1%&!! G!" #!+.4!

-1%&'! &)1(0+1&);! $%&! &)1(0+1&)! -5! 1%&!$"$ ! )%-F! 1%+1! 5-'! +'+67&! 5+'0&')! (.! @+)1!

@.97+.4G! +! '&7+1(,&7M! )0+77&'! /'-/-'1(-.! -5! 1%&('! (.?-0&! F-874! 6&! +6)-'6&4! (.!

1%&('! '()*! /'&0(80!(.!-'4&'!1-!+?%(&, &!1%&!%&;!$%()!()! '&57&?1&4!(.!1%&!7-F&)1!$"$'

&)1(0+1&! 2$"$ N:;:#3;! $%&! )0+77&'! &)1(0+1&)! -5! 1%&!$"$ ! +7)-! '&57&?1! %-F! '()*!

&55(?(&.1!+'+67&!5+'0&')! (.!@+)1!@.97+.4!0+M!6&!+.4!1%()! ()!6&?+8)&!+!7-F&'!$"$ !

0&+.)! %&!5-'0)! 1%&! 6(99&)1! /'-/-'1(-.! -5! 1%&! &O/&?1&4!(.?-0&! 2+6-81! #<P! -'!

:;#<G!F%(?%!()!<B$"$ 3;!

!

!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
"> !Q8&!1-!4(55&'&.?&)!(.!&O/-)8'&!1-! '()*!(.!4(55&'&.1! '&9(-.)G!(1!)%-874!6&!.-1&4!1%+1!'()*!+,&')(-.!
/+'+0&1&')! -'! +6)-781&! '()*! +,&')(-.! &)1(0+1&)! +?'-))! '&9(-.! +'&! .-1! ?-0/+'+67&! +.4! 1%&!
/'&)&.1+1(-.! 8.4&'! R&?1(-. ! >;=;"! ()! 0+(.7M! 6+)&4! -.! ?-.,&.(&.?&! +)! 5+'0! 5+'! -6)&',(.9! 1%&!
4(55&'&.?&)!(.!1%&!)%+/&!-5!@BH!+.4!4()?8))(-.!-5!1%&!'&)871)!+'&!?-.?&'.&4;!
!
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$+67&!>B=J!R800+'M! -5! '&9(-.+7! '&)871)! )%-F(.9! &)1(0+1&4! +6)-781&! '()*! +,&')(-.!

?-&55(?(&.1)!

T()*! D,&')(-.!
@)1(0+1&)!

T&9(-.) !
K-'1%!@.97+.4! @+)1!@.97+.4! L&)1!@.97+.4 !

Φ	 0.303	 0.540	 0.144	
I+'0!U.?-0&G!&!2V3! >:GS><! <>SG==W! XCG#W:!
()*' 2V3' S"G:C#! =WGX#:! =<G#=S!
+'2V3' ==G#SC! CWG<:C! >XGWW"!
,' 2V" Y!<:C3' "G:<#;"=! =G>:S;""! SG=>=;<>!
%,'' :;X#! :;== ! :;CX!
Ra	 0.0000120	 0.0000064	 0.0000090	
%&'2V3' SXG"S"! <S#G<=C! W<G=C>!
"$ ' <"G<<#! <=GS:<! <>G>:>!
$"$ ' :;"= ! :;:# ! :;<X!
K-1&J! $%&! '()*! +,&')(-.! /+'+0&1&')! +.4! +6)-781&! '()*! +,&')(-.! ?-&55(?(&.1)! &)1(0+1&)!
/'&)&.1&4!(.!1%&!$+67&!5-'!1%&!1%'&&!'&9(-.)!+'&!.-1!?-0/+'+67&;! !

!

 Use	of	the	model	to	illustrate	policy	application	

Z5! (.1&'&)1!8.4&'!1%()! )&?1(-.! ()!1%&! '&7+1(,&!4(55&'&.?&! (.!1%&!&O1&.1!+!0+'*&1! -'!

/-7(?M! )%(51! 0(9%1! %+,&! -.! 5+'0! )(18+1(-.)! 4()/7+M(.9! 4(55&'&.1! 7&,&7)! -5! '()*!

+,&')(-.;! U.! 1%()! +.+7M)()G! 1%&! 0-4&7! ?+7(6'+1(-.)! 5-'! @+)1! +.4! L&)1! @.97+.4! +'&!

&O/-)&4! 1-! +.! &O1&'.+7! 0+'*&1! )%-?*! 6M! '&48?(.9! ?'-/! /'(?&)! 6M! ":P;! ! $%()!

)?&.+'(-!()!/(?*&4!1-!'&/'&)&.1!+!4(55&'&.1!*(.4!-5!)%(51!(.!1%&!@BH!5'-.1(&'!5'-0!1%&!

-.&!(778)1'+1&4!(.!R&?1(-.!>;" ;!!$%&!)?&.+'(-!()!(.1&.4&4!1-!'&/'&)&.1!+!)(18+1(-.!.-1!

4())(0(7+'!1-!1%&!(00&4(+1&!&55&?1!-5!['&O(1!2(;&;!1%&!4&?()(-.!0+4&!(.!\8.&!":<C!5-'!

['(1+(.!1-!&O(1!1%&!@8'-/&+.!].(-.3!-.!1%&!)1&'7(.9!&O?%+.9&!'+1&;!!^'-/)!)-74!(.!1%&!

]_ !2(;&;!?'-/)!.-1!&O/-'1&43!&55&?1(,&7M!1--*!+.!+//'-O(0+1&!":P!'&48?1(-.!(.!'&+7!

,+78&!F%&.!?-0/+'&4!1-!F-'74!/'(?&)!(.!1%&!(00&4(+1&!&?-.-0(?!+51&'0+1%;!!!

$%&!&55&?1!-5!1%&!'&48?1(-.!(.!1%&!/'(?&)!-5!+77!?'-/)G!-1%&'!1%(.9)!6&(.9!&A8+7G!

()! 1-! )%(51! 1%&! @BH! 5'-.1(&'! 1-! 1%&! '(9%1! +.4! 1%()! '&)871)! (.! +77! 5&+)(67&! 5+'0! /7+.)!

)844&.7M!0+*(.9!7&))!&O/&?1&4! (.?-0&!F(1%! '&7+1(,&! ,+'(+.?&! -'! '()*! )1+M(.9!1%&!

)+0&;!!$%()!()!)%-F.!(.! I(98'&! >B>!F%&'&!1%&!0+O(080!+11+(.+67&!/'-5(1!5+77)!5'-0!

` <!1-!` " !F(1%!1%&!()-B81(7(1M!?8',&)!5-'!1%&!@+)1!-5!@.97+.4!'&/'&)&.1&4!6M!U@<!+.4!U@"!

+.4!1%&!()-B81(7(1M!?8',&)!5-'!1%&!L&)1!-5!@.97+.4!'&/'&)&.1&4!6M!UL< !+.4!UL" ;!!

!
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!

I(98'&!>B>J!R%(51!(.!+.!@BH!I'-.1(&'!1%'-89%!+!67+.*&1!?'-/!/'(?&!'&48?1(-.!

!

L(1%! 1%&! '&7+1(,&!?8',+18'&! -5! 1%&! @BH! 5'-.1(&'! 4(55&'&.1! +1! &+?%! ()-B81(7(1M!

?8',&G! 1%&! 8.(5-'0! )%(51! (.! 1%&! @BH! 5'-.1(&'! %+)! 4(55&'&.1! ?-.)&A8&.?&)! 5-'! &+?%!

5+'0&'!6&?+8)&!4(55&'&.1! '+1(-)! -5!&O/&?1&4! (.?-0&!+'&!1'+4&4!5-'! ,+'(+.?&;! !$%&!

5+'0!/7+.)!+))-?(+1&4!F(1%!1%&)&!)%(51)!&)1(0+1&4!6M!1%&!0-4&7!+'&!)%-F.!(.!$+67&!

>B>;!

$%&! '&)871)! +'&! (.18(1(,&! (.! 1%+1! 1%&! '&48?1(-.! (.! /'(?&)G! -1%&'! 1%(.9)! 6&(.9!

&A8+7G!0&+.)!1%+1!/&'!4-77+'G!&+?%!5+'0&'!()!&O/-)&4!1-!0-'&!'()*;!!$%&!0-'&!'()*B

+,&')&!5+'0&'!F-874!1%&'&5-'&!6&!&O/&?1&4!1-!%+,&!+!0-'&!4'+0+1(?! '&)/-.)&!1-!

1%&!0+'*&1!?%+.9&;!!$%&!@+)1!-5!@.97+.4!0-4&7!/'&4(?1)!+!'&48?1(-.!(.!1%&!+'&+)!-5!

)/'(.9!F%&+1!+.4!)89+'!6&&1!F(1%!(.?'&+)&!(.!1%&!+'&+!-5!6+'7&M!/'-48?1(-.;!!$%()!()!

(.1&'&)1(.9!(.!1%+1!1%()!)%(51!()!+??-0/+.(&4!6M!+.!(.1&.)(5(?+1(-.!-5!K`_!5&'1(7()&'!
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8)&G! F%(?%! ()! +! 6+4! -81?-0&! 5-'! +9'(B&.,('-.0&.1+7! -6a&?1(,&)! +.4! ()! ?+8)&4! 6M!

+11&0/1)! 1-! )&?8'&! )(0(7+'! 7&,&7)! -5! &O/&?1&4! (.?-0&! 1%'-89%! 5+'0! /7+.)! F(1%!

'&7+1(,&7M! 9'&+1&'! '()*;! ! U.! 1%&! ?+)&! -5! L&)1! -5! @.97+.4G! 1%&! ?%+.9&)! +'&! 7&))!

4'+0+1(?G!681!5-77-F!+!)(0(7+'!/+11&'.!F(1%!'&48?1(-.!(.!+'&+)!-5!F(.1&'!F%&+1!+.4!

(.?'&+)&!(.!+'&+!-5!)/'(.9!6+'7&M;!!b-F&,&'G!1%&!(.1&.)(1M!-5!K`_!5&'1(7()&'!8)&!4-&)!

.-1! ?%+.9&;! ! $%()! )%-F)G! %-F&,&'G! 1%&! 6&.&5(?(+7! 8)&! -5! 1%&! 0-4&7! (.! 0+'*&1! -'!

/-7(?M! +.+7M)()c 1%&! )+0&! /-7(?M! F(77! %+,&! 4(55&'&.1! -81?-0&)! 4&/&.4&.1! -.! 1%&!

7&,&7!-5!'()*!+,&')(-.;!!$%&!5-'087+1(-.!-5!1%&!0-4&7!0&+.)!F(1%!1%&!+,+(7+6(7(1M!-5!

4+1+! 1-! ?+7(6'+1&! (1! 1-! '&/'&)&.1! 4(55&'&.1! 5+'0! )(18+1(-.)G! (1! ?+.! 6&! +//7(&4! 1-!

&)1(0+1&! 1%&! '()*! /'&5&'&.?&! +.4! 81(7(1M! 0+O(0()(.9! 5+'0! /7+.)! 5-'! +.M! 5+'0&'!

'&/'&)&.1+1(,&!9'-8/!+.4!1&)1!1%&!(0/+?1!-5!+!?%+.9&!(.!0+'*&1!-'! /-7(?M!-.!1%+1!

9'-8/; !

$+67&!>B>J!I+'0!/7+.)!+))-?(+1&4!F(1%!?'-/!/'(?&!' &48?1(-.)!

d+.4!])&!2%+3!
@+)1!-5!@.97+.4! L&)1!-5!@.97+.4!

^%+.9&!(.!^'-/!`'(?&) ! ^%+.9&!(.!^'-/!`'(?&) !

B":P ! 0%	 P!^%+.9&! B":P ! 0%	 P!^%+.9&!

L(.1&'!F%&+1! <SX;#! 119.1	 <WP! C";=! 74.9	 B<WP!

R/'(.9!F%&+1! : ! 45.9	 B<::P ! : ! 0	 B!

L(.1&'!6+'7&M! C<;"! 40.7	 >:P ! =C;=! 45	 SP!

R/'(.9!6+'7&M! ><;<! 28.9	 WWP! =";#! 34.8	 "SP !

[&+.) ! "W;X! 26.4	 >P ! <C! 16	 :P !

L+'&!/-1+1-&) ! >X;C! 50.7	 <CP! =";#! 40.3	 CP!

L(.1&'!ZRT ! C<;"! 62.1	 B<P ! =>;S! 45	 <P !

R89+'!6&&1! "";< ! 47.3	 B>SP! : ! 0	 B!

K`_!(.1&.)(1M!2*9e%+3! =<C;W! 404.9	 SP! ="S;C! 424.3	 :P !

!

!

 

U.! 1%()!?%+/1&'G! F&! %+,&! +//7(&4! +! 0(O&4B(.1&9&'! fZ$DQ! 0-4&7! +.4! 4+1+!

5'-0!1%&!]_! I+'0! [8)(.&))!R8',&M!2I[R3!1-! (.,&)1(9+1&!+.4!&)1(0+1&!5+'0&'! '()*!

+,&')(-.! (.! @.97+.4;! $%&! '&)871)! )%-F! 1%+1! +'+67&! 5+'0&')! (.! @.97+.4! +'&! '()* B

+,&')&;! $%&! '&/'&)&.1+1(,&! +6)-781&! '()*! +,&')(-.! ?-&55(?(&.1! &)1(0+1&)! F&'&!

:;::::<"G! :;:::::C=! +.4! :;:::::#:! '&)/&?1(,&7M! 5-'! K-'1%G! @+)1! +.4! L&)1!

@.97+.4;!U.!&+?%! '&9(-.G! ,+'(+1(-.)! (.! '()*!+,&')(-.! (.578&.?&4!?'-//(.9! /+11&'.)!
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+.4!%&.?&!?'-//(.9!4&?()(-.);!D7)-G! '&)871)! )%-F!1%+1!(.!+! )(18+1(-.! -5!+! /-))(67&!

?%+.9&!(.!/-7(?MG!5+'0&')!0+M!'&+?1!1-!-'!6&!+55&?1&4!4(55&'&.17M!4&/&.4(.9!-.!1%&('!

7&,&7)!-5!'()*B+,&')(-.;! !

fZ$DQ! 0-4&7)! %+,&! 6&&.! 8)&4! &O1&.)(,&7M! 1-! 0-4&7! '()*! +1! 1%&! 5+'0! 2&;9;!

b+g&77G!<#W<h!D4&)(.+!+.4!Z8+11+'+G! ":::h! ^--*&!-.' #/0G! ":<SG!Z)+*(!+.4! [+1+7%+G!

":<= 3;!fZ$DQ!%+)!6&&.!?'(1(?()&4!+)!.-1!6&(.9!+67&!1-!9&.&'+1&!&55(?(&.1!)-781(-.)!

+)!iT` G!)1-?%+)1(?!/'-9'+00(.9!2R`3!-'!1%&!4('&?1!0+O(0()+1(-.!-5!&O/&?1&4!81(7(1M!

2Qf@]3! +//'-+?%&) ! 2b+'4+*&'! -.' #/0G! ":<>3!%-F&,&'G! 4&)/(1&! 1%&! 7(0(1+1(-.G!(1!

?-.1(.8&)!1-!6&!8)&4!(.!5+'0!/7+..(.9!0-4&7!1-!&O/7(?(17M!0-4&7!'()*;!$%()!()!48&!1-!

1%&!4'+F6+?*!+))-?(+1&4!F(1%!iT`G!R`!+.4!Qf@]!+//'-+?%&);!$%&!iT`!+//'-+?%!

+))80&)!A8+4'+1(?!81(7(1M!58.?1(-.G!+.!+))80/1(-.!'&9+'4&4!+)!8.+??&/1+67&h!(1!+7)-!

+))80&)! .-'0+7! 4()1'(681(-.! -5! 5+'0! '&,&.8&)G! F%(?%! +'&! .-'0+77M! )*&F&4!

2b+'4+*&'! -.'#/0G!":<>3;!R1-?%+)1(?!/'-9'+00(.9!+71%-89%!()!5-8.4!1-!6&! )8/&'(-' !

1-! iT`! +.4! fZ$DQ! ()! ?-0/7(?+1&4! (.! 1% +1! /'-6+6(7(1M! 4()1'(681(-.! -5! +77! 0-4&7!

(1&0)!+))-?(+1&4!F(1%! '+.4-0! ,+'(+1(-.! .&&4)!1-!6&!&)1(0+1&4!2[+'.+'4!+.4!K(OG!

<#WS3;!$%&!Qf@]!+//'-+?%!2d+06&'1!+.4!f?^+'7G!<#X>3!()!+7)-!?-.)(4&'&4!1-!6&!

)8/&'(-'!1-!1%&!+5-'&0&.1(-.&4!+//'-+?%&)!%-F&,&'G!(1!?+.!6&!+//7(&4!-.7M!F%&.!

+.!(.4(,(48+7!4&?()(-. B0+*&'Y)!81(7(1M!58.?1(-.!()!+,+(7+67&!2b+'4+*&'!-.'#/0G!":<>3;!!

D.-1%&'!'&+)-.!5-'!1%&!)8(1+6(7(1M!+.4!?-.1(.8-8)!+11'+?1(,&.&))!-5!fZ$DQ!1-!

5+'0! '()*! 0-4&77&')! ()! 1%&! /-))(6(7(1M! -5! )-7,(.9! fZ$DQ! /'-67&0)! 8)(.9! 7 (.&+'!

/'-9'+00(.9! 2d`3!+79-'(1%0)G!F%(?%!()!1%&!0-)1!?-00-.7M!8)&4!+.4!6&)1B*.-F . !

0+1%&0+1(?+7! /'-9'+00(.9! +//'-+?%! 2R1-11!-.' #/0G! "::S3! -'! ?-0/81+1(-.+7!

?-.,&.(&.?&!2b+'4+*&'! -.'#/0G!":<>3!+.4! (.!+!)(18+1(-.!F%&'&!(1!0+M!6&!(0/-))(67&!

-'! 4(55(?871!1-! -61+(.! +! )8(1+67&! )-7,&'! 5-'! +! iT`! -'! )-7,&')! 5-'! iT`! 0+M! .-1! 6&!

'&+4(7M!+,+(7+67&G!fZ$DQ!F(77!6&!+!,&'M!9--4!+71&'.+1(,&;!D7)-G!1%&!0&+.!+6)-781&!

4&,(+1(-.!(.!fZ$DQ!/&'5-'0)!6&11&'!1%+.!1%&!)+0/7&!,+'(+.?&!(.!iT`! (.!(.)1+.?&)!

F%&'&!&.1&'/'()&!(.?-0&!4()1'(681(-.)!+'&!)*&F&4 !2b+g&77!+.4!K-'1-.G!<#XC3G!+.4!

F(1%!1%&!4()1'(681(-.!-5!+9'(?8718'&!(.?-0&)!.-'0+77M!)*&F&4G!1%&!8)&!-5!fZ$DQ!(.!
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“It's	clear	that	agriculture,	done	right,	is	the	best	means	the	world	has	today	to	

simultaneously	tackle	food	security,	poverty	and	environmental	degradation.”	
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Table	6-1:	Model		applications	and	specific	research	questions	addressed	

Aims/Objective	and	Specific	Research	Questions	 Inputs	Applied		 Tools	Applied		 Outputs		

	
A.! Investigation	of	factors	affecting	arable	farming	profit,	

crop	complexity	and	risk	under	the	single	farm	payment	
policy.	

	

Specific	research	questions:	
1.! How	do	changes	in	rainfall	at	a	farm	location	and	moving	
from	one	soil	type	to	the	other	affect	farming	objectives?	

2.! How	do	changes	in	N	fertiliser	under	different	soil	types	
and	rainfall	affect	the	arable	farming	objectives?	

3.! Can	increase	in	crop	prices	influence	farmers	to	apply	N	
above	N	max	and	forgo	the	Single	Farm	Payment	(SFP)	if	

farmers	have	the	right	to	do	so?		

4.! Is	there	any	difference	in	the	objectives	of	farms	applying	
the	N	max	and	receiving	the	SFP	and	those	who	may	apply	

above	the	N	max	and	forgo	the	SFP?		

	

1.! Farm	inputs	(e.g.	
fertiliser,	seed,	chemical,	

machinery	and	labour)	

	

2.! Farm/environmental	
factors	(e.g.	soil	type,	

rainfall)	

	

3.! Economic	and	policy	
factors	(e.g.	input	and	

crop	prices,	subsidies)	

	

	

Modified	farmR	model	(farmR	

model	was	modified	to	

include	apply	the	single	farm	

payment	(SFP)	not	explicitly	

modelled.	

	

Variations	in:	

1.! Farm	Profit	
2.! Risk	(standard	
deviation	in	income)	

3.! Crop	complexity	
	

	

	
B.! Description,	verification	and	validation	of	an	arable	

farm	models	for	optimising	farm	profit,	nitrate	leaching	
and	risk.	

	

Specific	research	questions:	
1.! What	is	the	degree	of	association	between	model	predicted	
crop	areas	and	observed	crop	areas	(land	use)?	

2.! What	is	the	degree	of	association	between	model	predicted	
fertiliser	amounts	and	observed	fertiliser	amounts	(input	

use)?	

3.! What	is	the	degree	of	association	between	model	predicted	
revenues/costs	and	observed	revenues/cost?	

	

1.! Farm	inputs	(e.g.	
fertiliser,	seed,	chemical,	

machinery	and	labour)	

	

2.! Farm/environmental	
factors	(e.g.	soil	type,	

rainfall)	

	

3.! Economic	and	policy	
factors	(e.g.	input	and	

crop	prices,	subsidies)	

	

SAFMOD	Model	consisting	of:	

1.! Mixed-integer	profit	
model	

2.! Mixed-integer	nitrate	
leaching	model	

3.! Mixed-integer	risk	
(MOTAD)	model	

4.! Mixed-integer	weighted	
goal-programming	model	

	

Estimation	of:		

1.! Farm	profit	
2.! Risk	(mean	absolute	
deviation	&	standard	

deviation	in	income)	

3.! Nitrate	leaching		
4.! Crop	plan	(crop	areas)	
5.! Farm	Costs	

	



	 	

	246	

Table	6-1	Continued	

Aims/Objective	and	Specific	Research	Questions	 Inputs	Applied		 Tools	Applied		 Outputs		

	
C.! Estimating	the	aggregate	cost	of	controlling	black-grass	

(Alopecurus	myosuroides)	with	spring	cropping	in	UK	
arable	farming.	

	

Specific	research	questions:	
1.! What	is	the	aggregate	cost	of	black-grass	control	to	the	UK	
arable	farming	sector	using	winter	wheat—spring	barley	

rotation?	

2.! What	is	the	aggregate	cost	of	black-grass	control	to	the	UK	
arable	farming	sector	using	winter	wheat—spring	beans	

rotation?	

3.! Is	there	any	effect	of	controlling	black-grass	with	spring	
cropping	on	farm	risk?	

4.! What	are	the	effects	of	controlling	black-grass	with	spring	
cropping	on	farm	costs?	

	

1.! Farm	inputs	(e.g.	
fertiliser,	seed,	chemical,	

machinery	and	labour)	

	

2.! Farm/environmental	
factors	(e.g.	soil	type,	

rainfall)	

	

3.! Economic	and	policy	
factors	(e.g.	input	and	

crop	prices,	subsidies)	

	

	

SAFMOD	module	4:	

	

Mixed-integer	weighted		

goal-programming	model	

	

Estimation	and		

comparison	of	aggregate:	

1.! Farm	profits	
2.! Risks	(standard	
deviations	in	income)	

3.! Crop	areas	
4.! Fertiliser	costs	
5.! Seed	costs	
6.! Herbicide	costs	
7.! Fixed	costs	

	
D.! Model	spatially-referenced	farmer	risk	behaviour	using	

an	evolved	mixed-integer	MOTAD	approach.	
	

Specific	research	questions:	
1.! Are	arable	farmers	in	England	risk	averse?	
2.! Are	there	any	differences	in	risk	aversion	across	regions	in	
England?	

3.! Do	the	levels	of	risk	aversion	influence	cropping	decisions?	
4.! What	is	the	effect	of	policy	change	on	farmers	with	different	
levels	of	risk	aversion?	

	

	

1.! Farm	inputs	(e.g.	
fertiliser,	seed,	chemical,	

machinery	and	labour)	

	

2.! Farm/environmental	
factors	(e.g.	soil	type,	

rainfall)	

	

3.! Economic	and	policy	
factors	(e.g.	input	and	

crop	prices,	subsidies)	

	

SAFMOD	module	3:	

	

Mixed-integer	risk	(MOTAD)	

Programming	model	

	

Estimation	of:	

1.! Farm	profits	
2.! Risk	(mean	absolute	
deviation	and	variance)	

3.! Crop	plans	
4.! Risk	aversion	
parameters/absolute	

risk	aversion	

	

Development	of	an	E-V	

frontier	
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%&'!-)(63./,)5!);!4&'!>SHQXP!4)!4&'!;3.(T!35*!>HSTQXP!3.'!,7((3./,'*!

/5! 4&'!%30+'!AD" ! 0'+)9! 35*! /4! -35! 0'! )0,'.2'*! 4&34! 363.4! ;.)(! ,)('! );! 4&'!

*/;;'.'5-',! &/:&+/:&4'*! 30)2'! 4&'! >SHQXP! );;'.,! )4&'.! )64/)5 ,! 4&34! ;3.(T! 35*!

>HSTQXP!3.'!7530+'!);;'. !/5!4&'/.!-7..'54!,434'@!Y5!4'.(,!);!(3-&/5'!35*!+30)7.!

57(0'.,1! >SHQXP! /,! 30+'! 4)! ,'+'-4! /54':'.! (3-&/5'! 35*! +30)7.! 57(0'.1! 9&/-&!

;3.(T!35*!>HSTQXP!3.'!7530+'!4)@!%&7,!4&'!-)54/57/48!3,,7(64/)5!/5!bZ!/,!(7-&!

.'+3<' *! /5!>SHQXP!4&35! /5!4&'! )4&'.! ()*'+,@! `/4&!4&'!486'! );! ,)/+! ,/:5/;/-354! /5!

3.30+'!;3.(/5:!,8,4'(,1!75+/E'!4&'!)4&'.!()*'+,1!/5!>SHQXP!4&'!,)/+!486'!/,!+/5E'*!

4)!4&'!.'-)(('5*'*!;'.4/+/,'.!.34',!);!-.)6,!08!P';.3@! !Y5!4'.(,!);!/5-).6).34/)5!);!

6)+/-81! 4&'! >SHQXP! /5-).6).34',! 4&'! ,70,/*8! 638('54! 03,'*! )5! 4&'! ,/5:+'! ;3.(!

638('54!,-&'('!35*!4&7,!(3E',!/4!'3,8!;).!;747.'!76*34/5:!);!>SHQXP!4)!-3647.'!

4&'!5'9+8!/54.)*7-'*!03,/-!;3.(!638('54@!S+,)1!4&'!-.)6!6.)6).4/)5!()*'++/5:!/5!

>SHQXP! 75+/E'! 4&'! )4&'.! ()*'+,! -3 647.'! 4&'! JSZO,! c:.''5/5:O! .7+'! ;).! -.)6!

*/2'.,/;/-34/)51!9&/-&!'5,7.',!4&34! 34!+'3,4!4&'.'!(7,4!0'!49)!-.)6,!/5!.)434/)5!35*!

4&34!5)! )5'! -.)6! -35!43E'! ().'!4&35!$Nd!);!4&'! -.)66/5:!3.'3@! %&'!366.)3-&!4)!

()*'++/5:! -.)6! .)434/)5! -35!0'! 03,'*! )5!30,)+74'! -.) 6!3.'3,! ).! 6.)6).4/)5!=,''!

I3.53.*! 35*! _/<1! ?M$CB! 35*! 4&'! >SHQXP! );;'.,! 4&'! )64/)5,! 4)! -&)),'! 0'49''5!

366.)3-&',@!!

%&7,! 4&.)7:&! 4&'! >SHQXP! */;;'.'54! 3,,7(64/)5,! 3.'! 366+/'*! 35*! ,'2'.3+!

(34&'(34/-3+! 6.):.3((/5:! 366.)3-&',! 3.'! -)(0/5'*! 4)! -.'34'! 3! .)07,4! 3.3 0+'!

;3.(! +'2'+! ()*'+ 1!9&/-&! );;'.,! ;)7.! 23./354,! );! 3.30+'! ;3.(! +'2'+! (34&'(34/-3+!

6.):.3((/5:!()*'+, 1!9&/-&!3.'!-3630+'!);!0'/5:!366+/'*!4)!3-&/ '2'!4&).)7:&!35*!

*''6!3,,',,('54!().'!4&35!358!)5'!);!4&'!;'9!3.30+'!;3.(!+'2'+!()*'+,1!03,'*!)5!

(34&'(34/-3+! 6 .):.3((/5:! /*'54/;/'*! /5! 4&'! UV@ ! %&7,! 4&'! :36! /*'54/;/'*! 9/4&!



! !

!"[N !

.',6'-4!4)!()*'+!-3630/+/48!75*'.!>'-4/)5! ?@#@A!-35!0'! ,3/*!4)!&32'!0''5! ;/++'*!).!

63.4+8!;/++'*!9/4&!*'2'+)6('54!);!4&'!>SHQXP@!

%30+'!AD" W!J)(63./,)5!);!4&'!>SHQXP!35*!>HSTQXP!35*!;3.(T!()*'+, !

!"#$%"#&'()"'!)*+&"#,)- '
.)/%0, '

123.45 ' ;3.(T ! >HSTQXP!

S@! Q)*'++/5:!S66.)3-&', ! ' ' '

1.! Mixed-integer	programming		 6' 6' 7'

2.! Risk	(MOTAD)	programming	 6' 6' 7'

3.! Weighted	goal-programming	 6' 7' 7'

! ' ' '

I@! Q)*7+', ! ' ' '

1.! Standalone	pure	profit	model	 6' 7' 7'

2.! Standalone	pure	nitrate	leaching	model	 6' 7' 7'

3.! Standalone	MOTAD	model	with	income	deviation	
matrix	as	constraint	 6' 7' 7'

4.! Standalone	weighted	goal	programming	model		 6' 7' 7'

! ' ' '

J@! X0\'-4/2',!)64/(/,'*! ! ' ' '

1.! Farm	profit	 6' 6' 6'

2.! Risk	(Deviation	in	income)	 6' 6' 7'

3.! 	Nitrate	leaching		 6' 7' 6'

! ' ' '

P@!>'+'-4/)5!);!/54':'.!(3-&/5'!35*!+30)7.!57(0'.,! ! 6' 7' 7'

F@! P'4'.(/534/)5!);!;'.4/+/,'.!.34',!);!-.)6,!08!,)/+!
486'!

6' 7' 7'

H@! Q)*'++/5:!);!,/5:+'!;3.(!638('54!=>HZB ! 6' 7' 7'

e@! Q)*'++/5:! );!-.)6!6.)6).4/)5,!4)!.';+'-4!JSZO,!
e.''5/5:!.7+'@ !

6' 7' 7'

K@!X64/)5!;).!.755/5:!()*'+!;).!()5) D-.)66/5:!
,-'53./) !

6' 7' 7'

Y@! P/;;'.'54!)64/)5,!;).!()*'++/5:!-.)6!.)434/)5 ! 6' 7' 7'

f@! X64/)5!;).!,'44/5:!./,E!43.:'4!/5!./,E!()*'+ ! 6' 7' 7'

V@!_/4.34'!+'3-&/5:!()*'+!03,'*!)5!_ !03+35-'!
366.)3-&!!!

6' 7' 7'

b@! Y5-+7,/)5!);!5/4.34'!+'3-&/5:!(/5/(/,34/)5!
)0\'-4/2'!=-)5,4.3/54B!/5!./,E!()*'+ !

6' 7' 7'

Z+7,!=gB!,/:5!('35,!4&'!()*'+!7,',!4&'!(34&'(34/-3+!()*'++/5:!366.)3-&1!)64/(/,'!35!)0\'-4 !).!&3,!
4&'!-3630/+/48!4)!6'.;).(!,7-&!;75-4/)5 !9&'. '3,!(/57,!= DB!,/:5!('35,!)4&'.9/,'@ !

!



! !

!"[? !

!

S,,',,/5: !4&'!>SHQXP!75*'.!+'2'+,!);!/54'.3-4/)51!/4!-35!0'!,3/*!4)!;3++!75*'.!4&.''!

);!4&'!+'2'+,!);!/54'.3-4/)5!,&)95!75*'.!>'-4/)5! ?@#!35*!/5!%30+'!ADC@!!

%30+'!ADCW!b'2'+,!);!/54'.3-4/)5!);!4&'!>SHQXP!

Q)*'+ ! %86'! b'2'+,!);!Y54'.3-4/)5 !
Z)+/-8h S:./-7+47.3+!

b35*!U,'!b'2'+! !
=ZDbB!

b35*!7,' h
F52/.)5('54!b'2'+!

=bDFB!

J+/(34' h
S:./-7+47.3+!b35*!
U,'!b'2'+!=J DbB!

>SHQXP! J)(63.34/2'!,434/- !
=P853(/-,!/,!
/54.)*7-'*!/54)!4&'!
()*'+!4&.)7:&!
*/,-.'4'!9/4&/5!8'3.!
6'./)*,B !

6' 6' 6'

_)4'W!%&'!6+7,!=gB!('35,!4&'!()*'+!;3++,!75*'.!4&34!+'2'+!);!/54'.3-4/)5@!

U5*'.! 4&' ! 6)+/-8h 3:./-7+47.3+! +35*! 7,'! /54'.3-4/)5! +'2'+1! 4&'! ()*'+! -35!

6.'*/-4! ).! ,/(7+34'! -&35:',! /5! 3:./-7+47.3+!+35*!7,'! *7'! 4)! -&35:',! /5! 6)+/-8@!Y5!

4'.(,!);!;3.(!638('54!6)+/-81!4&'!()*'+!-3647.'*!4&'!,/5:+'!;3.(!638('54 !6)+/-8!

=_/<1! "N?#B! 35*! 4&'! 6.)6).4/)5!).! 4&'! +/(/434/)5,! 674! )5! -.)6! 3.'3,! .';+'-4! 4&'!

c:.''5/5:O!.7+',!=P';.31!"N?#B!3,!63.4!);!4&'!;3.(!638('54!6)+/-8@!J&35:',!/5!;3.(!

638('54,!=6)+/-8B!-35!0'! ,/(7+34'*! ).!63.3('4'./,'*! 4)!)0,'.2'!-&35:',! /5!-.)6!

6+35,! ).! +35*! 7,'@! %&'! .',7+4,! :'5'.34'*! 4&.) 7:&! ()*'+! 366+/-34/)5! =J&364'.! #B!

3+,)!6.)2/*'!/5*/-34/)5!);!6),,/0+'!;3.(!638('54!4)!/5-'54/2/,'!3*)64/)5!);!,6./5:!

-.)66/5:!3,!3!0+3-ED:.3,,!-)54.)+!('3,7.'@!S:3/51!/5!J&364'.! [ !4&'!QX%SP!()*7+'!

93, !366+/'*!4)!/++7,4.34'!6)+/-8!366+/-34/)5!=>'-4/)5![@#@CB!08!+))E/5:!34!4&'! ';;'-4!

I.'</4! )5! 4&'! ,4'.+/5:! 35*! /4! ,70,']7'54! ';;'-4! )5! ;3.('.,O! *'-/,/)51! 344/47*'!

4)93.*,! ./,E! 35 *! +35*! 7,'@! %&7,! >SHQXP! -35! 0'! 7,'*! 4)! ,/(7+34'! -&35:',! /5!

-.)66/5:!=+35*!7,'B!*7'!4)!-&35:',!/5!6)+/-8@ !!

Y5! 4'.(,! );! +35*! 7,' h '52/.)5('54! /54'.3-4/)5! +'2'+1! 4&'! >SHQXP! -35!

,/(7+34'! &)9! -&35:',! /5! +35*! 7,'! 3;;'-4! 4&'! '52/.)5('54@! H).! '<3(6+'1!

63.3('4'./,/5 :! 4&'! _! ;'.4/+/,'.! 3()754,! /5;+7'5-',! -.)66/5:1! 9&/-&! /5! 47.5! -35!

*'4'.(/5'!4&'!+'2'+! );!5/4.34' D+'3-&/5:! /54)!75*'.:.)75*!934'.@!U5*'.! -+/(34' h

3:./-7+47.3+! +35*! 7,'! /54'.3-4/)5! +'2'+1! >SHQXP! -35! ,&)9! &)9! 23./30/+/48! /5!

-+/(34'!3;;'-4!+35*!7,'@!>SHQXP!/5-).6).34',!.3/5;3++!4)!',4/(34'!9).E30+'!&)7.,@!

a3./34/)5!/5!.3/5;3++!-35!0'!,/(7+34'*!4)!)0,'.2'!-&35:',!/5!-.)6!6+35,!,'+'-4'*!08!



! !

!"[" !

4&'! ()*'+!=+35*!7,'B1! ('35/5:!4&34!>SHQXP! /,! -3630+'! );! ,/(7+34/5:! -&35:',! /5!

+35*!7,'!*7'!4)!-&35:',!/5!-+/(34'@!S+4&)7:&!4&'.'!3.'!,)('!*/;;'.'5-',1!>SHQXP!

,&3.', ! ,/(/+3.! +'2'+,! );! /54'.3-4/)5! 9/4&! ()*'+,! ,7-&! 3,! QXPSQ! =i35*'.! 35*!

Vj-&'+'1! ?MMMB1!>HSTQXP! =S55'44,! 35*! S7*,+'81! "NN"B1!>`SZ! =K)9/44! et	 al.1!

"N?NB!35*!H>>YQ!=b)7&/-&/!et	al.1!"N?NB@!S:3/5!/5!UV!-)54'<41!>SHQXP!3**,!4)!4&'!

;'9! ()*'+,1!9&/-& !-35!0'!366+/'*!4)!-3..8!)74!,-'53./)!()*'++/5:!9/4&!.',6'-4!4)!

4&'!+'2'+,!);!/54'.3-4/)5,!30)2'@!

!

!

S.30+'! ;3.(/5:! ,8,4'(,! 3.'! 3;;'-4'*! 08! 3! 23./'48! ); ! ;3-4)., h /5674! 35*! )746741!

;3.(! ,6'-/;/-!35*! '52/.)5('543+!;3-4).,!35*!6)+/-8!=K3.9))*! et	al.1!?MMMR!X+','5!

35*! I/5*/1! "NN"R!I)\5'-! 35*! b344.7;;'1! "N?CR! I.)95! et	 al.1! "N?CR! f355)7.3!et	 al.1!

"N?#B@!%&','! ;3-4).,!5''*!4)!0'! /52',4/:34'*!4)!3,,',,!4&'/.! /(63-4 @!Y5!J&364'.!"1!

,'5,/4/2/48!353+8,/,!=Z355'++1!?MM$B!93,!-)5*7-4'*!4)!/52',4/:34'!/(63-4!);!,)('!);!

4&','!;3-4).,! )5!6.);/41!./,E!35*!(353:'('54!-)(6+'</48 !3.30+'!;3.(,!)6'.34/5:!/5!

_/4.34'! a7+5'.30+'! i)5',! =_ai,B! 35*! .'-'/2/5:! 4&'! >/5:+'! H3.(! Z38('54! =>HZB@!

%&/,!93,! *)5'!75*'.!4&'!3,,7(64/)5!4&34! ; 3.('.,!&32'!0''5! :/2'5!4&'! )64/)5! );!

;).;'/4/5:!4&'!>H Z!35*!366+8/5:!_!;'.4/+/,'.!30)2' !4&'!6.',-./0'*!3()754,!=_(3<B@ !

T',7+4,! ,&)9'*!4&34! ;3.('.,! -)7+*! )043/5!&/:&'.!8/'+*, !08!366+8/5:!30)2'!_(3<!

&)9'2'.1 !;).;'/4/5:!4&'!>HZ!9)7+*!.',7+4!/5!.'*7-4/)5,!/5!; 3.(!/5-)('!35*!/5-.'3,'!

/5! ./,E@!%&'!>HZ!93,! ;)75*!4)!3-4!3,!638('54! ;).!4&'!)66).475/48!-),4 !4)! ;3.('.,!

;).! 0' /5:! -)5,4.3/5'*! 08!4&'! _/4.34'!P /.'-4/2' !=_PB!=FU1! "N?AB!4&.)7:&!4&'!_ai!

.7+',!4)!366+8!_(3<@!%&'!/(6+/-34/)5!/,!4&34!4&'!_P!/5;+7'5-'!;'.4/+/,'. !/5674!7,'1!

9&/-&!/5!47.5!/5;+7'5-',!-.)6!,'+'-4/)51!9&'.'3,!4&'!>HZ!638,!;).!4&'!)66).475/48!

-),4!*7'!4)!4&'!-)5,4.3/54@!%&7,!0)4&!_P!35*!>HZ!=6)+/-/',B!-35!0'!,3/*!4)!/5;+7'5-'!

&)9! 35*! 9&34! 4)! 6.)*7-'! =S5:7,! et	 al.1! "NNMB@! `/4&! .',6'-4! 4)! 4&'! 366.)3-&!

3*)64'*1!4&'!;3.(/5:!)0\'-4/2',1!4&'!>HZ!35*!_ai,1!5)!,47*8!93,!;)75*!&32'!7,'*!

,/(/+3.!366.)3-&@!H).! '<3(6+'1!9/4&!.',6'-4!4)!4&'!>HZ1!,47*/',!4&34!+/5E!/4!4)!4&'!

/54'.3-4/)5,!35*!23./34/)5,!/5!;3-4).,!,7-&!3,!.3/5;3++!35*!,)/+!486'!93,!;)75*!4)! 0'!

+3-E/5:@! %&/,! :36! /,! 4&7,! ;/++'*! 4&.)7:&! 4&'! 366.)3-&! 3*)64'* ! 35*! &'5-'!

-)54./074/)5!4)!E5)9+'*:' @!



! !

!"[C !

!

!

H3.(!()*'+,!3.'! ',,'54/3++8!*'2'+)6'*!4)!(/(/-!.'3+!;3.(/5:!,8,4'(,!= T)0'.4,)5!

et	 al.1! "N?"B! 35*! ,)(' ! ()*'+,! 3.'! *'2'+)6'*! 4)! /5;).(! ;3.(/5:! *'-/,/)5,! 35*!

)4&'.,1!6)+/-8!*'-/,/)5, !=f35,,'5 !35*!235!Y44'.,7(1!"NN$R!T)0'.4,)5! et	al.1!"N?"B@!

H).!3!()*'+!4)!6'.;).(!/4,!/54'5*'*!;75-4/)51!E'8,!3,6'-4,!);!4&'!.'3+!,8, 4'(,!3.'!

-3647.'*!35*!()*'++'* @!%&'!49)!()*7+ ',! );! >SHQXP!9'.'!4&7, !366+/'*!4)!35,9'.!

.','3.-&!]7',4/)5,!/5!J&364'.,! #!35*![ @!!

! 18,$&#-&90%':%%/'*&-&;%*%-$',$"&$%;#%,'#-'&"&90%'(&"*#-;'

`''*,!-)(6'4'!9/4&!-.)6,!;) .!574./'54,!35*!,75+/:&4!35*!.'*7-'!8/'+*!6)4'54/3+!);!

-.)6,!= I3+/:3. !et	al.1!"NN?B@!%&'!9''*!-)54.)+!('3,7.'!9&/-&!&3,!0''5!7,'*!)2'.!

4&'!8'3.,!/,!4&'!7,'!);!&'.0/-/*',!&)9'2'.1!9''*,!,7-&!3,!0+3-E D:.3,,!-)54/57'!4)!

*'2'+)6! .',/,435-'! 4)! 4&','! -&'(/-3+,! 9 &/-&! /(63-4! 5':34/2'+8! )5! 4&'!

'52/.)5('54@! %&'.'! /,! 4&7,! 4&'! 5''*! ;).! 5)5 D-&'(/-3+! -)54.)+! ('3,7.',! 4)! &'+6!

.'*7-'!-&'(/-3+!/5674!7,' !=I)5*!35*!e.75*81!"NN?R!T3,E!35*!V./,4);;'.,'51!"NN$ B@!

X5'!);! ,7-&!5)5 D-&'(/-3+!,4.34':/',! 93,! /52',4/:34'*! /5!J&364'.! #@!%&'!9'/:&4'*!

:)3+D6.):.3((/5:! ()*7+'! 93,! 366+/'*! 4)! ',4/(34'! 3::.':34'! -),4! );! -)54.)++/5:!

0+3-ED:.3,,!9/4&!,6./5:! -.)6! .)434/)5@!%&'! .',7+4,! -35! /5;).(! ;3.(/5:!*'-/,/)5! /5!

4'.(,!);!';;'-4!);!4&'!,4.34':8!)5!;3. (/5:!-),4,!35*!0'5';/4,!/5!4'.(,!);! .'*7-4/)5,!

/5! 0+3-ED:.3,,! /5;',434/)5! /5! 4&'! +)5:! .75 @! %&'! 3::.':34'! -),4! ',4/(34',! )5! 6'.!

&'-43.'!03,/,!:/2'!/5*/-34/)5!);!6),,/0+'!;3.(!638('54!4)!/5-'54/2/,'!4&'!3*)64/)5!

);!,6./5:!-.)66/5:!=63.4/-7+3.+8!,6./5:!03.+'8 B!4)!(353:'!0+3-ED:.3,,!/5!UV!3.30+'!

;3.(/5: @!%&/,! ,47*8! /,! 3! 5)2'+! -)54./074/)5! 4)! +/4'.347.'! /5! 4'.(,! );! 7,/5:! +/5'3.!

6.):.3((/5:!03,'*! =-)(63.34/2'!,434/-B!()*'+!4)!/52',4/:34'!4&'! ';;'-4!);!,6./5:!

-.)66/5: 1! ,6'-/;/-3++8! 9/54'.! 9&'34h ,6./5:! 03.+'8! ).! ,6 ./5:! 0'35,! .)434/)5 !3,! 3!

0+3-ED:.3,,! -)54.)+! ('3,7.'! )5! ;3.(! .'2'57',@!S+4&)7:&! /4! /,!3-E5)9+'*:'*!4&34!

4&'.'!(38!0'!,)('!0/3,',!/5!4&'!()*'+!',4/(34',!/5;+7'5-'*!08!()*'+!;).(7+34/)5!

35*!4&'!;3.(!*343!7,'*1!4&'!.',7+4,!);!4&'!,47*8!6.)2/*'!/5,/:&4!/54)!6) 4'54/3+!,&).4!

35*!+)5:!4'.(!0'5';/4,!);!,6./5:!-.)66/5:!3,!3!0+3-E D:.3,,!-)54.)+!('3,7.'@ !



! !

!"[# !

! <#,='&>%",#)-'#-'&"&90%'(&"*#-; '

T/,E!-)5,/*'.34/)5!/,!,/:5/;/-354!/5!3.30+'! ;3.(/5:!/5!4&34!/5;).(34/)5!)5!;3.('.,O!

./,E D32'.,/)5!&3,!0''5!;)75*!4)!/5;+7'5-'! +35*!7,' !35*!4&7,!2/43+!;).!0)4&!;3.(!35*!

6)+/-8!6+355/5:!=K3.*3E'.! et	al.1!"N?[B@!S+,)1!/5-).6).34/5:!./,E!/5!;3.(!()*'+!&3,!

0''5!;)75*!4)!/(6.)2'!6.'*/-4/2'!6)9'.!);!()*'+!=J))E'! et	al@1!"N?CB@!Y5!J&364'.!

[ 1!4&'!';;'- 4!);!;3.('.!./,E D32'.,/)5!)5!-.)66/5:!6344'.5, !=K3L'++!et	al.1!?MGCB!35*!

&'5-'!4&'!/54'5,/48!);!/5674!7,' 1!3.'!,&)95@!J'.43/5!-.)6, !3.'!,'+'-4'*!03,'*!)5!4&'!

;3.('.O,!+'2'+!);!./,E D32'.,/)5 !35*!4&'!c./,E/5',,O!3,,)-/34'*!9/4&!4&'!-.)6,!*7'!4)!

4&'! 23./30/+/48! 4&'/.! 8/'+*,! 35*! 6./-', !=K3L'++!et	 al.1! ?MGC1! S*',/53! 35*! X73443.31!

"NNNB@! Y++7,4.34/)5! );! 6)+/-8! 366+/-34/)5! );! 4&'! ./,E! ()*7+'! ,&)9'* ! &)9! 3.30+'!

;3.('.,!9 )7+*!.'3-4!4)!6)+/-8!-&35:'! *'6'5*/5:!)5!4&'/.!+'2'+!);!./,E D32'.,/)5!).!

9&'.'!4&'8!3.'!c,34O!)5!4&'!';;/-/'54! FDa!;.)54/'.@!%&','!;/5*/5:,!-35!/5;).(!;3.(/5:!

*'-/,/)5,! 3,! ;3.! 3,! -.)6! ,'+'-4/)5! /,! -)5-'.5'*@! Y5! 4'.(,! );! 6)+/-81! 4&'! .',7+4,!

,&)9 '* !6)+/-8!353+8,/,!.'+'235-'! ) ;!4&'!()*'+!35*! 4&'!5''*!;).!.':/)53+/,'*!6)+/-8!

,/5-'!;3.(' .,!3.'!+/E'+8!4)!.' 3-4!4)!-&35:',!/5!6)+/-8!*/;;'.'54+8!*'6'5*/5:!)5!4&'/.!

+'2'+!);!./,E D32'.,/)5 1!/5;+7'5-'*!08!9&'.'!4&'8!3.'!+)-34'* @!Q358!366.)3-&',!&32'!

0''5! 366+/'*! /5! '+/-/4/5:! ;3.('.,! 30,)+74'! ./,E! 32'.,/)51! &)9'2'.1! 5)! ,47*8! 93,!

;)75*!4)!&32'!7,'*! .35*)(+8!:'5'.34'* !./,E!32'.,/)5!63.3('4'.,!35*!QX%SP!4)!

*'2'+)6!35*!F Da!;.)54/'.!3,!9'++!3,!',4/(34'!30,)+74'!./,E!32'.,/)5! -)';;/-/'54,! ;).!

*/;;'.'54! .':/)5,! /5! F5:+35*@! %&/,! ,47*8! 4&7,! ;/++'*! 4&/,! :36! 35*! 4&'! 5)2'+!

-)54./074/)5!4)!E5)9+'*:'!+/',!/5!4&'!('4&)*)+):8@ !

!

!

S,! 63.4! );! 4&'! (3/5! .','3.-&! 3/(1! 35! 3.30+'! ;3.(! +'2'+! &3,! 0''5! -.'34'*1! 9&/-&!

);;'.! ;)7.!23./354,!);!9&)+'!3.30+'!;3.(!()*'+,!-3630+'!);!0'/5:!366+/'*! 4)!-3..8!

)74!4&).)7:&!3,,',,('54!3,! ;3.!3,! ;3.(! ,8,4'(,! 353+8,/,! /,! -)5- '.5'*@!S+4&)7:&!

.',7+4,! :'5'.34' *! 4&.)7:&! 4&'! ()*'+! 366+/-34/)5! 03,'*! )5! 3,,7(64/)5,! ,'41!

(34&'(34/-3+!6.):.3((/5:!35*!*343!7,'*!-35!,'.2'!3,!:7/*',!/5!*'-/,/)5 D(3E/5:!

/5!3.30+'! ;3.(/5:1!3,!9/4&!3++!(34&'(34/-3+!6.):.3((/5:! ()*'+,1!4&'8!-355)4!0'!

*'2)/*! );! +/(/434/)5,! ).! *.390 3-E,@! Y4! /,! 3-E5)9+'*:'*! 4&34! (34&'(34/-3+!

6.):.3((/5:!()*'+,!03,'*!)5!-)(63.34/2'!,434/-!366.)3-&!(38!;3/+!4)!-3647.'!4&'!

*853(/-!5347.'! );! ,)('!3,6'-4,! );!4&'!3.30+'! ;3.(/5:! ,8,4'(, @!Y5!,7-&!/5,435-',!



! !

!"[[ !

*853(/-^.'-7.,/2'! ).! ,4)-&3,4/-! 6.):.3((/5:! 366.)3- &',! 0'! ().'! , 7/430+'@!

K)9'2'.1! 9/4&! ;3.(/5:! *'-/,/)5! 5).(3++8! 43E'5! 9/4&/5! 8'3.1! ;3.(/5:! 353+8,/,!

03,'*!)5!35!bZ!()*'+!;).!3!,/5:+'!8'3.!9/4&!*/,-.'4'!9/4&/5!8'3.!6'./)*,!=3,!/5!4&'!

-3,'!);!>SHQXPB!-35!:'5'.34'!.'3,)530+'!).!,34/,;3-4).8!.',7+4,!;/4!;).!67.6),'!/5!

;3.( !,8,4'(,!353+8,/,@!

Y5!J&364'.!#1!4&'!9'/:&4'*! :)3+ D6.):.3((/5:! ()*'+! /,!366+/'*!4)! -3..8! )74!

35! '-)5)(/-!3,,',,('54!);! ,6./5:! -.)66/5:!3,!0+3-E D:.3,,! (353:'('54! ,4.34':8@ !

S+4&)7:&! 4&'! ,47*8! .',7+4,! 6.)2/*'! /5*/-34/)5! 30)74! 4&'! 6),,/0+'! '-)5)(/-!

)74-)('!);! 3*)64/5:!4&'!,4.34':81!,)('!+/(/434/)5,!3.'!3-E5)9+'*:'*@ !H/.,4+81!9/4&!

,6./5:!-.)66/5:!-3630+'!);!.'*7-/5:!0+3-E D:.3,,!6)67+34/)51!4&'!/(6+/-34/)5!/,!4&34!

4&'.'! -35!0'!0'5';/4,! /5!4'.(,! );!+)5:!4'.( ,! );! /(6.)2'('54!).! /5-.'3,'! /5!8/'+*!

=35*!&'5-'!;3.(!.'2 '57'B! /5!,70,']7'54!8'3.,=,B@! %&'!-)5,/*'.34/)5!);!,7-&!+)5:!

4'.(!0'5';/41!3+4&)7:&!/,!)74!);!4&'!,-)6'!);!4&'!,47*8!*7'!4)!;)-7,!)5!-)(63./,)5!

);!4&'!-),4^0'5';/4,!);!49)!-.)66/5:!6+35,1!'+/(/534/)5!);!,7-&!+)5:!4'.(!0'5';/4!/,!

3-E5)9+'*:'*!3,!3!+/(/434/) 5! /5!4&'!353+8,/,!35*!&'5-'!3!+/(/434/)5! );!4&'! ,47*8@!

>'-)5*+81!/5!0+3-ED:.3,,!(353:'('541!4&'!*'-/,/)5!43E'5!/5!)5'!8'3.!(38!/5;+7'5-'!

*'-/,/)5 D(3E/5:! /5! 35)4&'.! 8'3.@! %&/,! ('35,! 4&'! /5-).6).34/)5! );! 0+3-E D:.3,,!

6)67+34/)5!*853(/-,!4&.)7:&!*853(/-!6.):.3 ((/5:!366.)3-&',!-35!0'!2'.8!2/43+!

35*!4&7,!/:5)./5:!,7-&!*853(/-!5347.'!);!4&'!6.)0+'(!-)7+*!3;;'-4!4&'!.)07,45',,!

);!4&'! .',7+4,! 35*!&'5-'!3-E5)9+'*:'*!3,!35)4&'.! +/(/434/)5@!%&/.*+81!;)7.! -.)6,!

9'.'!,'+'-4'*!;).!4&'!,47*8!=9/54'.!9&'341!,6./5:!03.+'81!, 6./5:!0'35,!35*!9/54'.!

)/+,''*! .36'B! ('35/5:! 4&34! )4&'.! -.)6,! );! '-)5)(/-! /(6).435-'! ,7-&! 3,! 9/54'.!

03.+'8!3.'!'+/(/534'*!35*!4&7,!-)7+*!3;;'-4!4&'!3--7.3-8!);!4&'!3::.':34'!',4/(34',@!

H/53++81!3::.':34'!0/3,!/,!)5'!);!4&'!6.)0+'(,!/5!bZ!366.)3-&!=I7-E9'++ !35*!K3L'++1!

?M$"B!*7'!4)!*/;;'.'5-',!/5!-&3.3-4'./,4/-,!3()5:!;3.('.,@!%&7,!9/4&!7,'!);!*343!);!

;3.(,! );! */;;'.'54! ,/L',1! 3+4&)7:&! 4&'! ()*'+! 93,! .75! ;).! '3-&! ;3.(! 03,'*! )5! /4,!

)95!*3431!4&'.'!-35!,4/++!0'!'</,4'5-'!);!6),,/0+'!3::.':34/)5!'..).!35*!4&/,!- 35!0'!

,''5!3,!35)4&'.!+/(/434/)5!);!4&'!3::.':34/)5!366.)3-&!35*!&'5-'!+/(/434/)5!);!4&'!

,47*8@!

Y5! J&364'.! [1! 3! (/<'* D/54':'.! QX%SP! ()*'+! 93,! 366+/'*! 4)! '23+734'! ./,E!

32'.,/)5!63.3('4'.,!);!3.30+'!;3.('.,!75*'.!4&'!F Da!;.3('9).E@!b/(/434/)5!);!4&'!

,47*8! /, ! 3-E5)9+'*:'*! 4&.)7:&! 4&'! +/(/434/)5,! 3,,)-/34'*! 9/4&! 4&'! QX%SP!



! !

!"[A !

366.)3-&!=K3.*3E'.! et	al@1!"N?[B!3+4&)7:&!QX%SP!*'3+,!9/4&!4&'!,/5:+'!)0\'-4/2'!

+/(/434/)5! );! +/5'3.! 6.):.3((/5:@ ! X5'! );! 4&'! 9'++ DE5)95! 366.)3-&',! /5! ./,E!

6.):.3((/5:! /,! ]73*.34/-! 6.):.3((/5:! =kTB! 9/4&! ,)('! 3*235-',! /5! ./,E!

6.):.3((/5:! 366.)3-&',! 4&.)7:&!4&'! 7,'! );! ,4)-&3,4/-! 35*!4&'! (3</(/,34/)5! );!

*/.'-4 !74/+/48!6.):.3((/5:!366.)3-&',!=K3.*3E'.! et	al@1!"N?[B@!S+4&)7:&!4&'.'!3.'!

,/(/+3./4/',!0'49''5!4&','!366.)3-&',!35*!QX%SP!/5!4'.(,!);!4&'!, 4.7-47.'!);!4&'!

4'-&5/-3+! -)5,4.3/54,! 35*! 3.'! 3+,)! 3,,)-/34'*! 9/4&! +/(/434/)5,1! 4&'8! &32'! 0''5!

;)75*! 4)! :'5'.34'! ().'! ./,E! ';;/-/'54! -.)6! 6+35,! 4&35! QX%SP !=K3.*3E'.! et	 al@1!

"N?[B@!%&'!('35!30,)+74'!*'2/34/)5 !/5!QX%SP!&3,!0''5!;)75*!4)!)746'.;).(!4&'!

,3(6+' ! 23./35-'! /5! kT! /5! /5,435-',! 9&'.'! 4&'! */,4./074/)5! );! ;3.(! /5-)('! /,!

,E'9'*! =K 3L'++! 35*! _).4)51! ?MGAB! &)9'2'.1! -&)),/5:! QX%SP! )2'.! 366.)3-&',!

,7-&!3,!,4)-&3,4/-!,/(7+34/)5!6.):.3((/5:!('35,!/:5)./5:!4&'!.35*)(!23./34/)5!

/5! ,)! (358! ;3-4).,! 9&/-&! /5;+7'5-'! 4&'! 3.30+'!35*! 3.'! 3,,)-/34'*! 9/4&! .35*)(!

23./34/)5@! %&7,! 4&/,! +/(/434/)5! );! 4&'! QX%SP! 366.)3-&! (38! 4.35,+34'! /54)! 4&'!

+/(/434/)5!);!4&'!,47*8@!

!

!

! ?%,$#@#/%'*#-#*#,&$#)-'&-/'(8"$A%"'-#$"&$%'0%&@A#-;'*)/%00#-; '

_':34/2'!'<4'.53+/4/',!3.'!3,,)-/34'*!9/4&!3.30+'!;3.(/5:! *7'!4)!4&'!/54'5,/2'!7,'!

);! ./,E D.'*7-/5:! /5674,! ,7-&! 3,! ;'.4/+/,'.! 35*! 6',4/-/*',! = >E'23,! 35*! b35,/5E1!

"N?#B@!S+4&)7:&!4&'!>SHQXP!)64/(/,',!5/4.34'D+'3-&/5:!7,/5:!03,'! ',4/(34',! ;).!

-.)6 ,1! 9/4&! 4&'! 323/+30/+/48! );! *3431! ;747.'! 76*34/5:! );! 4&'! ()*'+! 4)! 43E'! /54)!

-)5,/*'.34/)5! 5/4.34' D+'3-&/5:! 9/4&! .',6'-4! 4)! ;3.(! )6'.34/)5! 35*! .)434/)5 !

,']7'5-',! =S55'44,!35*!S7*,+'81!"NN"B!-)7+*!+'3*!4)!().'!.)07,4!5/4.34'!+'3-&/5:!

',4/(34',@!S+,)1!9/4&!4&'!';;'-4!);!6',4!)5!3.30+'!;3.(/5:!6.)*7-4/2/48!= >/5*'5! et	al.1!

"NN#R! Z)66!et	 al.1! "N?CB1! -)76+'*! 9/4&! 3.30+'! ;3.('.,! 0'/5:! /*'54/;/'*! 3,! ./,E D

32'.,'!=J&364'.! [ B!35*!3.'!+/E'+8!4)!366+8!6',4/-/*'! 4)! ,3;':73.*!8/ '+*1! /4!9/++!0'!

/(6'.34/2'! /5! ;747.'! 4)! 76*34'! 4&'! ()*'+! 4)! /5-).6).34'! 6',4/-/*'! (/5/(/,34/)5!

)0\'-4/2'! ',6'-/3++8! 9/4&! .',6'-4! 4)! 0+3-E D:.3,,! 6)67+34/)5! *853(/-,! 35*!

(353:'('54@!%&/,! -)7+*!3/*! /5!4&'!6.'*/-4/)5! );! .)07,4! )64/(3+! -.)6^;3.(!6+35, !

;).!9''*! (353:'('54 @!



! !

!"[$ !

! 38"$A%"'>&0#/&$#)-':#$A'"%;#)-&0')"'@)8-$B'0%>%0'/&$&'

%&'!23+/*34/)5!=J&364'.!CB!35*! ()*'+!366+/-34/)5!=J&364'.![ B! ,&)9!4&'! ';;'-4! );!

/5-).6).34/5:! ./,E! / 5! 4&'! 6.'*/-4/2'! 6)9'.! );! ()*'+,! = K3L'++!et	 al.1! ?MGCB@! e)/5:!

;).93.*1!()*'+!-35!0'!-3+/0.34'*!;).!*/;;'.'54!-)754/',!/5!4&'!UV!4)!6.'*/-4!)64/(3+!

-.)6,!6+35,!3,!9'++!3,!/52',4/:34'!4&'!';;'-4!);!6)+/-8!-&35:'!)5!;3.(,!/5!*/;;'.'54!

.':/)5,!).! -)754/',!*'6' 5*/5:!)5!4&'/.!./,E D32'.,/)5!+'2'+,@!

! C->#")-*%-$&0'&-/'%@)-)*#@';)&0,'$"&/% 7)(('*)/%00#-; '

%&'! 4.3*' D);;! /5! ,7,43/530+'! 3.30+'! ;3.(/5:! ,8,4'(,! /, ! 6./(3./+8! 0'49''5!

'52/.)5('543+! 35*! '-)5)(/-! )0\'-4/2',! =%/+(35! et	 al.1! "NN"B@! %&7,! 4&'! :)3+D

6.):.3((/5:! ()*'+! -35! 0'! -3+/0.34'*! 4)! :'5'.34'! 4.3*' D);;,! 0'49''5! 4&','!

)0\'-4/2',!75*'.!*/;;'.'54!'52/.)5('543+!35*!'-)5)(/-!,-'53./),!4)!,'+'-4!)64/(3+!

;3.(!6+35, !4)!/5;).(!;3.(/5:!*'-/,/)5, @!S+,)1!,'5,/4/2/48!353+8,/,!);!3++!;3.(!/5674, !

35*!)74674, 1!6)+/-81!;3.(!35*!'52/.)5('543+!63.3('4'.,!4)!/52',4/:34'!4&'/.!';;'-4!

)5!-.)6!,'+'-4/)5!/5!).*'.!4)!0'44'.!/5;).(!;3.(/5:!*'-/,/)5@! !

! D#>%,$)@=',B,$%*' *)/%00#-; '

%&'!+/2',4)-E! ,'-4).! -)54./074',! /(('5,'+8!4)! 4)43+!3:./-7+47.3+!)74674!/5!4&'!UV!

=%&).54)51! "N?NR!P';.31! "N?[ B@! S+,)1! 4&'! +/2',4)-E! ,'-4).! -)54./074',! 4)! 4&'!

5':34/2'!'<4'.53+/4/',!;.)(!3:./-7+47.'!= Q-Q/-&3'+!et	al.1!"NN$R!e3.5'441!"NNMR!e/++!

et	 al.1! "N?NB! 4)! 4&'! '52/.)5('54 @! %&7,1! :)/5:! ;).93.*1! /4! 9/++! 0'! /(6'.34/2'! 4)!

'<4'5*!4&'!>SHQXP!4)! /5-+7*'!+/2',4)-E! ;3.(!+'2' +! ()*'++/5:@!`/4&!4&/,1!3!0'44'.!

3,,',,('54! );! 9&)++8! +/2',4)-E! ;3.(/5:! ).! (/<'*! ;3.(/5:! ,8,4'(,! -35! 0'!

-)5*7-4'*! 4)! ';;'-4/2'+8! /5;).(! ;3.(/5:! 35*! 6)+/-8! *'-/,/)5,@! %&.)7:&! 4&'!

/5-+7,/)5!);!+/2',4)-E!,8,4'(,1!;3.(!(357.'!353+8,/,!-35!0'!/5-).6).34'*!/54)! 4&'!

>SHQXP@!

! 5B-&*#@E,$)@A&,$#@'*)/%00#-;''

`/4&!*853(/-!5347.'!);!,)('!3,6'-4!);!3.30+'!;3.(/5:!,8,4'(,!3,!9'++!3,!.35*)(!

23./34/)5! 3,,)-/34'*! 4&'! ;3-4).,! ,7-&! 3,! 9'34&'.1! 6./-'1! 9&/-&! /5;+7'5-'! *'-/,/)5!

(3E/5:! /5! 3.30+'! ;3.(/5:1! ;747.'! 76*34/5:! );! 4&'! >SHQ XP! 4)! -3647.'! ,7-&!

*853(/-,! -35!0'!2/43+! /5!4&'! ()*'+O,!6.'*/-4/2'!6)9'.@!S+,)1! -)(0/5/5:!>SHQXP!

9/4&! 0+3-ED:.3,,! 6)67+34/)5! *853(/-,! -35! :)! 3! +)5:! 938! /5! :'5'.34/5:! .)07,4!

.',7+4,1!9&/-&!-35! ';;'-4/2'+8! /5;).(!0+3-E D:.3,,! (353:'('54!*'-/,/)5,! /5!3.30+'!



! !

!"[G !

;3.(/5:@!Y5!4'.(,!);!./,E!()*'++/5:1!,4)-&3,4/-!6.):.3((/5:!3+4&)7:&!-)(6+/-34'*1!

-35!0'!366+/'*!4)!*'2'+)6!3!./,E!()*'+!().'!-3630+'!);!-3647./5:!.35*)(!23./34/)5!

3,,)-/34'*!9/4&!3.30+'!;3.(/5:!;3-4).,!0'44'.@ !

!

!

Q34&'(34/-3+!6.):.3((/5:! ()*'+,!&32 '! 4&'! -3630/+/4/',! 4)! -3647.'! (358! );! 4&'!

-)(6+'< /4/',! /5! 3.30+'! ;3.(/5:! ,8,4'(,@! Y5! 4&/,! .','3. -&1!35! 3.30+'! ;3.(! +'2'+!

()*'+1! 9&/-&! -)5,/,4,! );! ;)7.! ()*7+',1 ! &3,! 0''5! *'2'+)6'*! 35*! 23+/*34'* @! %&'!

()*'+ !3**,!;)7.!23./354,!);!3.30+'!;3.(!()*'+,!4)!4&'!;'9! ;3.(!()*'+,!/*'54/;/'*!

/5! 4&'! UV! 08! *.39/5:! )5! 4&'! ,4.'5:4&,! );! */;;'.'54! (34&'(34/-3+! ()*'++/5:!

366.)3-&', @!%&'!()*'+!4&7,!);;'.,! 35!'5,'(0+'!);!3.30+'!;3.(!+'2'+!(34&'(34/-3+!

6.):.3((/5:! ()*'++/5:! 4))+ , 1! 9&/-&! -35! 0'! 7,'*! 4)! -3..8! )74! 4&).)7:&!

3,,',,('54 !/5!3.30+'!;3.(/5:!,8,4'(!4&35!358!)5'!);!4&'!()*'+!/*'54/;/'*!-)7+*!*)!

',6'-/3++8!/5!4&'!UV!-)54'<4@!%&.)7:&!4&/,!()*'+1!4&'!3::.':34'!-),4!);!0+3-E D:.3,,!

-)54.)+! 9/4&! ,6./5:! -.)66/5:! &3,! 0''5! /52',4/:34'*! 35*! ',4/(34'*! ;).! 4&'! UV!

3.30+'! ;3.(/5:! ,'-4).@!% &'! 6'.!&'-43.'! ',4/(34' ,! :/2' !/5*/-34/)5! );!6),,/0+'! ;3.(!

638('54,!4)!/5-'54/2/,'!3*)64/)5!);!,6./5:!-.)66/5:!3,!3!0+3-E D:.3,,!(353:'('54!

,4.34':8@!S:3/5!4&.)7:&!4&'!()*'+1!3!.35*)(+8!:'5'.34'*!./,E D32'.,/)5!63.3('4'.!

('4&)*!&3,!0''5!366+/'*!4)! ',4/(34'!30 ,)+74'! ./,E D32'.,/)5!-)';;/-/'54!75*'.!4&'!

FDa!;.3('9).E !;).!3.30+'!;3.('.,!/5!F5:+35*@!!Z)+/-8!366+/-34/)5!/++7,4.34/)5!);!4&'!

()*'+! ,&)9,! 4&'! .'+'235-'! );! 4&'! ()*'+! /5! 6)+/-8! 353+8,/,! 35*! 4&'! 5''*! ;).!

.':/)53+!6)+/-/', !43/+).'*!4)!./,E!32'.,/)5 @!Y5!4&/,!4&',/,1!/4!&3,!0''5!*'()5,4.34'*!

4&34!(34&'(34/-3+!()*'++/5:!366.)3-&!-35!0'!366+/'*!4)!353+8,'!*/;;'.'54!3,6'-4,!

);1! 3,! 9'++! 3,! /55)234/)5,! /5!3.30+'!;3.(/5:! ,8,4'(,@! S+4&)7:&! ';;'-4/2'5',,! );! 3!

()*'+!+/',!/5!/4,!,6'-/;/-34/)5!35*!4&'!]73+/48!);!*343!7,'* 1!9 /4&!323/+30/+/48!);!*343!

35*! -)54/57)7,! 23+/*34/)5! );! 4&'! ()*'+1! .',7+4,! :'5'.34'*! 08! 4&'! ()*'+! -35!

';;'-4/2'+8! /5;).(! ;3.(/5:! 35*! 6)+/-8! *'-/,/)5, ! 4)! '5&35-'! 4&'! *'2'+)6('54! );!

.)07,4!35*!,7,43/530+'!3.30+'!;3.(/5:!,8,4'(,! ;).!(7+4/6+'!0'5';/4,! 4)!'5,7 .'!;))*!

,'-7./48 !35*!,3;':73.*!4&'! '52/.)5('54 @!!

!

!



! !
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S5:7,1!S@1!I7.:',,1!Z@!f@1!Q)../,1!f@!35*!b/5:3.*1!f@!="NNMB!S:./-7+47.'!35*!+35*!7,'W!
P'(35*! ;).! 35*! ,766+8! );! 3:./-7+47.3+! -)(()*/4/',1! -&3.3-4'./,4/-,! );! 4&'!
;3.(/5:!35*!;))*!/5*7,4./',1!35*! /(6+/-34/)5,!;).!+35*!7,'!/5!4&'!UV@!Land	Use	
Policy.	FG=NB1!66@!>"CND>"#"@!!

S55'44,1! f@! 35*! S7*,+'81! F@! ="NN"B! Q7+4/6+'! )0\'-4/2'! +/5'3.! 6.):.3((/5:! ;).!
'52/.)5('543+! ;3.(! 6+355/5:@! Journal	 of	 the	 Operational	 Research	 Society.	
HI =MB1!66@!MCCDM#C@!!

I3+/:3. 1! a@1! H3:'./31! _@! 35*! K'1! i@! ="NN?B! _74./'54! 7,'! ';;/-/'5-8! /5! 6+354,@!
Communications	in	Soil	Science	and	Plant	Analysis.	IF =$DGB1!66@!M"?DM[N@!!

I3.53.*1! J@! >@! 35*! _/<1! f@! >@! =?M$CB! H3.(! 6+355/5:! 35*! -)54.)+1! J3(0./*:'!
U5/2'.,/48!Z.',,1!b)5*)5@ !

I)\5'-1! l@! 35*! b34.7;;'1! b@! ="N?CB! H3.(! ,/L'1! 3:./-7+47.3+! ,70,/*/',! 35*! ;3.(!
6'.;).(35-'!/5!>+)2'5/3@! Land	Use	Policy.	IF =NB1!66@!"N$D"?$@!!

I)5*1! `@! 35*! e.75*81! S@! ="NN?B! _)5D-&'(/-3+! 9''*! (353:'('54! /5! ).:35/-!
;3.(/5:!,8,4'(,@! Weed	Research.	JK=[B1!66@!CGCD#N[@!!

I. /5E1! b@! 35*! Q-J3.+1! I@! =?M$GB! %&'! 4.3*'D);;! 0'49''5! '<6'-4'*! .'47.5! 35*! ./,E!
3()5:! -).50'+4! ;3.('.,@! American	 Journal	 of	 Agricultural	 Economics.	GL="B1!
66@!"[MD"AC@!!

I.)95'1! _@1! V/5:9'++1! T@1! I'&.'5*41! T@! 35*! F-E3.*1! T@! ="N?CB! %&'! .'+34/2'!
6.);/430/+/48! );! *3/.81! ,&''61! 0'';! 35*! :.3/5! ;3.(! '54'.6./,',! /5! ,)74&'3,4!
S7,4.3+/3! 75*'.! ,'+'-4'*! .3/5;3++! 35*! 6./-'! ,-'53./),@! Agricultural	 Systems.	
KKM=NB1!66@!C[D##@!!

I7-E9'++1! S@! F@! 35*! K3L'++1! Z@! I@! =?M$"B! Y(6+/-34/)5,! );! 3::.':34/)5! 0/3,! ;).! 4&'!
-)5,4.7-4/)5!);!, 434/-!35*!*853(/-!+/5'3.!6.):.3((/5:!,766+8!()*'+,@!f)7.53+!
);!S:./-7+47.3+!F-)5)(/-,@!"C="B1!66@!??MD?C#@!

J))E'1!Y@!T@1!Q344/,)51!F@!K@!S@1!S7*,+'81!F@1!I3/+'81!S@!Z@1!H.'-E+'4)51!T@!Z@1!e.32',1!S@!
T@1!Q)../,1!f@1!k7''50).)7:&1!>@!S@1!>35*3.,1!P@!b@1!>/./93.*'531!e@!Q@1!%.39/-E1!
Z@1! `34E/5,)51! S@! T@! 35*! >74&'.+35*1! `@! f@! ="N?CB! F(6/./-3+! 4',4! );! 35!
3:./-7+47.3+! +35*,-36'! ()*'+W! %&'! /(6).435-'! );! ;3.('.! 6.';'.'5-'! ;).! ./,E!
32'.,/)5!35*!-.)6!-)(6+'</48@! SAGE	Open.	I ="B1!66@!?D?A@!!

P';.3! ="N?#3B,	 CAP	 Reform:	 The	 new	 Common	 Agricultural	 Policy	 schemes	 in	
England	 -	 August	 2014	 update	 including	 ‘Greening:	 how	 it	 works	 in	 practice1!
323/+30+'! 34W!&446,W^^999@:)2@7E^:)2'.5('54^670+/-34/)5,^-36D.';).( D
37:7,4D"N?#D76*34' D/5-+7*/5: D:.''5/5: D&)9 D/4D9).E, !=3--',,'*!N#!H'0.73.8!
"N?AB@!!
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P';.3! ="N?[B ,	 Agriculture	 in	 the	 United	 Kingdom	 20151! 323/+30+'! 34W!
&446,W^^999@:)2@7E^:)2'.5('54^,434/,4/-,^3:./-7+47.'D/5D4&'D75/4'* D
E/5:*)( D"N?[ !=3--',,'*!"?!X-4)0'.!"N?AB@! !

FU!="N?AB,	The	nitrate	directive1!323/+30+'!34W!
&446W^^'-@'7.)63@'7^'52/.)5('54^934'.^934'. D5/4.34',^/5*'<m'5@&4(+!
=3--',,'*!?G!X-4)0'.!"N?AB@!!

e3.5'441! %@! ="NNMB! b/2',4)-ED.'+34'*! :.''5&)7,'! :3,! '(/,,/)5,W! /(63-4,! 35*!
)64/)5,!;).!6)+/-8!(3 E'.,@!Environmental	Science	&	Policy.	KF=#B1!66@!#M?D[NC@!!

e/++1! Q@1! >(/4&1! Z@! 35*! `/+E/5,)51! f@! ="N?NB! Q/4/:34/5:! -+/(34'! -&35:'W! 4&'! .)+'! );!
*)(',4/-!+/2',4)-E@! Animal.	J=CB1!66@!C"CDCCC@!!

K3.*3E'.1!f@!I@1!K7/.5'1!T@!I@1!S5*'.,)51!f@!T@!35*!b/'51!e@!="N?[B!Coping	with	risk	in	
agriculture.	C.*!'*1!JSIY!Z70+/,&/5:1!`3++/5:;).*1!UV@!!

K3.*3E'.1! f@! I@1! K7/.5'1! T@! I@! Q@! 35*! S5*'.,)51! f@! T@! =?MM$B!Coping	 with	 risk	 in	
agriculture,	JSI!Y54'.534/)53+1!`3++/5:;).*1!UV@!!

K3.9))*1! f@!b@1!K'/;5'.1!T@1!J)0+'1!V@1!Z'..81 !f@!35*!>)(93.71!S@!=?MMMB!Managing	
risk	in	farming:	concepts,	research,	and	analysis,	U>!P'63.4('54!);!S:./-7+47.'1!
F-)5)(/-!T','3.-&!>'.2/-'@! !

K3L'++1! Z@! I@! 35*! _).4)51! T@! P@! =?MGAB! Q34&'(34/-3+! 6.):.3((/5:! ;).! '-)5)(/-!
353+8,/,!/5!3:./-7+47.'1!Q3-(/++351!_'9!n).E@!

K3L'++1! Z@! I@1! _).4)51! T@1! Z3.4&3,3.34&81! Q@! 35*! Z)(3.'*31! J@! =?MGCB! o%&'!
/(6).435-'!);!./,E!/5!3:./-7+47.3+!6+355/5:!()*'+,o1!/5!_).4)51!T@!P@!35*!>)+/,1!
Q@! b@! ='*,@B!The	 importance	 of	 risk	 in	 agriculture	 planning	 models	 f)&5,!
K)6E/5,!U5/2'.,/ 48!Z.',,1!I3+4/().'1!QP1!66@!""[D"#M@!!

K)9/441! T@! F@1! Q3-F9351! P@1! Q'*'++p5DSL73.31! f@! 35*! b75*1! f@! T@! ="N?NB! F-)5)(/-!
()*'++/5: ! );! 3:./-7+47.'! 35*! 9 34'.! /5! J3+/;).5/3! 7,/5:! 4&'! ,434'D9/*' !
3:./-7+47.3+!6.)*7-4/)5! ( )*'+@!California	 Department	 of	 Water	 Resources,	
University	of	California–Davis.	!

f355)7.31! T@1! f)'.:'5,'51! T@! e@! 35*! I.75,1! J@! ="N?#B! X.:35/-!;'.4/+/,'. ! ';;'-4,! )5!
:.)94&1!-.)6!8/'+*1!35*!,)/+!(/-.)0/3+!0/)(3,,!/5*/-',!/5!,)+'!35*!/54'.-.)66'*!
6'3,! 35*! )34,! 75*'.! ).:35/-! ;3.(/5:! -)5*/4/)5,@! European	 Journal	 of	
Agronomy.	HF1'66@!"[MD"$N@!!

f35,,'51! >@! 35*! 235! Y44'.,7(1! Q@! V@! ="NN$B! S,,',,/5:! ;3.(! /55)234/)5,! 35*!
.',6)5,',! 4)! 6)+/-/',W! S! .'2/'9! );! 0/) D'-)5)(/-! ;3.(! ()*'+,@! Agricultural	
Systems.	NJ=CB1!66@!A""DACA@!!



! !

!"A?!

b)7&/-&/1!V@1!V35'++)6)7+),1!S@1!f35,,'51!>@1!H+/-&(351!e@1!I+35-)1!Q@1!K'5:,*/\E1!K@1!
K'-E'+'/1!%@1!I'.'54,'51!Z@1!b35,/5E1!S@!X@!35*!Y44'.,7(1!Q@!a@!="N?NB!H>>YQ1!3!
0/) D'-)5)(/-! ;3.(!()*'+!;).! ,/(7+34/5:!4&'! .',6)5,'! );!FU!;3.(/5:! ,8,4'(,!
4)! 3:./-7+47.3+! 35*! '52/.)5('543+! 6)+/-/',@!Agricultural	 Systems.	KLI =GB1! 66@!
[G[ D[M$@!!

Q-Q/-&3'+1! S@! f@1! Z)9+',1! f@! `@1! I74+'.1! J@! P@! 35*! U3781! T@! ="NN$B! H))*1! +/2',4)-E!
6.)*7-4/)51! '5'.:81! -+/(34'! -&35:'1! 35*! &'3+4&@!The	 Lancet.	 IML=M[M#B1! 66@!
?"[C D?"AC@!!

_/<1! f@!="N?#B!Farm	management	pocketbook,	##4&! '*1!S:.)! I7,/5',,!J)5,7+4354,!
b4*1!Q'+4)5!Q)90.381!F5:+35*@!!

X+','51! f@! F@! 35*! I/5*/1! Q@! ="NN"B! J)5,']7'5-',! );! -+/(34'! -&35:'! ;).! F7.)6'35!
3:./-7+47.3+!6.)*7-4/2/481!+35*!7,'!35*!6)+/-8@!European	Journal	of	Agronomy.	
KG=#B1!66@!"CMD"A"@!!

Z355'++1!P@!f@!=?MM$B!>'5,/4/2/48!353+8,/,!);!5).(34/2'!'-)5)(/-!()*'+,W!4&').'4/-3+!
;.3('9).E! 35*! 6.3-4/-3+! ,4.34':/',@! Agricultural	 Economics.	KG="B1! 66@! ?CMD
?["@!!

Z)661! f@1! Z'4q1! V@! 35*! _3:81! f@! ="N?CB! Z',4/-/*'! 6.)*7-4/2/48! 35*! ;))*! ,'-7./48@! S!
.'2/'9@!Agronomy	for	Sustainable	Development.	II =?B1!66@!"#CD"[[@!!

T3,E1!S@!Q@!35*!V./,4);;'.,'51!Z@!="NN$B!S!.'2/'9!);!5)5D-&'(/-3+!9''*!-)54.)+!)5!
&3.*!,7.;3-',@!Weed	Research.	JM=[B1!66@!C$NDCGN@!!

T)0'.4,)51! f@1! Z355'++1! f@! 35*! J&3+3E1! Q@! ="N?"B! `&)+'D;3.(! ()*'+,W! 3! .'2/'9! );!
. '-'54! 366.)3-&',@! Australian	 Farm	 Business	 Management	 Journal.	N="B1! 66@!
?CD"A@!!

T)75,'2'++1!Q@1!S55'44,1!f@1!S7*,+'81!F@1!Q38.1!%@!35*!T':/5,4'.1!Y@!="NNCB!Q)*'++/5:!
4&'! ,634/3+! */,4./074/)5! );! 3:./-7+47.3+! +35*! 7,'! 34! 4&'! .':/)53+! ,-3+'@!
Agriculture,	Ecosystems	&	Environment.	NH="B1!66@!#A[D#$M@!!

>/5*'51!f@1!f)5',1!T@1!K',4'.1!>@1!X*)(1!P@1!V3+/,-&1!J@1!f3(',1!T@!35*!J3-&)1!X@!="NN#B!
%&'!'-)5)(/-!/(63-4!);!9''*,!/5!S7,4.3+/3@! Technical	Series.	O@!!

>E'23,1!%@!35*!b35,/5E1!S@!X@!="N?#B!T'*7-/5:!Z',4/-/*'!7, '!35*! 6',4/-/*'! /(63-4!08!
6.)*7-4/2/48!:.)94&W!%&'! -3,'!);!P74-&! 3.30+'!;3.(/5:@!Journal	of	Agricultural	
Economics.	GH=?B1!66@!?M?D"??@!!

%&).54)51! Z@! V@! ="N?NB! b/2',4)-E! 6.)*7-4/)5W! .'-'54! 4.'5*,1! ;747.'! 6.),6'-4,@!
Philosophical	 Transactions	 of	 the	Royal	 Society	 of	 London.	 Series	 B,	 Biological	
Sciences.	IGH=?[[#B1!66@!"G[CD"GA$@!!
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%/+(351! P@1! J3,,(351! V@! e@1! Q34,)51! Z@! S@1! _38+).1! T@! 35*! Z)+3,E81! >@! ="NN"B!
S:./-7+47.3+! ,7,43/530/+/48! 35*! /54'5,/2'! 6.)*7-4/)5! 6.3-4/-',@!Nature.	
JKO=AGMGB1!66@!A$?DA$$@!!

`),,/5 E1!e@!S@!S@!=?MMCB!Analysis	 of	 future	agricultural	 change:	a	 farm	economics	
approach	applied	to	Dutch	arable	farming,	S:./-7+47.3+!U5/2'.,/48@!!

i35*'.1! Z@! 35*! Vj-&'+'1! K@! =?MMMB! Q)*'++/5:! (7+4/6+'! )0\'-4/2',! );! +35*! 7,'! ;).!
,7,43/530+'!*'2'+)6('54@!Agricultural	Systems.	HN=CB1!66@!C??DC"[@!!

!


