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“Great things have little beginnings.”
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“Farming is a profession of hope”
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1! GENERAL INTRODUCTION

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.

1.1! Sustainable agriculture
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2+,*-9-%+!.,+19$11/+D2+%+%@"3!$3%/4+!5$30-17!,;,*+0,*'I/+! . *$-1$/4+1*)+3+!- !
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-11,.,*$-1$/4+! 5$30-17P! V-, F1$>+3,-'11 $1%! 93'22-17! %+9-,-'1! '5! $3$/4+! 5$30+3,! -1!
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3-,F123'73$00-17 1$223'$9)+,! *'1 - 1>+ *-7$*+1 $1%! $1,#+3! *)+! 3+,+$39)! 6.+,*-'1,!
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L +PI

1.2! Mathematical modelling as a means of analysing and testing out
new and innovative farming systems
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5$30! 2$:0+1* G?@:1! "1! 530! 23'5-*1 $3+! %6+0'1,*3$*+%! /;! -0.4$*-17! 9)$17+,! -1
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. ¥$-1$/4+15$30-17!,;, *+0LI-1*+73$*+%610'%+44-171$223'$9)+,1,)'. 4%!/+1$%'2*+%!*'
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0'%+44-171%1'2%-0- +10.4*-24+15$30-17!7'$41P

1.3! Mathematical modelling approaches (MMAs)
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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).

1.4! Model review

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#- 3667 means models can predict or
simulate changes in agricultural land use due to changes to policy.

2. 5(./-+01 ' 1.2$*".81.,-#121#- 35H67means model can show or simulate
how changes in land use or type of land use (activities) affect the
environment.

3.0 #3881 ()*$%+#,+*(#- #(./- +01- #121#- B67means model can show or

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

4.! "[1##S.)- <*(81="*>- 3,767 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($.1"/#0,)) (  7"8"0(&9(%'$"-,#$%&'
( 570 7T<C =700 5>(
I>?@5AB (Silsoe Whole Farm Model) Comparative-static  + + +
5AB?5 (Multi-objective Decision support tool for Agro- Comparative-static =+ + +
ecosystem Management) (MCDM)
>IIC5 (Farm System Simulator) Comparative-static  + + +
=?:@C(Common Agricultural Policy Regionalised Impact Recursive dynamic/ + +
analysis) Comparative-static
1<?57<!l ;IF (Environmental and Agricultural Comparative-static/ + + + +
Modelling: Linking European Science and Society
Integrated Framework) Dynamic
@AD?D(a tool for generating crop rotation) Comparative-static +
@ADA@crop ROTation in ORganic farming systems) Comparative-static  + +
IE?: (California Statewide Agricultural Production Comparative static  + + +
Model)
>?1I<D (Farm ASSEssment Tool) Dynamic + +
1?75 (People and Landscape Model) Dynamic + + +
5AB<@7?DA( Dynamic +
> -+B<ICFG ( Comparative-static  + +

1.4.1! >?@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 !"# $%4&003); Audsley !"# $%&
(2006); Cranfield University (2013).
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1.4.2! 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 Kéachele (1999); Janssen

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

1.4.3! >IC5(2>,-+(1.)$"+(1%+*0,$&-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 !"#$%&010); Louhichi "#$%&010).

1.4.4! 1#&$>,-+(+&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 !"#$%&015); SRUC3.

3 Scottish Rural College (SRUC): https://www.sruc.ac.uk/downloads/file/3167/scotfarm
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1.4.5! 5<<D?(25,,19%'(<"-1.(,'6(<'8%-&+"$(D-,6" : 8&99)(%'(?1-%6#+0$*-"4(
+&6"0 (

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 I"#$%62012); Glithero I"#$%2015).

1.4.6! "#$%&'()*++,-. [H&'H#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. Comparisons* 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#'#$%&003; Bergez !"#$%X012).

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%%( @")",-#H(L*")$%&" )M (

( ( =N = =K(

SFARMOD Determination of cropping, labour and machinery, which 3( i ( i (
optimises multiple objectives of profit, risk and
environmental burdens or criteria.

farmR Determine cropping, labour and machinery which 3( i ( 3(
optimises profit, risk and crop complexities

MODAM Economic and ecological benefits of farming systems 3( i ( i (
Simulation of trade-offs scenarios of economic and ( ( (
ecological outcomes of farming systems ( ( (

FSSIM Assessment of agricultural and environmental policies on 3( i ( 3(
farm performance and sustainable indicators at the farm
level. Optimisation of farm income and risk.

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

FarmDESIGN Configuration of farm types to show alternative farms 3( i ( i (
with best economic and environmental benefits ( ( (
Generating results of trade-offs between environmental ( ( (
and economic benefits ( ( (

(

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

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

MODERATO Simulations of irrigation block functioning. i( i ( i (

CAPRI Assessment of the effect of the common agricultural i( i ( i (

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.

36



1.5! Research framework

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 wuse 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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1.6! Overall research aim and thesis aims

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.210,8)(,$".- "<- <(%,"0- (<<1%,$.)- (*(D#1- <(*8%.)- A*'<$ E- %*"A-
%"SAHLFS,&-(/-*$0>-+./1%-, @1-0$.)#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(%@$.)-(./-
*$0>7-;"/1#-110%*$A,$". E-21*$<$%(,$".-(./-2(H#$/(,$".

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*-17-J+0,($.(D#1-=11/-%". *"#-=$,@-*",(,$".(#-8(.()181.,7-90,$8(,$.)-
@1-0)*1)(, 1-%"0,-"<-%". *"##3.)- DH(AH00- 3H#"A1%+*+0- 8&"0+*'$/106- =$, @-
0A*$.)-%*"AAS.)-$.-KL-(*(D#1-<(*83.) -

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?

3.1 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% MTN$O0>- $.- ()*$%+#,+*17- ;"/1##S$.)- OA(S(HH&<1*1.%1/- <(*81*- *$0>-
D1@(2%$"+*-+0%$.)-(.-12"#21/-8$F 1/45.,1)1*-;0PHQ-(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?

1.7! Identified model data and research data needs

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( B,$,("6) ( B,$,0&*#") ( 5"$H&6)(&9(
=) -#HI$H™ %) (,%+) ( #&00"#SYE&'
Overall aim of the research
Develop a farm level mathematical Farm management data, e.g.  Farm Literature review,
(optimisation) model that can be yield, price and cost data, management Secondary data,
used to evaluate economic as well subsidy payments pocket book, Communication
as ecological/environmental Farm Business with model
viability and riskiness of Soil type, Rainfall data Survey (FBS), development
alternative cropping systems. agriculture experts

Machine work rate for farm literature,

operations
Workable hours

Model formulation and
programming information

existing model
data (e.g. farmR
model data)

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

1

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

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

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

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

Data on N fertiliser limits in
Nitrate Vulnerable Zones

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

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

Data/information on

farmers risk preferences,
crop yield and price data,
soil type and rainfall data

Defra, farmR
Model and data

FBS, Met Office,
Soilscapes®
website

FBS, Farm
management
pocket books,
Data from farmR
model

Literature, FBS
data, Met office,
Soilscapes®
website

Literature review,
Secondary data

Literature review,
Secondary data

Literature review,
Secondary data

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

Literature review,
Secondary data

1.8! Key Messages

¥ 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.

References

Acs, S., Hanley, N., Dallimer, M., Gaston, K. ], Robertson, P.,, Wilson, P. and
Armsworth, P. R. (2010) The effect of decoupling on marginal agricultural
systems: implications for farm incomes, land use and upland ecology. '$()#*+#
,-%./0&¥J 2), pp. 550-563.

Adesina, A. A. and Ouattara, A. D. (2000) Risk and agricultural systems in northern
Cote d'Ivoire. 123./4%"43$%#50+ R &} pp. 17-32.

Anadranistakis, M., Liakatas, A., Kerkides, P. Rizos, S. Gavanosis, J. and
Poulovassilis, A. (2000) Crop water requirements model tested for crops
grown in Greece. 123./4%"43$%#7$"13#8%$($2!6!(@# 3), pp. 297-316.

Annetts, ]. and Audsley, E. (2002) Multiple objective linear programming for
environmental farm planning. 9-43($%# -:# ";1# <=133$".-($%#$3/;# 5-/.1"0&#
KS(9), pp- 933-943.

APRODEV (2012)#93-=#3-"$".-(@#A!(1:.".(2#:$36!3+B#";1#1(C.3-(6! ("$YHS O #"; 1#
I/-(-60 , available at:

44



http://aprodev.eu/files/Trade/crop%20rotation%20briefing pan ifoam apro
dev_foee fina.pdf (accessed 20 April 2014).

ASA (1989) D!/.+.-(# 3'$/;D)# -(# +4+"$.($A%!# $23./4%" "4 Brérican Society of
Agronomy, Madison Wisconsin.

Audsley, E., Pearn, K. R, Simota, C. Cojocaru, G., Koutsidou, E., Rounsevell, M.,
Trnka, M. and Alexandrov, V. (2006) What can scenario modelling tell us about
future European scale agricultural land use, and what not? E(C.3-(6!("$%#
5/.1('#F#,-%./0&K(2), pp- 148-162.

Bachinger, J. and Zander, P. (2007) ROTOR, a tool for generating and evaluating
crop rotations for organic farming systems. E43-=1$(# 9-43($%0# -:# 123-(-60&#
NR2), pp. 130-143.

Balaceanu, C. (2013) A historical analysis of the common agricultural policy.
>43%$%#D!C!%-=6! (&), pp. 25-30.
Baldwin, K. R. (2006)# ?3-=# 3-"$".-(+# -(# -32%(./# :$36+ available at:

http://www.cefs.ncsu.edu/resources/organicproductionguide/croprotationsf
inaljan09.pdf (accessed 14 April 2014).

Barnard, C. S. and Nix, J. S. (1973) Farm planning and control, Cambridge
University Press, London.

Bergez, ]. E., Debaeke, P., Deumier, ]. M., Lacroix, B., Leenhardt, D., Leroy, P. and
Wallach, D. (2001) MODERATO: an object-oriented decision tool for designing
maize irrigation schedules. E/-%-2./$%#8-)!%% .(E3F1), pp. 43-60.

Bergez, ]. E., Leenhardt, D., Colomb, B., Dury, ], Carpani, M. Casagrande, M.,
Charron, M. H,, Guillaume, S., Therond, O. and Willaume, M. (2012) Computer-
model tools for a better agricultural water management: Tackling managers’
issues at different scales - A contribution from systemic agronomists.
?-6=4"13+#S(HEY!/"3-(./+#.(#123./4%" 2B, pp. 89-99.

Berntsen, |, Petersen, B. M., Jacobsen, B. H,, Olesen, |. E. and Hutchings, N. ]. (2003)
Evaluating nitrogen taxation scenarios using the dynamic whole farm
simulation model FASSET. 123./4%"438#'16+&¥R 3), pp- 817-839.

Britz, W., Perez, 1., Zimmermann, A. and Heckelei, T. (2007) D!..(.".-(#-:#";1#?1,>H#

?-31#8-)1%%. (2#50+"16# S()H# H("13:$/1+#1."#-",13# ?-6=-(!("+# - # S5E18'ESEHIB#
SEAMLESS Report no. 26, SEAMLESS integrated project, EU 6th Framework

45



Programme, contract no. 010036-2, www.SEAMLESS-IP.org, 116 pp, ISNB no.
90-8585-114-9 and 978-90-8585-114-1.

Biirger, J., de Mol, F. and Gerowitt, B. (2012) Influence of cropping system factors
on pesticide use intensity - A multivariate analysis of on-farm data in North
East Germany. E43-=1$(#9-43($%#-:#123-(-6RA0), pp. 54-63.

Butterworth, K. (1985) Practical application of linear/integer programming in
agriculture. 9-43($%#-:#";1#<=13%".- (8% 1$3/;#5-/.1"0&#p. 99-107.

Carvalho, F. P. (2006) Agriculture, pesticides, food security and food safety.
E(C.3-(6!("$%#5/.\(/'#F#,-%./0&#7-8), pp. 685-692.

Cassman, K. G., Dobermann, A. and Walters, D. T. (2002) Agroecosystems, nitrogen-
use efficiency, and nitrogen management. 18KH<@# 1# 9-43($%# -:# ";1# LAGS(#
E(C.3-(6!("&#SU(2), pp.- 132-140.

Chalabi, Z. S. (1998) Mathematical methods for modelling and identification of
nonlinear agricultural systems. 8%";!16$"./+# $()# ?-6=4"13+# .(# 5.64%%$".-(&#
O\1), pp. 47-52.

Chikowo, R., Faloya, V., Petit, S. and Munier-Jolain, N. (2009) Integrated weed

management systems allow reduced reliance on herbicides and long-term
weed control. 123./4%"43!B#E/-+0+"16+#F#E(C.3-(61{SM3), pp. 237-242.

Clancy, D., Breen, ]. P., Thorne, F. and Wallace, M. (2012) A stochastic analysis of
the decision to produce biomass crops in Ireland. Biomass and Bioenergy. OR
pp- 353-365.

Cooke, I. R, Queenborough, S. A., Mattison, E. H., Bailey, A. P., Sandars, D. L., Graves,
A.,, Morris, ], Atkinson, P. W.,, Trawick, P. and Freckleton, R. P. (2009)
Integrating socio-economics and ecology: a taxonomy of quantitative methods
and a review of their use in agro-ecology. 9-43($%#-:#1==%.!)#E/-YE&)#pp.
269-277.

Cooke, I. R, Mattison, E. H. A,, Audsley, E., Bailey, A. P, Freckleton, R. P., Graves, A.
R., Morris, ., Queenborough, S. A., Sandars, D. L., Siriwardena, G. M., Trawick,
P., Watkinson, A. R. and Sutherland, W. ]. (2013) Empirical test of an
agricultural landscape model: The importance of farmer preference for risk
aversion and crop complexity. 51ME#<=!(&2), pp. 1-16.

Cranfield University (2013)#.%+-1#l;-%!#:$36#6-)!%vailable at:
http://www.cranfield.ac.uk/research/research-activity/current-

46



projects/research-projects/silsoe-whole-farm-model.html (accessed 14
November 2013).

de Wit, C. (1979) The efficient use of labour, land and energy in agriculture.
123./4%"433Q#36+8F4), pp. 279-287.

de Wit, C. T. (1992) Resource use efficiency in agriculture. 123./4%"43%$%# 50+"!16+&#
OwW1-3), pp- 125-151.

Defra (2002)#N;# +"3%"120# :-3# +4+"$.(PA%# :$36.(2# 3$()#, :-ayailable at:
http://archive.defra.gov.uk/foodfarm/policy/sustainfarmfood /documents/sff
s.pdf (accessed 01 September 2016).

Defra (2006)#54+"$.($A%!# :$36.(2# $()# :--)# +"3%$"120@# :-31$3)# %raable at:
http://archive.defra.gov.uk/foodfarm/policy/sustainfarmfood /documents/sff
s-fwd-060718.pdf (accessed 19 October 2016).

Defra (2011)#7$"13# 4+$2\# .(# $23./4%"43# $()# ;-3"./4%"43# 31+4Get+##3336#
A4+ (I++# +43C10# PQQRSTQ# $(# ";l# .33.2%".-(# +43C!CaRePIE) at:
http://www.defra.gov.uk/statistics /foodfarm/farmmanage/fbs/publications/
water-usage/ (accessed 26 October 2013).

Defra (2014)#21,#>:-36 @#N;#(!1#/-66-(#$23./4%"43$%#=-%./0#+/;\6!+#.(H#E (295 () #
1424+"#PQTU#4=)3"1#.(/%4).(2# V23! (.(2W @#;-1# ."#1-30+# . (#a3fl4lle at:
https://www.gov.uk/government/publications/cap-reform-august-2014-
update-including-greening-how-it-works (accessed 04 February 2016).

den Biggelaar, C. and Suvedi, M. (2000) Farmers' definitions, goals, and bottlenecks
of sustainable agriculture in the North-Central Region. 123./4%"43'#$()#L46$(#
X$%A4!+&F4), pp. 347-358.

Detlefsen, N. K. and Jensen, A. L. (2007) Modelling optimal crop sequences using
network flows. 123./4%"43$%#50+"T&X&} pp. 566-572.

Dogliotti, S., Rossing, W. A. H. and van Ittersum, M. K. (2003) Rotat, a tool for
systematically generating crop rotations. E43-=I1$(# 9-43($%# -:# 123-(-60&#
UT(2), pp. 239-250.

Doran, ]J. W. (2002) Soil health and global sustainability: translating science into
practice. 123./4%"43!B#E/-+0+"16+#F#E(C.3-(6\(\&2), pp. 119-127.

Doran, ]. W. and Zeiss, M. R. (2000) Soil health and sustainability: managing the
biotic component of soil quality. 1==%.!)#5-.%#E/-%tX&), pp. 3-11.

47



Dorward, A. (1999) Modelling embedded risk in peasant agriculture:
methodological insights from northern Malawi. 123./4%"43%$%#E/-(-6./N&J2),
pp. 191-203.

EC (2007)E(C.3-(6!("#:$/"#+;11"@#=!+"./.)!+-available at:
http://ec.europa.eu/environment/pubs/pdf/factsheets/pesticides.pdf
(accessed 23 October 2013).

EC (2008)#54+"$.(SA% #4+1#-#=1+"].) 1+ @# $#+"3$"120#"-#(+431# +$:13# 4+ 1# £ #=1+"./)!
available at: http://ec.europa.eu/environment/ppps/strategy.htm (accessed
23 October 2013).

El-Gayar, O. F. and Leung, P. (2001) A multiple criteria decision making framework
for regional aquaculture development. E43-=!$(# 9-43($%# -# <=I13%$".-($%#
>1+1$3/;&#8)SS3), pp. 462-482.

El-Nazer, T. and McCarl, B. A. (1986) The choice of crop rotation: A modelling
approach and case study. 16!3./$(# 9-43($%# -:#123./4%"43%$%# E/-(-RW&#,
pp- 127-136.

EU (2012)#N;# /-66-(# $23./4%"43%%# =-%./0@%# $# =3$3"(13+;.=# Al"I'\(# E43-=I# $()#
$36!3+ available at: http://ec.europa.eu/agriculture/cap-
overview/2012 en.pdf (accessed 01 August 2014).

EU (2013)4CI3C.!#-:#?1 #3!:-36#PQTBQPvailable at:
http://ec.europa.eu/agriculture/policy-perspectives/policy-briefs /05 en.pdf
(accessed 01 August 2014).

Finneran, E., Crosson, P., O'kiely, P., Shalloo, L., Forristal, D. and Wallace, M. (2012)
Stochastic simulation of the cost of home-produced feeds for ruminant
livestock systems. The Journal of Agricultural Science. UKN(01), pp. 123-139.

Flaten, O. and Lien, G. (2007) Stochastic utility-efficient programming of organic
dairy farms. E43-=1$(#9-43($%#-:#<=13%".-($%#>!+!SBN&EB), pp. 1574-1583.

Fragoso, R. M., Carvalho, Maria Leonor da Silva and Henriques, Pedro Damiao de
Sousa (2008) "Positive mathematical programming: a comparison of different
specification rules”, Proceedings of the XIIth Congress of the EAAE.

Francis, C. A. and Clegg, M. D. (1990) "Crop rotations in sustainable production
systems”, in Edwards, C. A, Lal, R, Madden, P., et al (eds.) 54+"$.($3A%!#
$23./4%"43%%#+0+36i Bird Water Conservation Society, lowa, pp. 107-122.

48



Gafsi, M., Legagneux, B., Nguyen, G. and Robin, P. (2006) Towards sustainable
farming systems: Effectiveness and deficiency of the French procedure of
sustainable agriculture. 123./4%"43$%#50+" ToA&#3), pp. 226-242.

Genova, K. and Guliashki, V. (2011) Linear integer programming methods and
approaches-A survey. 20AI3(1"./+#$()#H(:-36$".-(#N!/;(-%-2.1+&BU 1), pp. 3-
25.

Gibson, R. B. (2006) Beyond the pillars: sustainability assessment as a framework
for effective integration of social, economic and ecological considerations in
significant decision-making. 9-43($%# -:# E(C.3-(6!("$%# 1++!++6!("# ,-%./0# $()#
8%($2!6!("&# V(3), pp- 259-280.

Glendining, M., Dailey, A., Williams, A. G., Evert, F. v., Goulding, K. and Whitmore, A.
(2009) Is it possible to increase the sustainability of arable and ruminant
agriculture by reducing inputs? 123./4%"43$%#50+"Ta&} pp. 117-125.

Godfray, H. C., Beddington, J. R, Crute, I. R, Haddad, L., Lawrence, D., Muir, J. F.,
Pretty, J., Robinson, S., Thomas, S. M. and Toulmin, C. (2010) Food security: the
challenge of feeding 9 billion people. Science (New York, N.Y.). SNQ@5967), pp.
812-818.

Gooding, M., Pinyosinwat, A. and Ellis, R. (2002) Responses of wheat grain yield
and quality to seed rate. N;!#9-43($%#-:#123./4%"43%$%#5UNB), pp. 317-
331.

Groot, J. C. ], Oomen, G. ]J. M. and Rossing, W. A. H. (2012) Multi-objective
optimization and design of farming systems. 123./4%"43%$%#50+"l83EH), pp.
63-77.

Hansen, J. W. and Jones, ]. (1996) A systems framework for characterizing farm
sustainability. 123./4%"43%$%#50+¥8X &} pp. 185-201.

Hazell, P. B. (1971) A linear alternative to quadratic and semivariance
programming for farm planning under uncertainty. 16!3./$(# 9-43($%# -:#
123./4%"43%$%H#E/-(-6./K&H), pp. 53-62.

Hazell, P. B. and Norton, R. D. (1986) 8%";!6$"./$%# =3-23%$66.(2# :-3# !/-(-6./#
B($%0+.+#.(#$23./4%M3¢Blan, New York.

Heady, E. 0. (1954) Simplified presentation and logical aspects of linear
programming technique. 9-43($%#-:#J$36#E/-(-6./+8R&5), pp. 1035-1048.

49



Heckelei, T. and Britz, W. (2000) Positive mathematical programming with
multiple data points: a cross-sectional estimation procedure. ?$;.13+#
YYU-(-6.1#!"#5-/.-%-2.1%#> 433$%!K&Ihp. 28-50.

Heckelei, T. and Britz, W. (2005) Models based on positive mathematical
programming: state of the art and further extensions. 8-)!%%.(2# $23./4%"43%$%#
=-%./.1+ @#5"$" 1#- BIHS)#(1#/,$%%! (2!+B#,$36 $BHHIHA4B&ZS.

Heckelei, T., Britz, W. and Zhang, Y. (2012) Positive mathematical programming
approaches-Recent developments in literature and applied modelling. K.-G
ASHNHB()H#1==%.!)#E/-(-6./+&¥1), pp. 109-124.

Helming, . F. (2005) 1#6-)!%#-:#DA4"/;#$23./4%"4A31# AS+)#-(#,-+.".C!#8%";16$"./$%#
,3-23%$66.(2# 1."# 312.-($%# $O# !(C.3-(6!("$%# $==%./$".-(+BWageningen
University Wageningen.

Hess, T. M., Knox, ]. W., Kay, M. G. and Weatherhead, E. K. (2009) 8$($2.(2#1$"!13#
A" 3G;1# $23-(-6./B# !/-(-6./# () # | (C.3-(6!("$%# Al (1:."+# - # 2--)# .33.2%".-(#
+/;1)4%.(2B€ranfield University, Defra Innovation Network and Environment
Agency, Cranfield, England.

HGCA (2014)#83($2.(2# I')+# .(# $3PA%# 3-"$".-(+H#F# $# 24.)!, available at:
http://www.rothamsted.ac.uk/sites/default/files /attachments/2014-01-
09/4%20As%20published%2013Aug10%202010 HGCA_Arable_ Weed_Guide.
pdf (accessed 24 March 2016).

Hillocks, R. J. (2012) Farming with fewer pesticides: EU pesticide review and
resulting challenges for UK agriculture. ?3-=#,3-"/".-(&#SU1), pp. 85-93.

Howitt, R. E. (1995) Positive mathematical programming. 16!3./$(# 9-43($%# -:#
123./4%"43$%6HE/-(-6./QEF2), pp. 329-342.

Howitt, R. E., MacEwan, D., Medellin-Azuara, J. and Lund, ]J. R. (2010) Economic
modelling of agriculture and water in California using the statewide
agricultural production model. ?$%.:-3(.$# D!=$3"6!("# -:# 7$"13# >!+-43/!+B#
*(.CI3+."0#-#7$%.:-3PSC.+&#

Howitt, R. E., Medellin-Azuara, J., MacEwan, D. and Lund, . R. (2012) Calibrating
disaggregate economic models of agricultural production and water
management. E(C.3-(6!("$%#8-) 1%%. (2#F#5-:"1$3&40), pp. 244-258.

IFA (2007) "Fertiliser best management practices: General principles, strategy for
their adoption and voluntary initiatives versus regulations”, H("!3($".-($%#

7-30+;-=#-(#J!3".%.+¥!+"#8$($2!6!("#,3%/"./!+B#7-9 March 2007, Brussels,

50



International Fertiliser Industry Association, Paris (available at:
http://www.fertiliser.org/ifa/HomePage /FERTILISERS-THE-
INDUSTRY /How-to-best-use-fertilisers), pp. 1-267.

Ikerd, J. E., Osborn, D. and Owsley, ]. C. (1998)#5-6!#8.++-43.#:$36!3+Y#=I13+=!/".C!+#
- #+4+"S. ($A%H $23./4%"431&H >1=-3"# - # [-.("# 31 +HI$3/# " #*(.CI13+."0# - # 8.++-43.
SO#N!((1++1#5"$"1#72-3=-3%".-(B¥(.C!3+."0#-:#8.++-43.B#?-%46A.$Bw8#able
at:  http://web.missouri.edu/ikerdj/papers/tsu-surv.htm (accessed 15
October 2013).

Janssen, S., Louhichi, K., Kanellopoulos, A., Zander, P., Flichman, G., Hengsdijk, H.,
Meuter, E., Andersen, E., Belhouchette, H. and Blanco, M. (2010) A generic bio-
economic farm model for environmental and economic assessment of
agricultural systems. E(C.3-(6!("$%#8%$($2!6!("&#OR6), pp. 862-877.

Jacquet, F. and Pluvinage, J. (1997) Climatic uncertainty and farm policy: A discrete
stochastic  programming model for cereal-livestock farms in
Glgeria. 123./4%"43%%#+0-+HK&(®), pp. 387-407.

Kaiser, H. M. and Messer, K. D. (2011) Mathematical programming for agricultural,
environmental and resource economics, John Wiley & Sons, New Jersey.

Kall, P. and Wallace, W. (1994)# 5"-/;$+"./# =3-23%$66.(2 , available
at: http://www.lancs-initiative.ac.uk/images/manujw.pdf (accessed 06 June
2017).

Kennedy, J. (2012) Dynamic programming: applications to agriculture and natural
resources, Springer Science & Business Media.

King, L. D. (1990) "Soil nutrient management in the United States", in Edwards, C.
A., Lal, R, Madden, P., et al (eds.) 54+"$.($A%# $23./4%"43%%# +GoilciBY
Water Conservation Society, lowa, pp. 89-106.

Knox, J. W. and Kay, M. G. (2008) 5$C!# 1$"13# $()# 6-(10# &.33.2$"1# I::.1.1("%0B#
Cranfield University, Natural England, Cranfield, England.

Knox, J. W, Kay, M. G. and Weatherhead, E. K. (2012) Water regulation, crop
production, and agricultural water management: understanding farmer
perspectives on irrigation efficiency. 123./4%"43$%#7$"13#8%$($2!6! (&4 \pp.
3-8.

Liu, X., Lehtonen, H., Purola, T. Pavlova, Y. Rotter, R. and Palosuo, T. (2016)
Dynamic economic modelling of crop rotations with farm management
practices under future pest pressure. Agricultural Systems. 144, pp. 65-76.

51



Louhichi, K., Kanellopoulos, A., Janssen, S., Flichman, G., Blanco, M., Hengsdijk, H.,
Heckelei, T., Berentsen, P., Lansink, A. O. and Ittersum, M. V. (2010) FSSIM, a
bio-economic farm model for simulating the response of EU farming systems
to agricultural and environmental policies. 123/4%"43%$%# 50+"16¥&88), pp.
585-597.

Mackerron, D. K. L. (1993) "The benefits to be gained from irrigation"”, in Bailey, R.
J. (ed.) H33.28".(2# =-"$"-1+@# *\# .33.28".-(# $++-/.$".-(# "I/, (./$%# 6-(-23%=;# UB#
Cranfield Press, Cranfield, England, pp. 1-13.

Makowski, D., Hendrix, E. M., van Ittersum, M. K. and Rossing, W. A. (2001)
Generation and presentation of nearly optimal solutions for mixed-integer

linear programming, applied to a case in farming system design. E43-=!1$(#
9-43($%#- #<=13%".-($%#>1+SBIRK2), pp. 425-438.

Martins, M. B. and Marques, C. (2007) Methodological aspects of a mathematical
programming model to evaluate soil tillage technologies in a risky
environment. E43-=I$(#9-43($%#-:#<=13$".-($%#>1+1$BIEH ), pp. 556-571.

Matthews, R. (2006) The People and Landscape Model (PALM): Towards full
integration of human decision-making and biophysical simulation models.
E/-%-2./$%#8-)!%%.(PTq4), pp. 329-343.

McBride, R. D. and O'Leary, D. E. (1993) The use of mathematical programming
with artificial intelligence and expert systems. E43-=!$(#9-43($%#-#<=13%".-($%#
>1+1$3/; . QW1), pp. 1-15.

McBurney, T. (2011) Soil moisture monitoring: meeting the agricultural
requirement. 9-43($%#-#*\#H33.2$".-(#1++-/.$"S(&pHp. 8-10.

McCarl, B. A. and Onal, H. (1989) Linear approximation using MOTAD and
separable programming: should it be done? 16!3./$(# 9-43($%# -:# 123./4%"43$%#
E/-(-6./+&#QU1), pp. 158-166.

Meyer, ]J. (1977) Second-degree stochastic dominance with respect to a function.
H("3($".-($%E/-(-6./#>IC.1&# UM2), pp. 477-487.

Moss, S. and Lutman, P. (2013) Black-grass: the potential of non-chemical control.
Available at:
http://www.rothamsted.ac.uk/sites/default/files /attachments/2014-01-
09/1%20Blackgrass%20non-
chemical%Z20control%20compressed%20easy%20read%2028May13.pdf (acc
essed 16 May 2016).

52



Nix, J. (2014) J$36#6$($2!6!("#=-/0!"A--OB#44th ed, Agro Business Consultants
Ltd, Melton Mowbray, England.

Oglethorpe, D. (2010) Optimising economic, environmental, and social objectives: a
goal-programming approach in the food sector. E(C.3-(6!("#$()#,%$((.(2# 1&#
ONS5), pp. 1239.

Osgathorpe, L. M., Park, K., Goulson, D., Acs, S. and Hanley, N. (2011) The trade-off
between agriculture and biodiversity in marginal areas: Can crofting and
bumblebee conservation be reconciled? E/-%-2./$%#E/-(-6./+&H\6), pp. 1162-
1169.

Pandey, S. and Medd, R. W. (1991) A stochastic dynamic programming framework
for weed control decision making: an application to 1C!($#:$"4$L. 123./4%"43%%#
E/-(-6./+& #R(2), pp. 115-128.

Pannell, D. (1999) Social and economic challenges in the development of complex
farming systems. Agroforestry Systems. OK 1), pp. 395-411.

Pardo, G., Riravololona, M. and Munier-Jolain, N. M. (2010) Using a farming system
model to evaluate cropping system prototypes: Are labour constraints and
economic performances hampering the adoption of integrated weed
management? E43-=1$(#9-43($%o#-:#123-(-6@5¢1), pp. 24-32.

Perman, D., Ma, Y., Common, M., Maddison, D. and McGillivray, J. (2011) ]$"43$%#
31+-43/1#$()#!(C.3-(6!("$%#!/-(-6./+B# Pearson, Harlow, England.

Preckel, P. V., Harrington, D. and Dubman, R. (2002) Primal/dual positive math
programming: I[llustrated through an evaluation of the impacts of market
resistance to genetically modified grains. 16!3./$(# 9-43($%# -:# 123./4%"43$%#
E/-(-6./+&#VQ3), pp. 679-690.

Pretty, J. and Bharucha, Z. P. (2014) Sustainable intensification in agricultural
systems. Annals of botany. UU@8), pp. 1571-1596.

Rodriguez, C. and Wiegand, K. (2009) Evaluating the trade-off between machinery
efficiency and loss of biodiversity-friendly habitats in arable landscapes: The
role of field size. 123./4%"43!B#E/-+0+"16 +#F#E(C.3-(64N&H4 ), pp. 361-366.

Rossing, W. A. H., Zander, P, Josien, E., Groot, |. C. ]., Meyer, B. C. and Knierim, A.
(2007) Integrative modelling approaches for analysis of impact of

multifunctional agriculture: A review for France, Germany and The
Netherlands. 123./4%"43!B#E/-+0+"16+#F#E(C.3-(6YN\#f1), pp. 41-57.

53



Rounsevell, M., Annetts, ]., Audsley, E., Mayr, T. and Reginster, 1. (2003) Modelling
the spatial distribution of agricultural land use at the regional scale.
123./4%"43!|B#E/-+0+"16+#F#E(C.3-(6TKE&2), pp. 465-479.

RPA (Rural Payments Agency) (2015)#N;!# A$+./# =3$06!("# +/;!6'# .(# E(2%%()
available at:
https://www.gov.uk/government/uploads/system/uploads/attachment_data
/file /406452 /BPS Handbook - final v1.0.pdf (accessed 28 June 2016).

RPA (Rural Payments Agency) (2016)#K$+./# ,$06!("# 5/;! 6!@# 34%!+# :-3# PQT"
available at:
https://www.gov.uk/government/uploads/system/uploads/attachment_data
/file/505559/BPS 2016 _scheme rules FINAL DS .pdf (accessed 28 June
2016).

Salassi, M. E., Deliberto, M. A. and Guidry, K. M. (2013) Economically optimal crop
sequences using risk-adjusted network flows: Modeling cotton crop rotations
in the southeastern United States. 123./4%"43%$%#50+"W844#), pp. 33-40.

Schaller, N. (1993) The concept of agricultural sustainability. 123./4%"43!B#
E/-+0+"16+#F#E(C.3-(6!("8&3R 1-4), pp. 89-97.

Schniederjans, M. J. (1995) The life cycle of goal programming research as
recorded in journal articles. <=!13$".-(+#>1+!$3/;,&%J4), pp. 551-557.

Schonhart, M., Schmid, E. and Schneider, U. A. (2011) CropRota-A crop rotation
model to support integrated land use assessments. E43-=!$(# 9-43($%# -:#
123-(-60&#4), pp. 263-277.

Schuler, J. and Sattler, C. (2010) The estimation of agricultural policy effects on soil
erosion—An application for the bio-economic model MODAM. '$()#*+#,-%./0&#
NQ1), pp. 61-69.

Shapiro, A. and Philpott, A. (2007) A Tutorial on Stochastic Programming, available
at:
https://pdfs.semanticscholar.org/b8c9/4a3fb92448275fde0dbe8227d37fb47
a4f58.pdf (accessed 06 June 2017).

Skevas, T., Lansink, A.O. (2014) Reducing pesticide use and pesticide impact by

productivity growth: the case of Dutch arable farming. 9-43($%#-:# 1284"43%%#
E/-(-6./+B#X-%0RK(1), pp. 191-211.

54



Skevas, T. Stefanou, S.E., Lansink, A.0. (2013) Do farmers internalise
environmental spillovers of pesticides in production? 9-43($%# -:# 123./4%"43%%#
E/-(-6./+B#X-%9RE3), pp. 624-640.

Tait, J]. and Morris, D. (2000) Sustainable development of agricultural systems:
competing objectives and critical limits. J4"43!+&#N3-4), pp. 247-260.

Tamiz, M., Jones, D. and Romero, C. (1998) Goal programming for decision making:
An overview of the current state-of-the-art. E43-=!$(# 9-43($%# - :# <=13%".-($%#
>1+1$3/;&8UY3), pp. 569-581.

Tauer, L. W. (1983) Target MOTAD. 16!3./$(# 9-43($%# -:# 123./4%"43$%# E/-(-6./+&#
RK(3), pp. 606-610.

ten Berge, H. F. M,, van Ittersum, M. K., Rossing, W. A. H., van de Ven, G. W. ]. and
Schans, J. (2000) Farming options for The Netherlands explored by multi-
objective modelling. E43-=1$(#9-43($%#-:#123-(-6QL3¢2-3), pp. 263-277.

Thornley, J. H. M. and France, ]. (2007), 8%";!6$"./$%# 6-)!%+# .(# $23./4%"43!@%#
_A(""$".CIHB!"; )+ -3 1H=%S ("BH# S FE0# S ()#!/-%0-2./1$%0H+/ | (/Rridied, CABI,
Wallingford, UK.

Tilman, D., Cassman, K. G. Matson, P. A, Naylor, R. and Polasky, S. (2002)
Agricultural sustainability and intensive production practices. ]$"43!&#
OuU\6898), pp. 671-677.

Tiwari, D. N, Loof, R. and Paudyal, G. N. (1999) Environmental-economic decision-

making in lowland irrigated agriculture using multi-criteria analysis
techniques. 123./4%"43$%#50+"TFOAR} pp. 99-112.

UN-DESA (2013)#7-3%)# =-=4%%$".-(# =3-+=!/"+@%# ";!# PQTP# 3!Gvailble at:
http://esa.un.org/unpd/wpp/Documentation/pdf/WPP2012 HIGHLIGHTS.pd
f (accessed 16 October 2013).

Van Ittersum, M. K., Ewert, F., Heckelei, T., Wery, J., Alkan Olsson, J., Andersen, E.,
Bezlepkina, 1., Brouwer, F., Donatelli, M. and Flichman, G. (2008) Integrated
assessment of agricultural systems-A component-based framework for the
European Union (SEAMLESS). 123./4%"43%$%#+0+T&FR}#pp. 150-165.

Vasileiadis, V.P., Sattin, M., Otto, S., Veres, A., Palinkas, Z., Ban, R,, Pons, X., Kudsk, P.,
van der Weide, R., Czembor, E., Moonen, A.C,, Kiss, ]. (2011) Crop protection in
European maize-based cropping systems: Current practices and
recommendations for innovative Integrated Pest Management. 123./4%"43%$%#
50+"16+ X-%0&W7), pp. 533-540.

55



Viaggi, D., Raggi, M. and Gomez y Paloma, S. (2010) An integer programming
dynamic farm-household model to evaluate the impact of agricultural policy
reforms on farm investment behaviour. E43-=!$(# 9-43($%# -:# <=13%".-($%#
>1+1$3/,&MW@), pp. 1130-1139.

Visagie, S., De Kock, H. and Ghebretsadik, A. (2007) Optimising an integrated crop-
livestock farm using risk programming. <>.<]@# N;# 9-43($%# -:# <>300@&¥
pp- 29-54.

Vossen, T. Ball, M. O, Lotem, A. and Nau, D. (1999) On the use of integer
programming models in Al planning.

WCED (World Commission on Environment and Development) (1987) <43#
/-66-(#:4"431B#0xford University Press, and United Nations, New York.

Wijnands, F. G. (1997) Integrated crop protection and environment exposure to
pesticides: methods to reduce use and impact of pesticides in arable farming.
E43-=1$(#9-43($%#-:#123-(-6U&#-3), pp- 251-260.

Wallace, M. T. and Moss, . E. (2002) Farmer Decision-Making with Conflicting
Goals: A Recursive Strategic Programming Analysis. Journal of Agricultural
Economics. 53(1), pp- 82-100.

Williams, A. G., Audsley, and Sandars, D. (2010) Assessing ideas for reducing
environmental burdens of producing bread wheat, oilseed rape and potatoes
in England and Wales using simulation and system modelling. H("!3($".-($%#
9-43($%#-#'.:1#7?0/%\#1++!++6)KEH, pp. 855-868.

Williams, A. G., Sandars, D. L., Annetts, ]. E., Audsley, E., Goulding, K. W., Leech, P.
and Day, W. (2003) "A framework to analyse the interaction of whole farm
profits and environmental burdens”, ,3-/"").(2+#-#EJHN1#PQQ #U";#7?-(:!13!(/'#
-#" HEA3-=1$(#IN)I3$" .- (#:-3#.(:-363".-(#"1/;(-%-20#.(#123./4%"43B--)# S () #
E(C.3-(6!("a# b&R#94%0#D!A3!/|(B#L4(2880R# 5-9 July, Debrecen, Hungary,
Proceedings of EFITA 2003 4th Conference of the European Federation for
information technology in Agriculture, Food and Environment, pp. 492.

Zander, P. and Kichele, H. (1999) Modelling multiple objectives of land use for
sustainable development. 123./4%"43%$%#50+"¥6H&} pp. 311-325.

56



Appendix

$%&'() *+,1-./(10%12%3(456 7%8(9.72!(:%80'(4 !

References

Model

Model information

;%<1=>>(74?BHSY@RABBLCD
!

EFG-HFEE! 17.J(1>,! 999K4(%8'(44
LOK.713

R7L>S#$HRABBHD

Z.3'L>>UI#$H@RABB[D

R%12L<3(7!%</1]%</@ABBYD

EFG-HFEE=M!
@F<;L7.<8(<>%'"1%</!
G37L1?">?7%"!-./("L<3,!
HL<2L<3!F?7.0(%<!E1L(<1
%</'E.1L(>N!=<>(37%>(/!
M7%8(9.72D

1

TGIU4

UX$GH

UX$XU

$OL4AILA1%!8./("€3!67%8(9.72!0%7>190L10!%L84!1%>!L<>(37%>(/'67%8(9.72!>.14?200.7>!L<>(37%>(/!%4
%37L1?'>?7%'1 4N4>(84!%>!/L66(7(<>!141%'(4P! %</!>.107.;L/(! %<%'N>L1%'" 1%0%&L"'L>L(4!6.7! (1.<.8L
4.1L%'1%</1L<4>L>?>L.<%'1%40(1>4!.6!%37L1?'>? 1S 22 (BB ?4(4! . <1%37L1?'>? 7940461 >L; L>L (4!Y
>O(L7! L<>(7%1>L.<4! 9L>0! >O(! (<;L7.<8(<>P! (1.<.8N! %</! 7?7%" /(;(".08(<>K! | =>4! 1.80.<(<>4! L<!

Q?2%<>L>%>L;(18./('PY%>%&%4(PIL</L1%> . 741%</14.6>9%7 (L<67%4>721>?7(K
!

=S14196V1Q?%<>L>%>L;(1%37L17'>27%'14(1>.718./("L<3!4N4>(81 9L >0 >0(18%L<!.&I(1>L;(!.6!%44(44L<
>O(I TGI! 0.'LIN! L<4>7?8(<>4! %> >O(! FVP! 8(8&(7! 4>%>(! S6eA2€06" '(;(4K! | =>1 1.<4L4>4! 6! [%>%&:
8( >0./.".3NP!4.6>9%7(16.7!L80'(8(<>%>L.<!%</1/(;(".08(<>P!8%L<>(<%<1(1%</1%00'L1%>L.<4!>(%8KITC
%".941>0(11.80%7%&L'L>N1.6IL>417(4?2'>4K!

$O(18./('17(0.7>41%7 (107 (4(<>(/'L<!L<>(7%1>L;(18%041%</1>O(!>(10<L1%'14."2>L . <IL4! &%4(/!.<!WG-E!8
'%<3?B(KI$SO(137%00L 1% 24(7!L<>(76%1(!@WV=DILA!<.9IL<ITPIL<>(7%1>L<319L>0!MXUSUGY!1./(!%
1(%'19L>01/%>%&%4(18%<%3(8(<>K

|
$OL419%41/(4L3<(/!>.13(<(7%>(117.017.>%> L. <V&B37.<.8L 11 17L>(7L %! %</IL>!/.(41>0%>1&N!1.8&L<L<:
67.819%107(/(BL<(/I'LA>1>.13(<(7%>(1%"10.44L&'(17.>%>L.<4KI$O(10.44L& (1< ?8&(7!.6!17.0!1.8&L<%>L.<4!]
&N %! <?8&(7! .61 24FL.<>7."(/! 6L'>(74P! 9OL10! %7(! /(4L3<(/! &% (/! .<! (:0(7>1 2<.9'(/3.! (L8L<%>(! 17.0
4711(44L.<4P! 90L10! %7(! %37.<.8L1%"N! 6(%4L&'(K! =6! <.!'L8L>%>L.<4!1 %7(! L80.4(/P! UX$G$! 1%<! 3
7.5%>L.<41;%7NL<3167.81.<(1>.14L:IN(%74K

|
UX$XU!>%7341<L>7.3(<!@YDP!9((/!8%<%3(8(<>10BM>.4%<L>IZAU?(4124L <31 724%4(/'4>%>L11%007.%1
0%414.8(14L8L'%7L>L(419L>01UX$GSKIUX$XU!9.7241&NI0?7>>L <31>.3(>0(71%!4(>1.6!17.0107./21>L.<!%:
%?2>.8%>L1%"N!67.819%!4L>(1%</117.0!140(1L6L 1! BhEl @A 241 <31%!/%>%E&%4(KI=>1>0(<!3(<(7%>(41%"1>
HQ?(<1(4!.6117.0107./21>L.<! %1>L;L>L(4! 67.8! 9L>OL<! >O(! 17.0! 3(<(7%>L.<! 8./2' (P 'L<2QV (%6 7' L<L>
17.017.>%>L.44K

|




$%&'() *+IT.<>L<?(/!

References Model Model information
R(7<>4(<'#$@@ABB[D MGEER$ $OLA!L41%!90.'(16%78!/N<%8L1!8./("1 24(/1>.1(;%'?%>(17(4?'>41.6! 10%<3(4!L<!7(3?'%>L.<4P!8%<%3(8(
! %</142&ALIL (41 %! 7%<3(!.6!L</L1%>.7416.7!424>%L<%&L'L>N!%>!>0(16%78!'(;('K! =>! 0%4!>9.18%0J.
MGEEF$!9(&4L>0+>0,55999K6%44(>K; 0'%<<L<3! @&%4(/! .<!HID!%</'4L8?'%>L.<!8./?'(4K! $O(! 0'%<<L<3!8./?'(! 3(<(7%>(4! 8%<%3(8(<>! 0'%<
! L80'(8(<>(/! %<<?%"N! %</ 4L8?'%>(/! %6>(79%7/4K! $O(! 4L8?'%>R:=4T¢47 (! 24(/! %4! (<;L7.<8(<>%'! %
! (1.<.8L1IL</L1%>.74K!$0(14L8?'%>L.<IL4!L80'(8(<>(/'IL<IT__K
1
TOL>SI"H#SHRAB)BD EaGl ! =>1L419%!1-1'8./('!. 6!T%'L6.7<L%!L77L3%>(/!%37L1?"'>?7(P! 90 LE0RA! 8L ?>0?>18./("1.6!%37L1?'>?7
TOL>SI"H#SHRAB)AD 07./?21>L.<K!$0O(!18./("1%<!1%'L&7%>(IL>4('6! 24L<3!-1!>.1%! &% 4 (IN(%7!.6!'%</1?4(1%</!L<0?>!%".1%>
24L<3!1(:.3(<.24!("%4>L1L>L (4!1%</1%447?8(/'07.6L>!8%: L8KAUOD%;L.?7!.6!6%78(74KI$O(18./("11.;(74!8.7(!
>0%<!b[c!.6!'L77L3%>(/!%37L1?">?7('L<! T%'L6.7<L%K!=1Eq@&PIk 4> 67<1>L.<!L411%'L&T7%>(/!>.! .&:
;%'?2(4!.6!L<0?>1?4(1L<!%37L1?'>?7%'107./?21>L.<K!=>!L4197L>>(<!L<!>0O(!WG-!4.6>9%7 (! 'Yo<(BP3H ¥
>O(I<.<'L<(%7!>0L7/'10%7>N!4.";(7TPI TXYKI$O7.?30!EaGIP!9%>(7!8%<%3(74!%</10.'L1N!8%2(74!3(>!L
L<>.1>0(1(1.<.8L14!.6!19%>(71?4(1%</1%37L1?'>?7%"07./?1>L.<1%>!>0(145%>(I"(;('K
1
-%>>0(94®@ABB*D IGH- ! =>1 L4! %<! .&J(Ib(<>(/! 07.37%88L<3P! 90L10! 1.<4L4>4! .6! %! <?8&(7! .6! %3(<>4! 7(07(4(<>L<3! O.?
! '%</41%0(1%</""L;(4>.12K!$O('%</41%0(!L4!8%/(1?0!>.1%!<?8&(7!.6!4L8L'%7!'%</1?<L>4P!(%10!7(07 (<
a(&4aL>(,! & J(1>! 1.<>%L<L<3! /%>%P! 8(>0./4! %</! 07.0(7>L(4! %00'L1%&'(! >.! >O(! 6L('/K! $O(! 8./('! L4! 40%>L
0>>0,55999K8%1%7?'%NK%1K?23IGH- .0(7%>(41%>1>0(1"%</41%0("'(;(""%</IL>IL4!1.<4>7?21>(/'%4!%!<?8&(7!.6!<(4>(/!1'%44(4!%</14L8?'%>(4!
1%7&.<P!9%>(7!%</1Y!>07.?230! %</! 9L>QU.D104! 9("1 %4! (1.<.8L1! %</!'%&.?7!6'.94K!$O(!8./("' L4
97L>>(<!IL<!IZ('00L!%</17?<4!.<19%!/%L ' NI>I(B(?4L <3!/%L'N!9(%>0(71/%>%!%4!/7L;L<3!;%7L%&' (4K
1
R(73(S!(>!%@ABB)D -XZFUG$X ! $OLAILAIBIALAL.<%"8./("/(;(".0(/!>.14L8?'%>(1%<!L77L3%>L.<!&".1216?7<1>L.<L<3!%</16.7!L77L3%>L.<!¢

R(73(S!(>!%@AB)AD

>.1 %//7(441 L7T7L3%>L.<! %>1 >O(! &.12! '(;(! 9L>0! 'L8L>(/! %8.7<>! .6! L77L3%>L.<! 9%>(7K! =>! L<1'?
1.<4>TREBAIT(%>(/1>.ILTTL3%>L. <!1%</14L87'%> (4! >@(10190N4> (819L>01%!/N<%8L1!1&L.00NAL1%'18./(1>"
L<>.1 1.<4L/(7%>L.<! >SOMALL/! :%7L%EL'L>N! >0%>! 7(42>4 6.7! 4(Q?(<>L%"N! L77L3%>L<3! >O(! 0'.>
L77L3%>L.<K

|




$%&'() *#,12%>%!?4(/'L<!(:L4>L<3!8./('4

Reference Model Data used in model Data Remarks
availability
G<<(>>41%</1G?/4'(N! EMGU-X2 -GMM! /%>%! @&%4(/! .<! %<<?%PA(£/N>% * -GMM!/%>%!<.>1%;%L'%&'(1&?>117.01/%>%!1%<!&(!.&>%L<(/!67.8IMRE
@ABBADA@KA(;(" 1"#$%é 4(1.</%7N!17.0!/%>%P!4.L"1%>%
@ABBI[D 1
|
T..2(! "#$%@RAB)[D 6%78U MRE! @)\b!".9!'%</! %7%&'(! 6%784! L<!F<3 _! MRE!%>%!1%<!&(10%7%8(>(7L4(/!%>!>0(16%78!"(;('
%</1a%'(4D [ 1
! ! !
M%78(7! L<>(7;L(9! @4H%07(6(7(<1(4! <! * Z%>%!.<!16%78(74107(6(7(<1(4!.<!7L42!<((@%.>1?4(/DK
7L42D
|
1%</(7! %</l eflO((! -XZG- ! M%78!/%>%!67.8!/L66(7(<>!7(3L.<4 *| Z%>%!0(7>%L<4!>.IW(78%<N!&?>11%<!L<6.78!7(4(%710!/%>%!<((/4
@)bbbD 17%>%! 67.8! [46%784! L<! .<(! 7(3L.<! %</!\E
! 6%784!L<!1%<.>0(7!7(3L.<
!
H.?0L1A#$%RAB)BD MEE=+ M%78! G11.?7<>%<1N! Z%>%! Y(>9.72! @| _! MGZY!11%<!&(!.&>%L<(190(<!<((/(/'%</11%<!&(10%7%8(>(7L4(/'%>!>O\
1%>% ! 'G(K!
! ! !
M%78!4?7;(N!/%>% *| E?7;(NY/%>%!40(1L6L1!6.7!M7%<1(!1%</lY (>O(7'%</4
|
TOL>SI"H#SHRAB)AD EaGl ! G37L1?'>?7%'07./?1>L.<!/%>%!67.8!A#!7(3 * Z%>%! 8%N! <.>! &(! %00'L1%&'(! L<! >O(! Ve! &?>! L>4! L<6.78%>L.<! !
! L<!IT%'L&L% 7(4(%710Y%>%!<((/4
|
R(7<>4(<'#$¥@RABB[D MGEER$ Z2%>%!67.8!Z%<L40!M%78!G11.?7<>IE+%>| ! Z2%>%!40%7(4!4.8(14L8L'%7L>L(4!9L>0!>0O('MRE!&?>IL>10(7>%l<4!>.!
|

Z3L>>U#$B@ABB[D  UX$GH M%78!/%>%!67.8!)BIOL'.>!16%784
!

*|

Z%>%19%41.&>%L<(/167.81(:0(7L8(<>%'16%784!

Y.>(,1 $O(10'24! @ D! IS28#$($)%$*) V) £28<! L</L1%>(4!1 >0%>14.8(1 1.80.<(<>4! .61 >0(18./(1/%>%! %7(14L8L'%7! >.14.8(1 1 8(>4! .6! >0M%78! R?4L<(44! E? TH@IRBY%</! 1%<! &(!
&>%L<(/KISO(I8L<24D@ </L 1%>(41/%>%!/.(41<.>10(7>%L<!>.1>0(IVeP1&?>1(L>0(71L<6.78417(4(%7101/%>%!<((/4!. 718%N!<.>1&(10. 44L& (1>.1. &>% L <K



"H#$968& (1)$%&I&SH+,-./*10%1213%42%-&),(19%//1%56 7 &8 D*1 (1. 6&1&$%6&!;%642*-&!
6-1&,2+<12064551&$*41=67/>1%::61>18&1%=8&61(!), &$V/6)*11*2, ((,6-1*-.,-*(1%->!
&$%8&!(618!16:1&3.



2! FACTORS AFFECTING ARABLE FARMING OBJECTIVES (GOALS)
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2.2.4! Factor variations/interactions and model runs
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2.3! Results and discussion

2.3.1! Effect of N variations under light soil and rainfall interactions
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2.3.2! Effect of N variations under medium soil and rainfall interactions
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2.3.3! Effect of N variations under heavy soil and rainfall interactions
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2.3.4! Effect of crop prices on farming objectives under the SFP
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2.4! Conclusion
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3! MODEL DESCRIPTION, VERIFICATION AND VALIDATION
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Arable farm models for optimising farm profit, nitrate leaching and
risk: Model description, verification and validation
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3.1! Introduction

3.1.1! Background
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)55:&')3&-2! &2!)9*&'B;3B*6! 3-! (6;5! &2! 3(6! +6'&4&-2! A).&29! 5*-'644] 11 Y*AG*41)2+!
5-:&'<IA).6 *41()4!C662!5-5B:)*JIN(&4! &4!C6)BABINI5+-88+641)! AB)24!3-16K)A&26!
3(6!A&™*- :686;16::6'31-:1'()296418215-:8'<1)2+1-3(6*!:)'3-*41-21:)*A6*4_1C6()8&-B*!
)'*-441+8::6%6231:)*Al3<5641>P'&I5#-B#/# @)1 1219626*) )51 IA-+6:41()861&2!3(BA!
-B*15*-56+3&641)41;&436\ER46*1)2+ M6 446*>04#/08B(6!-CD6'3886!3-1C6!-53&A&A6+!
>A&28A&AG+AIKEALAB@S(6!'-243%) &2341*643*&'3829!3(6!)'38:8838&64=!;&26)*&3<!-:!
6YB)3&-24)2+! 2-2 [269)3&8&3<! -:! );;! )'3&8&3&64! -*! +6'84&-24! 8)*&)C;64J! N(6! .6+
)44BA53&-24! -1 Al )21 C6! ABAA)*&46+! )40! -538A&4)3&-2=! :&K6+2644=! :&28362¢
+636*A&28&4A=!"-2382B&3<=! (-A-9626&3<=!)++&3&8&3<!)2+! 5*-5:3382))&8K!
2-#3-2=1 JUS"@!P;3(-BO(! M! &41 5-5B:)*1 )2+! ()4! C662! 6K3624&86;<! )55;&6+! &2!
)9*&'B;3B*):1)2+!B46!>6J9]1P2263341)2+1 PB+4;6<=10##0T!%-BSAGSE@MHHX @=! +B6!
3-1823696*!-*1C&2)*<12)3B*6!-:14-ABIA)2)96A623!)'3&-2413(6*6!A)<IC6!5*-C:6A4!-:!
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&2:048C&;8&3<1)41 )1 *64B:3! -1 *-B2+&29! B5! -*| +-721 11 388838641 >W)&46* )2+ M6446*=!
O#//T!h49)3(-*56! &$#-3H#//@J H-*16K)A5;6=1821A)'(8&26;,)C-B* 146:6'3&-2=1)2!7!
A-+6;1A)<146;6'31 XJe! 3%)'3-*4- 141 J*A6* =17(&'(1);3(-BI(1A)<!46*86!)4!)! 9OB&+6!
&21:)*Al5;)22829=1A)<!2-31C6!*6);&43& ]! a&3(| ARRBBIG*15+-9*) AA&29!>M1I@! 3(6!
5*-C;BA! -:1 &2:6)4&C&;&3<! +B6! 3-1 *-B2+&29! -1 )'388&3&64! )44-'&)36+! 7&3(1 ! )2! C6!
-86%-A6! >]B336*7-*3(=! /USeT! W)&46* )2+ M6446*=! O#//@J MNEKBHI6*!
5*-9YAA&29! A-+6:4! J*6! 4&A&;)* 3-1 Al A-+6:4! CB3! (86! )2! 6K3*)! '-243*)&23!
624B*&2913()3!4-A6!-:13(6!)'3888&3&641)*6!'(-462!)41 &23696*41)2+1 3(B4!-86*'-A6! 3(6!
5*-C:6Al-:18&2:6)4&C&;&3<!+B6!3-1*-B2+&29!-:)'3&8&3864J!

N-1C6!)C;6!3-1A).613%)+8-::41C637662!6'-2-A&')2+1628&*-2A623):19-):41-*1
-2::&'382919-);4)4176;:1)41+6);1783(13(6!4&29;6!-CD6'3&86!;8A&3)3&-2!-:1N=I3(6!AB;3&
*&36*&)! +6'€4&-21 A).&29! >SMR\M@! A-+6::&291)55*-)'(1')2! C6!)55:&6+J!N(6! MR\M!
)55%-)'(1 C)46+! -2 9-);! 5*-9%)AA&29! >ZI@! ()4! C662! B46+ 6K3624886:<! &2!
)9*&'B;3B*);1:)2+! B46!-*1:)*A&AI 4<436A4I A-+6::&291>6J9]! 362! | RDBISOHHHTI[:

Z)<6*1 )2+! "6B29=! O##/T! h9:63(-*56=! O#/#@J! a&3(! ZI=! 3(6! -2:;&'3&29! 9-);4! -*!
-CD6'3&864!:)'6+C<1)*)C;6!:)*A6*41)21C6!-53&A&46+!148&AB:3)26-B4;<IC<IA&2&A&T&29)!
3(6! +68&)3&-241 &2! 9-):1 3)*0634IHE;2! 36*Alk:| A-+6:;&29! :)*Al *&4.=1 -26! -1 3(6!
)55*-)'(64! 3()3! ()4! C662! 7&+6;<! BAG+=! &4! 3EE2&A&4)3&-2! 3-3);! )C4-:B36!
+688)3&-2! >MhNP\@! 36)16;]=! /Ub/T! P+64&2)!)2+! hB)33)*)=! O##H--.6! &$# -3k

O#IX @J!,)16:;1>/Ub/@!+6856+ MhNP\)4!)!:&26)*)55*-K&A)3&-2!-:13(6!6K56'36+!
8);B6L8)*&)2'6!)55*-)'(=! 7(&'(! &41) YB)+*)3&'1+&4.1 5*-9* AA&29! > %I @!)55*-)'(J!

N(6! MhNP\1)55%-)'(19)&26+! 5+-A&262'6! &2! :)*Al *&4.1 A-+6;:829! +B6! 3-13(6! :)'3!
3()3!&3!4-;B3&-2!")2!C6!9626%)36+ C<IMI-+IN)B-*&3(A4I >M'R)*:1)2+1h2):=1/USU@!
)2+1&215)*38'B;)*14&3B)3&-24!7(6*613(6!6236*5*846!&2'"-A61+&43*&CB3&-241)*614.676+=!
3(6!A6)2!)C4-;:B36!+68&)3&-2!>MP\@!&2!MhNRI-B356*:-*Al4)A5:6!8)*&)2'6! &2
qUb11>,)6::1)2+12-*3-2=1/US " TIP+6482)!)2+1hB)33)*)= | 0##4@J

! 1213(6! VW!'-236K3=!37-1 A)&2! 6K&ABE2H! )*Al A-+6:4! 76*6! &+6238:86+J]!
N(6!:8*43!-26! &4 3(6! G&;4-6! H)*Al M-+6;! >5GHP%MN\@! >P226334!)2+! PB+4;6<=! O##0@=!
7(&'(! &41 )! AB:3&5:6! -CD6'3&86! M! A-+6:! +686:-56+! :-*1 )I 8)*&63<! -1 )*A&20!
4'62)*&-4JI N(6! 46'-2+! &41 3(6*A%! A-+6;1 >R--.6! &$# -BHOH/X@=! 7(&'(! &4!)2! M1I!
&A5:6A623)3&-2! -:| 3(6! GHP%Mh\=! CB3! 6K5;&'&3;<! &2'-*5-*)36! *&4.! >MhNP\@J!
P:3(-BY(! 4-AB! -1 3(6! :-*AB:)3&-24!)2+! +)3)! :*-Al 3(6! )C-86! 37-! A-+6;4! 76*6!
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)+-536+! )2+ )+)536+! 3-1 CB&:+! 3(6! A-+6:! +64*&C6+! &2! 3(&4! §)53:-*! 3(6!
5B*5-464! -:1 '-2862&62'6! *6:6**6+! 3-1 )41 GPHMh\@=! 3(6*6! )*6! 4-A6! +&::6*62'64!
&2::B62'6+ C<!3(6! &2362+6+! B46!-:1 3(6! A-+6;JN(6! GHPY%Mh\! -53&A&464! 5*-:&31)2+
628&*-2A623):1-B3'-A6!>283%)36!;6)'(&29@=!(-7686*!&3!&41) 21N | A-+6;1) 2+!+-6412-3!
6K5:&'&3R2'-*5-*)36!*&4.JIN(6!:)*A%! A-+6:=1);3(-BI(1)2IM1II A-+6;1)2+16K5:&'&3;<!
&2'-*5-*)3641%&4 1>MhNP\@=!+-6412-31B46!)1ZI1)55*-)'(1)2+1+-6412-3!-53&A&46!)2<!
6288*-2A623);!-B3"-A6!-*1-CD6'3&86J!IN(6!GPHMh\I'-AC&264!3(6!M111)2+17689(36+!
9-); 5*-9%)AA&29! >azZI@! )55*-)'(64!)4! 76:;! 4! 3(6! MNNP\! 3-1 -53&A&46! 5*-:&3=!
283%)36! :6)'(&29! )2+! *&4.J! 121 36*A4! -:| 4BCA&+<=! B2;&.6! 3(6! GHPY%Mh\! )2#! :)*A%
7(8&'(1&A5;6A6236+!3(6!5*6!10##e!:)*Al5)<AB2314'(6AB! C)46+!-2!3(6!3<56!-:1"-5!

9*-72=1 3(6! GPHMh\! &A5;6A6236+! 3(6! G&29;6! H)*A! )<AB2>GHI@! 4'(6A6! C<!
)55;<&29! 3(6! :)3! ¥)36! :-*1 :-7;)2+! J*Ad! &2! [29;)2+ 3-1)::! *-51 6236*5+*&464-*]
)'38:88&38&H4

3.1.2! Model verification and validation

M-+6;4! )*6! +686;-56+! 3-! A&A&'! *6);! 4<436A4! )2+! )4!)! *64B;3! +B*&29! A-+6;!
+686;-5A623!A)2< ! -1 3(6! 4&92&:&")23! :6YFB! )2+c-* -A5;6K&3&64! -:! 3(6! *6);!
4<436A4! )*6! )53B*6+! &2! 3(6! A-+6;J! N-! 9&86! 3(6! A-+6;! B46*4! 4-A6! ;686;! -:!
'-2:&+62'6! &2! B4&29! 3(6! A-+6;4=! A-+6;4! )*6! 86*&:&6+! )2+! 8);&+)36+J! M-+6;!
86*&:&")3&-2! &4!'-2'6*26+! 7&3(! 7(63(6*! -*! 2-3! 3(6! A-+6;! &4! +-&29! 7()3! &7
&2362+6+! 3-1 +-1 7&3(! 4B::&'&623! )"B*)'<! >Z)44=! [USXT!]);'&=! /JUU"@J! N(B4! A-+6;!
86*&:&")3&-2!+6);4! 7&3(!CB&;+&29! 3(6! A-+6;!"-**@3:X! 6K)AS5;6! 3(6!)"B*)'<!-:!
3%)24:-*A&29! 3(6! A)3(6A)3&");! A-+6;! :-*AB;)3&-2! &23-1)! A-+6;! 456'&:&")3&-2! 8&)!
'-A5B36*!'-+6!> ]);'&=!/UU"@J!P;4-=!4-;8&29!)!;&26)*! 5*-9*)AA&29! A-+6;! 7&3(! 37-!
+&::6*623!4-,86*4!3-1624B*6!'-24&4362'<!&2!3(6!A-+6;1*64B;34!")2!C6!"-24&+6*6+!)4!)!
-*Al-1A-46;186*&:&")3&-2J1E); &+)3&+213(6!-3(6*!()2+ #&412'6*2 6+IA)&2;<!7&3(!

3(6! +69*66! 3-! 7(&'(! 3(6!A-+6;! -A5)*64! 7&3(! *6);&3<! -*1 3(6! *6);! 4<436A! C6&29!
A-+6;,6+J! M-+6;! 8);&+)3&-2! &4! 3(B4! )! 4&92&:&")23! 5)*3! -*! 43)HI&A&4)3&2
A-+6;,&29! &2! 3(6! 46246! 3()3! &3! &A5*-864! 3(6! *6,68)2'<! -:! A-+6;4! )4! 76;;! )4!
43*6293(624! 3(6! 3(6-*63&');! C)4&4! -*! A-+6;;&2AMRY*;=! /USQT! a);;)'(! )2+!
Z-::&263=! /USUT! M'R)*;1)2+! P5;)2+=! /US"T! a-44&2.=! [UUXT!I W6;&D262! )2+! G)*962.
O###@J'N(6*6!)*6! 37-1 A)&2! A63(-+4!-*1)55*-)'(64! 3(*-BI(! 7(&'(' A)3(6A)3&");!
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5*-9%)AA&29! A-+6:41')2! C6! 8):8+)36+0! 8):&+)3&-2! C<!'-243*B'31)2+1 8):&+)38&2! C
*64B:34J!

E):&+)3&-2! C<! '-243*B'3! &4! '-2'6*26+! 7&3(! 7(63(6* -*! 2-3! 3(6! *&9(3!
5*'6+B*64! 76*6! B46+! &2! CB&;+&29! 3(6! A-+6:! >SM'R)*:1 )2+! G5*662=! /UUb@J! N(&4!
&A5;&64! 3()3! A-+6;1 +64*853&-2!')2! C6!'-24&+6*6+! 3-1 C6! )1 :-*Al 21 8):&+)3&-2! C<!
-243*B'31 &2! 3(6! 46248()3! (-7! 3(6! A-+6;! 7)4! :-*AB:)36+1 )4! 76::1)4! (-7! 3(6!

A-+6;1 5)*)A636*4! )2+] -6::8'86234! 76*6! 643&A)36+! &41 4(-72J! | HEK)AS;6%3-!
624B*6!3()3!3(66*3&;84FA-B2341B46+!&2!CB&;+&29!3(6! A-+6;!'-2:-*Al 7&3(1*6);&3<=!
3(6!)A-B2341 B46+! 76*6! C)46+! -2! 3(86*3&;8&4 *6'-AAG2+6+! )A-B234! &21\6:%)!
>OHIH@!)2+! 5*-88+&29! 4B'(1 &2:-*A) 388N 3(BA-+6;1 +64'&53&-2;-74 15-36238);!

B46*43-1 DB+9&1(63(6*! -*! 2-3! 3(6! A-+6:! 7)4! CB&;3! B4&29! *6+&C:6! +)3)J! a&3(!
8);&+)3&-21C<!'-243*B'3=13(6!8);8+&3<!-:13(6! A-+6; &41)44BAG-64368) 3+! 3(B4!

+-641 2-31)556)*! 3-1 C6! 4)384:<8&29! >M'R)*;! )2+ G5*662=! /UUb@J! N(&4! :&A&3)3&-2! -:!
8):&+)3&-21C<!'-243*B'31A).64183126'644)*<!:-*18):&+)3&-2! C<1*64B:34=17(& (! &4! 4662!
3-1C6!)1(&9(6t;686;18);&+)3&-21)55*-)'(13()2!8);&+)3&-2!C<!'-243*B'B]

V2+6*18):8+)3&-2! C<I*64B;3413(6! A-+6;1*64B;341)*6!'-A5)*6-+1 7&3(1*6);! 7-*;+!
-B3-A64! >M'R)*;! )2+! P5;)2+=! /JUS"T! M'R)*;! )2+! G5*662=! /[UUb@J! M'R)*;! )2+
G5*662!>/UUb@!;&436+!+&::6*62316K56*&A6234!3()3!") 2| CEBBHRBHE*18);&+)3&-2!
C<!*64B;347686*=5*6+& 3&-HK56*&A623! >(6%6):36*15*6+&'3886!8):8+)3&-2@! &4! 3(6!
A-43! -AA-2! 8);&+)3&-2! C<! *64B;34! 6K56*&A623J! [*6+&'3886! 8);&+)3&-2! &28-;864!
:&K&29!3(6!5%-C;6A!-*| A-+6;1+)3)1)31%6);17-*;+18);B641)2-(62!4-:88&29! 3(6! A-+6;!

3-1 9626*)36! *64B;34(646! *64B;341 )*6! 3(62 A5)*6+! 7&3(! *6);! 7-*;+! +)3)! 3-I
8&28643&9)36! 3(6! +69*66! -1 )44-'8)3&-2! B4&29! 43)3&43&.);! AB)AB*64! -*1 &2+&')3-*41 -1
)44-'8)38&-2JIN(BAI5*6+&'38:86!8):8+)38-21*6 Y B&*641(8&43-+&");1+)3)1>]); &£/UU" @J!!

3.1.3! Review of statistical measures of association

N(6!A)&2!5B*5-46! -:1 5*6+&'3&86! 8);&+)3&-2! &4! 3-1'-A5)*6! 3(6! A-+6;!*64B;34! 7&3(!
*6);! 7-%;+1 +)3)! )2+! 3(B4! 43)3&43&");! A6)4B*64! -*! &2+&")3-*4! -:1 )44-'&)3&-2! )*6!
A)&2;<! B46+! 3-1 4(-7! 3(6! +69*66! -:! )44-'&)3&-2! C637662! 3(6! A-+6;_4! 5*6+&'36+!
*64B,;341)2+!3(6!*6);! 7-*;+1 +)3)J!1\&6*623! 43)3&43&");! A6)4B*64! -*1 &2+&") 388!
C662! B46+! -*1 4B996436+!;&36*)3B*6! 3-! '-A5)*6! A-+6;! +)3)! 3-! 6K56*&A623);=!
-C46*86+!-*1(&43-*&");1+)3)!>466! :-*I 6K)A5;6 O M'R)*;1)2+! G5*662=! /UUDLT! Z3&p46*!
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-3=10#/#T1?-B4&)&2BBH#-BOH/TIH*)2.-! &$H#-SOHTIR--.6! &$#-BOH/XT!%)f)9(&!

&S$# -SEOH#/XT! ZBE<A)*+=! O#/QT! M)2&*Bff)A)RIS# -BLO#/eT! ,B44)&2! )2+ PR;&;&=!
O#/"@J! P! *68&67! -3(6!;&36%)3B*6! 3-1 &+623&:<! 43)38438&);! A6)4AB*64! -:1 )44-'€)3&-2
)55;&6+! &2! A-+6;! 8);&+)3&-2! >AGHT;6IXU | :-*| *688&67! *64B;34@! :-B2+! &2+&')3-*4!
4B'(1)4! '-*+6;)38-2! '-6::&'&6234=! -6::8'8623! -1 +636*A&2)3&- D@ *--3! AB)24!
AYB)*616%*-*1-*1+&::6%62'61>%MG[@!)2+!A6)2!)C4-;B36!6+*-* >MP[@JIN(6!"-6::8'&623!
~1*648&+B):1 A)44! SR%M)@B(-BO(! 2- 3! B46+! 6K3624&86;<=!7)4! :-B2+1 3-1C6! )1 9--+!
&2+&')3-*1-:1-8611)2+! B2+645+6+&'3&-2! C<I A-+6:4J11 Z%)5(&);1)55*-)' (641 4B'(1)4!
4')336%5;-34! 78&3(1 *69*6448&-2! ;:&264=! C-K5;-341)2+! (&43-9%)A4! ()86! C662! 4B996436+
)2+1B46+!>6J9]1W;B&E-LOH/0T! H)32) 44884 -36#/XT! G)*9623=! O#/XT! R-- 8B#-3E
O#/IX@J! h3(6*! )55*)(64! 4B'(1 Y4l ?)4( LGB3:&:6_4! A-+6; 6:&&62'<! >?G[@=!
a&:;;A-33_41&2+6K!-119*66A623! >alP@!)2+!°69)364_4!'-6::8'&623!-:16::&'&62'<! > R[(
()86!C662!B46+!3-1AG)4B*6!-86%):;IA-+6:156*:-*A)2'6!>6J9J1ZB6<A)*=I0#/Q@.J!
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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

R (1)
R2
NSE
WIA
LCE
RMSE
MAE
CRM
MBE
SS

SB
DIC
Graohs

Gornott and
Wechsung
(2016)

Hussain and Al-
Alili (2016)

Giovanna et al.

(2016)

Maniruzzaman
etal (2015)

Gueymard
(2014)

Pulvento et al.
(2013)

Razzaghi et al
(2013)

Statistical crop
yield models

Solar radiation
models

A model on
rainfall and
landslide

AquaCrop
Model

Solar radiation
modelling

SALTMED
model

SALTMED
model

+

The paper presented statistical crop yield models for
winter wheat and silage maize

The paper mentioned RMSE, MAE and R? as metrics
for evaluating solar radiation model performance

The paper presented an automated method for the
selection of rainfall data responsible for shallow
landslide initiation which mimics expert judgement

The paper presented the calibration and validation
of the AquaCrop model under different irrigation
regimes

The paper reviewed validation methodologies and
statistical performance of modelled solar radiation
data

SALTMED model for integrated irrigation, crop and
field management. Model was applied to irrigation in
[taly

Model was applied in Denmark. Statistical methods
were used to compare measured and simulated soil
water content.




Table 3-1 (Continued)

Reference Associated Statistical Measures of Association Used or Suggested* Remarks

model G- <

= m < m 2 a =3 8 =
. x2582:58228228585% &2

Sargent (2013) General The paper discussed model verification and

Modelling validation as part of model development

Approaches process
Cooke et al. farmR Model farmR model is a mixed-integer linear
(2013) programming arable farm model which

optimises profit, risk and crop complexity

Fatnassi et al. Climate The model is a dynamic for simulating climate
(2013) simulation conditions in a green house

model
Abedinpour et AquaCrop AquaCrop is a crop growth model
al. (2012)
Klein et al. Process-based The paper used the FADN data to calibrate a
(2012) crop model crop model
Franko et al. Soil organic The paper described a carbon balance model
(2011) matter model
Karunarantne et FAO-AquaCrop The FAO-AquaCrop model is a model for
al. (2011) model irrigation
Nousiainen et al.  Dairy farm The paper presented a nutrient management
(2011) nutrient model for dairy farms

management

model

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




Table 3-1 (Continued)

Reference Associated Statistical Measures of Association Used or Suggested* Remarks
model R =
= W <g om £ a = &) = ©
— o~ = = 8 @ = N
= o 2825855822822 0z25 o
Henninger et al. Computational The paper presented validation in the
(2010) models in + + o+ + context of computational biomechanics
biomechanics
Krause et al. (2005) Hydrological Paper investigates the utility of efficiency
models bt + criteria for evaluating hydrological models
Zheng and Agresti Generalized The paper studies summary measures of
(2000) linear models + + o+ + the predictive power of generalized linear
models
McCarl and Spreen ~ Model validation The paper reviewed validation approaches
(1997) approaches o+ o+ + *  forlinear programming based models
Carley (1996) Computational + +
models

* R (r) = Pearson’s correlation coefficient; p = 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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QI6,6 ') 5-+5180578.55- 1416196 )*61<6)('V=*+>61+:*Q'-6&IVLI1*/6!>)-61%"* )*6!
<B)(I'%=17,+91*/6L*/ I(,+:1:6,1/6(*),61)%&! $#!)-1&67'%6&!.%&6, | SBNF: 114</+ =1
*/61 9™ )*6! <B)(/'%=! 9+&B<! -1 7+,9.<)*6&! *H:¥9'-6 106™ )*6! <6)(/'%=!)-!)! -'%=<6!

BIK/619+&6<1)--.96-1@17),96,2IM/'(/I'-1-6*1)-I'0%6%6=6,1)%&!*/ -1; '9),'<EI9)V6-1*/619+&6<!)!9'U6& N
'0*6=6,19+&6<IIK/61+*/6,19)(/'%6"<)>+.,1%.9 >6,-1()<(.<)*6&!>EI*/619+86<!),6!)<-+1-6*1)-'06*6=6 -|

c !



+>WE(X867! */6,61'-1 )] +--'>'<*El *+1'05(<.&6! /6! ;, + 7" +>WBH(*'86! )-1)! (+%-*,)'%*! >E!
“BFHOH=I)]: +741%) =6%1)%&)-+<8'%=1*/619+&6<!)-1)19. :>W6E(*'86!1$0!9+81B<

2343532"#'%$&(;. $$68) 7S# §*($9$.&.),<8)")1),+()"* &> I?@ABCEL"#$%.
1+8.<6! */,66! ,6;,6-6%*1 */6] -V 9Q0'0-)*+06 | 9+&6<! .-%b=! */6] 1ZKA[!

1 42)99'%6=1 ), H) (1! KB ,&1 9+&.<6! M)-1 >)-6&! +%6! )--.9;*'+%! */)*! */6
),)><6! 7),96,! -l '-V1)86,-6! )%&! - '%*6,6-*6&! '%I0)U'Q'-'%6=! ;,+7"*! - SWE(*! *+!
9'%0'9"-'06=! &68')*+06! '%! '%6(+96! 5,-V:ILZKA[! -1 )1 <'%6),!);;,+U'9)*+%! +71 */6!
\)&,)*(1;,+=,)99'%=!5e0:1);;,+)(/ 1)%&!.%<'V6!*/6! €0?!'*! .-6-196)%! )>-+<.*6!
&68)*+961514[:1 '%-+6)&!+7!8),)%(65h)I6<<?! @"dDE)V6,! I"#$%®""'cC!b),&)V6,!
I"# SBEGGH:I! K/.-! 1ZKA[! 1)1 <%6),! );;,+U'9)*+%! +7! 6U;6(*6&! 7),9! '%(+96!
8),)>'<"*E! 5)'-6,1 )%&! 16--6,?! FG@@:! )%&! */6! 7+,9.<)*+%! Q)V6-1 "1 : +--'><6! *+|
+<86!)! 1ZKA[! ;,+><69! M*/l RO! )%&! 1$0! )<=+,"*/9-I! K/6! 1ZKA4[! 9+&6<! 53\I !
S4NH 1! 9)U'D"-6-1 6U;6(*6&! '%6(+96! - >WE(*! *+! 3\II 5N 2154NB: 1 )%8&! (+%-*,)'%6*-!
1, 6-6%*6&!1.%&6,126(*+ %1 !

_ | |
OBJyrofit = z Eia; — z z z CijkYijre — z CnNyy — z Pqdyg! Sl
| 7 T x m 7

Z(Eiq — Ei)ai + dy =0 forallq SN &

i

!
Z Pqdq < My, M, varied! 54NB: |
q
[ &

Q/I6,6! Eyy!-1*/61=,+--19) ='%1+71%/6] */1(,+;.9&6,! : */1-*)*61+71%)*.,61)%&E, !"1*/6!
96)%! 6U;6(*6&! =,+--1 9),='%72: . 1'-1 )%I<d >E! @! 86(*+,! +71)(*8*E! <686<-! 96)-.,'%=!
%6=)*86! '%(+96! &68')*+%-! .%&6,K/! -*)*6] +71 %)*.,67*.1'-1 )l @! >EH 86(*+,! +7!

L A>) S'<HEL 4TI H/BE */1 X)*61 471 96)*. 61 )%&E 5! -1 )l 96)-.,6! +7! 96)%! )>-+<.*6!
&68)*+%! BA[ :1+,1,-V2IM/ (/! %! >6!:),)96*, ' ()<<E!8),'6&I1 K/6!*+¥)<!-*)*6-1 +7!
%)*.,615<1g!al5>)-6&!+%IBEG),|;, (61&)%): 1IK/6!8)<.61+7E 51-6*!,67<6(*-1*/61<686<1+7!
V186, - +96114<H/+.=/1%/6],-VIO+&B<IM)-17+,9.<)*6&I*+1) )96*6,'-6! = s5I&'6(*<!

= 5§)%! >6!-6%1)*1 -1 /'=/6-*18)<.6! M*/IM6'=/*1)**)(/6&! *+I*1)%&I;),)96*6,"-6! */6
M6'=/*1)-1)196)-.,61+71,"-V1)86 ,-'+06!(+677'('6%x*,!;),)96%6, 114<-@%!*/611ZKA]!

"A !



9+86<?! %'*,)*6! <6)(/'Ub=>W6(*'8BM)-! 'Yo(+,:+,)*6&! )-1)! (+%6-*,)'%*! )%&! */.-! */6]
9+&6<O)U'Q-6 -L,+7"*1- SWE(*1*+1,'-V1)%&!1%"™* )*6!<6)(/'%=19'%'0'-)*+%?!/+M686,!
%16 196'* )*61<6)(/'%=!+>W6 (*BE=6*18)<.6!()%! >6!-6**+116 H%&H/6! 9+&6<-+<8&!
] +09-6] 1 +7* - SWB(*! ¥+ '9406! &68)*F+%5-V i (+%6-*,)'%H )-1 );:<'6&! ‘%!
L/);*6,! all

234353D'#%$&D6K7S# §*($9%.&: $)9;($#&9"+%&/."9.+11)*0&1"#$% &
1'U6&NP6*6=6,! <'%6),! ;,+=,)99'%=! 9+&6<-! ()%! >6! 7+,9.<)*6&! )-! 9.<*N->W6(*'86!
9+&6<-! 561=I! 4%%6**-! )%&! 4.&-<6ERPCQAG+VEH $RBRFGC@#:! ¥ %! */6! ()-6! +7!
9+&.<6-! *M+! )%&! */,6@ >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&!! b+M686,7t/6,6! ()%! >6! <'9*)*'+%-!
)--+()*6&! M™*/l - (/! 7+,9.<)*+%-! >6().-6! 6)(/! +>W6(*'86! 6U;,6--6&! )-! )!
(+%-*,)'%*0.-*1>6169%7+,(6&?1+*/6, M'-61/6,6!'-1)1: +*6%*) <1 +71*/619+&6<1=6%6,)*'%=!
)%! '%76)-"><6! -+<.*+8)I6<<! )%&! P+,*+%?! @"ABC! h=)W%),! )%&! f)8((?' FG@@:!'|
+86,(+96! -.(/ '<'9*)*'+%- ?1)19'U6&P6*6=6,!M6'=/*6&!=+)};+=,)99'%=!51$QDO:!
9+&6<! M)-! 7+,9.<)*6&! *+#;*'9'-6 1*/6!*/,66! +>W6(*'86-!-'9.<*)%6+.-<E})-6&! +%!
)--.9:%'+% -1*/)*1 */61))><6! 7),96,! -! '%*6,6-*6&! '%! 9)U'Q'-'%=! ;,+7"* M/'<6-!
9'%'9'-'%=!%'* )*6! <6)(/'%=)%&, -V [11+&.<6-! @?! F1)%&! #!),6! <'%V6&! *+! 1+&.<6! H!
>)-6&! +%6! )--.9;*'+%! */)*1 */6',| +>W6(*'86! 7.%(*'+%! 6-*'9)*6-1 '%7+,9! */6! =+)<!
*),=6*-1 '%! */6! 1$QDQA 9+&.<61!K/6! 1$QDO!5,6;,6-6%*6&! >E! 1+&.<6! H)k<+M-!

* )&BN-771*+1>619)&6! >6*MB6%! */61=+)<-16-;6()<<E!>@6H6! /6! 6(+%+9'(15;,+7":!
)%&16%8',+%696%)5%0'* )61 <6)(/'Vo=:1=+)&; | >6*MB6%!:,+7"*1)%&! ,'-VI=+)3%h&!)<<!
*16! =+)<-1 ()%! >6! +;*'9'-6&! -'9.<*)%6+.-<E! M'*/+.*1 */6] ;+--'">'<*E! +7!=6%6,)*'%=!
'%76)-"><6! -+<.*+%-I! 41 *E;'()<t+)N,+=,)99'%= ! 5DO:19+&6<!9'%'Q' -6-! */6!

&68")*'+%-17,+9!=+)<I*),=6*-1)%&!()%!=6%6,)=8BU;,6--6&!9)*/69)*'()<<E!)-X!
h
Minimise: D = Z(ugGg‘ + v, Gy )! I5#N: !

=1
[ g

subject to Gy(a) + G; — G =T,;, a € Cons!

a,Gy,G} = 0!



Q/6,6 ! >!"-1 */6] *+*)<I &68')*'+%! *+1 >61 9'%'9'-68Pg5+:! -1 )| <%6),! 7.%(*'+%! +,!
+>W6(*'8615=+)<:HZIM/ (/' 1)186(*+,!+71&6('-'+%!8),")><64@BH-1%/61%),=6*1-6*1 7+,
*/61 9% 1+>\WB(*'86!+,!=+)<!'%7+,96&! >E! 61 &#9!9+&.<6-1+966!*/,+.=/1*/,66? 1G; #
)%&! GFy 6;,6-6%*1 */6] %6=)*86! 5.06&BY(/'68696%*:! )%&! ;+-'*865+86,N
)(/'68696%*:! &68')*'+%-! 7,+9! =+)<I ¥) =6*-1 M/6,6)-! Ao! )%&By! ),6! */6! ,6<)*'86!
MB'=/*-1)**)(/6&! *+1*/6 1&68')*'+%6!8),)><6-1,6-:6(*'86<E!)%&,5<!'-1)1-6*1+71 '='&!
(+%-*,)'%*45-1+M%! .%&6,! 26 (*'+%1#: 11 K/6! M6'=/*%=!-(/696! &6-(,">6&!'%!f)"-6,!
)%&!16--6,I5FG@G:IM)-1)&+;*6&!> *I6!M6'=/*-! M6,6!%+,9)<-6&!M"*/!,6-;6(* *+!
*/61 =+)<1*),=6*-150+96,+1)%&! 06/9)%?! FGGI&.6! *+! &'776,6%*! .%"*- 7+,1 6(+%+9'(!
)%&! 6%8',+%96%*)<! =H#)4&/6! 7.%(*'+%265+:! ,6;,6-6%*-! 6)(/! +7! */6! +>W6(*'86!
7 % (¥ +%0+,1=+)<-1,6;,6-6%*6&! >B3\ 154N : ?HND ) %&5ND @ $*/+.<& 1>6! %+*6&!
*/)*17+,1DO!;,+><69-1*/6!=+)<-1-6,86!)- (+%-*,)'%*-1> *1) 616U;,6--6&!)-6\.)*'+%.-!
)16, %!1'%6\.)<*6-11K/.-l  */61QDOI9+&6<()%!>6!-*)*6&!)-X

3
Minimise: D = Z(ulG{ + v1Gf + uyGy + v,GF + uzGy + v3G3)! IS |
g=1
2 SWE(H-+14/B1=+)<-1>6<+MI)V6&I/61-6+1+71(+%6-* ) o*-18.6-(, > 6&! DB AVaHIH!
E"+%&86U'9'-6 !;,+7™!!
OBJprofic = ZEiai - ZZZ CijiYijie — z CoMi + U GT — v1GF = Ty BN
i Tk m
!
E"+%&UB6'9-6 1%*,)*6K6)(/'%=!

OB]nitrate—leaching = Z Vieai + uZGZ_ - v262+ = TZ! E#I\@G
i

E"+%&P6%'9'-6 1,'-VI5&68")*'+%!'%!;,+71%,1'0(+96:!!

OBJyise = ) a0+ 1365 — 0361 = T 5100

i

Q/6,6! $I'-1%/61),6)1+71%/6] 5/ 1(,+;?1 CI'-1*/6! &68")*'+%! '%! % (+96! 7+ 16! */1(,+; !
986, )<<! -*)*6-1 +71 %)* JH.6! *+! */6! ; +><69! +7! '%76)-">'<*El ‘%! )%! )**69;*! *+!
@G !



'Yo(+,:+, )61 /61 1ZKA[ 9+&6<! 7+,9.<)*'+9%! 526(* +%61#IF| @ B %*+! */6! QDO! 9+&6<7?!
*/61-%)9%&,),&! &68')*'+06! %! 'V6(+96! 7+, 1*61(,+: -IMB,6!.-6&1)-196)-.,6-1+71,'-V1'%!

*/61, V1 9'96'9"-)*+06 1=+)4'06-*6)&1+71'%(+96! &68')*'+%6-1. %&EH!-*)*61+719%)*., 6!
Y+,19)U'9)*¥+06 1=+)<-2! .%&B)(/'68696%*-1),6! .%&6-',)><6! +, &6*,'96%*)<! )%4&!
*/6,67+,61%/619'06'9"-)*+06 1+71%/61 &68')*'+6!"-1 7+(.-6& %! */6! %6 =)*'86! &68')*'+Tb-
M/6,6)-1 7+, 9'%'9'-)*'+% |=+)<-1+86N(/'68696%*-1),6! .%&6-',)><6!)%&! ;+-"*'86!
&68')*+%6-1),61&6*,'96%*)<?1/6%(6!*/617+(.-1+71*BY6'Y'-)*+% 1'%61*/6!DO!+>W6(*86!
7.%(*+%611 K/.-1*/61 +>W6(*86! 7.%(*+062NTHM: | ()%! >6!,68'-6&!1)%&! -+)*6&1)-1 3\I
SHNDE!

Minimise: D = u,G; + v,G5 + v3G3! I5#N@ F

3.3 Model constraints

[6(-'+% MN)V'%=!'%)),)><6!7),9'%=!"-1)776(*6&! > OF,)&! +7(+%*,)'%*-1)%&! *+!
0;*.,6!*/6-6!"%!*/6! 24Y 1Z[?!*/6! (+%-*,)'%*-! ;,6-6%*6&! >6<+M!M6,6!)--.96&! *+!
'9;)(*! +9%! ),)><6! 7),9'%=! &B('-'+%-I! 4<-+?1 */6] (+%-*,)'%*-! ; 6-6%*6&! >6<+M! ),6!
'9;+-6& '"%!)<<!*/617+.,19+&.<6-1>*IM™*/1-+96! 9+&'7'()*'+%! %! 9+&6<!);;<'()*'+%
'%IL/) ;*6,'HI!

3.3.1 F$".-$&" (), &
06-+.,(6!6%&+M9IBY%* +7!),)><6!7),9-1'067<.6%(6!*/6! &6('-'+%! *)V6%! >E! 7),96,-)%&!
*1)¥1)17),96,1 ()%! +%<E! M+,VIM*/1)9+.9%6* +71,6-+.,(61)8)'<)><6! *+1/'97/6, [l K/.-!

H'-1 (4%, )'%*! M)-1'0;+-6&1 %+ 6%-.,61 */)*1%/61)9+.%* +71)! 6-+.,(6 !%66&68&! *+!
0),,E! +.51)%! +:6,)*+%6! +96!1 )1 (,+;! &+6-1 %+ 6U(66&! */6! )9+.%*! +71 /6! ,6-+.,(6!
)8)'<)><6IK/6!,6-+.,(61*E;6!(+%-'&6,6&!"-1*/61%.9>6,1+7IM+,V)><6!/+. -)8)'<)><6!
Yol )1 16, +&!1 *+1 (),,E! +.%1 )0%! +;6,)%'+%! )%&! 1 -/+.<&! >6! %+*6&! */)*| &'776,6%*!
+:6,)*+%:-! /)86! &'776,6%* M+,V)>'<*EE;6!)%&! /6%(6! &'776,6%*! M+,V)><6! /+.,-!
)5 <El *+1 &'776,6%* +:6,)*+06-K/6! (+%-*,)'%*! */.-1 6%-.,6-1 */)*| */6] %.9>6,! +7!
[+.,-1)17),96,1()%! M+, V! ()%%+*1 6U(66&! */6! M+,V)><6!/+.,-1)8)'<)><6!'%! )1 :6,'+&I!
K/61(+%-*,)'%*()%!>6!6U;,6--68)-X

> SyenYie < Lgowtn Y de,w ! 5@
I

@G !



Q6,6 2, e !'-1*/6! M+, V1,)%61 +71+;6,)*+9%8(),,'6&! +%! (,+;! .1.-'%6=1)!9)(/'%66!+7!
*E;614 1061;6,'+&100)%8&ly, 1.1),6)!+71+;6,)+%13(),,'6&! +%61)!(,+; LI%!6,"+&! OlL !
L 1%/B1)9+.96%1 471 6-+.,(61 5M+,V)><6!/+.,-:1 )8)'<)><6!'%%! :6,+&D#+ (), E! +.*)%!
+:6,)*+%!M™*/IM+,V)>'<*EI*E;6D!.-'%=19)(/'%6!+7!*E;6!4 §%&h,,1*/6!%.9>6,1+7!
9)(/'%BI*E;6! 4 1()<(.<)*6&!I>E!*/619+&6<N

3.3.2 GSH'$*()+%&+*#&* " FSH'$*()+%&"/$.+()"*&"*,(+)*(, &

$%! ),)><6! 7),9'%=! -+96! +:6,)*+%6-! 9.-*1 7' -*1 >6! ;6,7+,96&! >67+,6! )%%/6,!
+:6,)*+%!()%!>6!;6,7+,96&?IM/6,6)-1+%/6,-1),61(),,'6&!>)-6 &1 +951*/61 (,+:1=,+M*/!
9)=6-11 K+ ();%.,61 /-1 '06] */6] 9+&6<?1 )1 -6\.6%*)<! )%&! %-+KB\.6%*)<! +:6,)*'+%!
(+9%-*)'%*-1 MB,6! '9;+- 6&I K/6! -6\.6%*)<! +6,)*+%! (+96-*)'%* 6%-.,6-! */)*1 )%!
+:6,)%+%!"-196+*1:6, 7+,96&! >67+,61*-1; 6(6&'%=+:6,)*'+%1)%&! */)*1*/61),6)1+71*/6]

- ((6-+,14:6,)*+%!  53!()%%+*16U(66&1*/6!),6)!+71*/6!:,6(6&'%=+;6,)* + @Y+,
6U)9:<62)! (,+:1/)-1*+1 >61 :<)%*6 & >67+,6!"*1 ()%! >6!/),86-*6&! )%&! */6! /),86-*6&!
),6)! ()%%-+*16U(66&!%/61),6)!:<)%*6&)><GENDB5-661*/6/);*6,] 4;;6%8&" Ul-/+M-!
YOY*, UL 471 (,+:-1 )%&! */6! -6\.6%*)<! +:6,)*  +9%6-11 $%6! *6,9-1 +71 (+-*! +71 +:6,)*+%7?!
-6\.6%*)<I+:6,)*+06! (+%-*,)'%*16%-.,6 1*/)*1*/619+&6<! -6<6(*-1%+*1+06<E!+:6,)*+%6-!
M*/1<B)-*1 (+-*- 1> *14;6,)*'+06-1%/)*1 () %! =6%66,)*61+:*9)<l; +7"* 1IK/6!(+%-* )'%*!()%!
>616U;,6--6&1)-17+<<+MHX!

i i I SN H
zyijk = Zyi(j—l)k Vi,j>1k!

| k<K k<K

Q/6,62!EI>6<+%6=-1*+1)1-6#T16,'+&-'%!M/'(/!)%!+:6,)*'+%! ()%!>6!(),,'6&! +.*1+%%! !
(+:11Y+,1%+0BI6\.6%*)<! +:6,)*'+%-21M/'(/1),6!(),,'6&! +.*1>)-6&! +%6! */6! -*)=6-1 +7!
(,+:18686<+;96%43\ I 5#NDA:6%-.,6-1*/)*1*/61%+%)<1) 6)1+716)(/1+:6,)*+%!"-16\.)<!
*4I[GIFR)<I(+:1),6)] I

a; = ES)QWJ SNDal
K

3.3.3 L& $H'$*)*9&".&."(+()"*+%&-"* (+)( &

$%! -.-%)'%)><6! ),)><6! 7),9'%=! -E-*69-?! (,;+;! ,+*)*'+%! +,! -6\.6%('%=! ! 8*)<!

+M686,2! -+96! (,+;1-6\.6%(6- !),6! &6696&! >6%67'(")<!*/)%! +*/6,F */)*1'-1-+96!

(,+;1-6\.6%(6-1),6!-66%!)-1+;*'9)<!)%&!+*/6,!1-.>  N-;*'9)<!)%&!)** )(*;6%)<*'6-I5]! !
@G !



E'6<&! <+-H:K/6! E'6<&! ;6%)<*E!'-!1'9;+-6&! '%! */6! +>W6(*'86! 7.%(*'+%! +7! */6! ;,+7'*!
9U'9-)*'+%!'%! */6! (+<.9%! (+,,6-;+%& Y%=!*+!*/6! (,+;!-6\.6%(6I! K/-!(+%-*,)'%*!
M)-I'9;+-6&!*+! 6%-.,6!*/)*I*/61*+*)<!),6)!+7!)!-.((6--+,!(,+;!I'-16\.)<!*+!*/6!),6)!+7!

*[6! <)-*1 +:6,)*'+%! +7! */6! ;,6&6(6--+,! (,+;I! Y+,16U)9;<6?!'7!)!7),96,! &6('&6&! *+!
=,+M! M'%*6,! M/6)*! )7*6,! +'<-66&! ,);6?! */6!),6)! +7! MI6b*6,! M/6)*! =,+M%! ()%%+*!
6U(66&!*/6!),6)!+71+'<-66&!,);6!/),86-*6&IK/'-1()%!>6!6U;,6--6&!)-17+<<+MIX!

z Tick = Z}’i]k! '5NOH

c
’Z{yclk < Zrick! 5-"“\@0'
< c

Q/6,6 Pryg!'-1*16!),6)I+7!(, +; #1*)V'%=!1+86,! 7,+957+<<+M'%Ft;! .!'%!;6,'+&!0!
M/6,6)-! y, i !-1¥/61),6)1+7! <)-*1+,17'%)16,)*'+%!)I(),,'6&!1+.%1 +06!(,+;1.I'%!;6,+&I0I!
K/6! (+%-*,)'%*! ,6;,6-6%*6&! >E! 3\IBN@c! 6%-.,6-! */)*! */6! ),6)! +7 ! */6! 7' -*I
+16,)*'+9%! +71 (,+;! 78%! :6,'+&!0! 5y, ;! &+6-1 %HBU(66847d! Q"*/! ,6-;6(* *+! %o+UN
-6\.6%*)<!7',-*14:6,)* +%-21%/6] (+%6-* ) %<t +.=/1<6--1 6-*,'(*'86!'-1-'9'<), 1*+1 3\I!
SHNDIC! )%&! -1 ,6\.,6&! '%! )! -*.)*+%! M/6,6! */6,6! ),6 ! %+! :6,+&! +86,<);:'%=!
>6*M66%!*/6!<)-*1+;6,)*'+%! +7!*/6!;,6&6(6--+,! (,+;!)%&! */6! 7',-*1 +;6,)*'+%! +7!*/6!
- ((6--+,11 !

3.3.4 |"/&+.$+&FHE((+N&IN*Y & .$+&"* (), &

Z9%6! +71*/61 ,6-+.,(6-2! M/'(/! '%7<.6%(6! ),)><6! 7),9'%=! >.-'%6--] &6(4+%-! - */6!
)8)'<)>'<*EI+71<)%&INK/B!/6(*+,-1 +71 <)Yt ()*6&! *+1)! (,+; ) %<E! &6:6%4& %! */6!
)9+. %61 +71<)%&!1)8)'<)><BI*+1%/617),96, Il 4<-+21¥/61++%)<I1),6)!<)%&! ) <<+()*6&!*+1)1 (,+;!
9)E! >6! &6%6,9'%68&! >E! 7)(*+,-! -.(/l )-! \.+*)| -E-*69-7! ;,68)'<'%=! ;,'(6-! )%& !
)8)'<)>'<*E1+71<)%&I K/ AB1+%/6, 1 (+%6-* )'%*-1 (+%6-'&6,6&1),6! (,+:1),6)! ) %6&! *+¥)<!
(+11%=1 ),6)! (+%-*,)'%*-11 KIB! (,+:1),6)! (+%-*)'06*1 ;% -1} 1<'9*1 4051 /61 ),6)! +7!
(6,%)9%!(,+;-112.2),1>66* 1) -NI\+*)I'9;+-6&! <'9*0%=*/61),6)1)!7),96,!'-1)<<+MB6&!
= +M! 4-15) 1 +71 7),91 1<)%%'%=! -* )*6="6-?! -+06! 7),96,-! 9)E! &6('&6! */6!
R0 1 +71 %61 7),01 ),6)! )<<+()*B6&! *+! (6,%)%! (,+-1! K/.-1 %! ¥/l -* &E?!
<'QH)FL-1) 61 ;.41 +961 ¥/61),6)! +71 ;+¥)*+6- | 5M:+*:21 M'%6*6,! +'<-66&! ,)IBM-+-,:?!
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<6=.96-!57'6<&!>6)%)%8&!-.=),!>66*!5->66*5-66! 3\ FHND A*+! 3\ I5/NF @:1!$%! */6!
()-6!+7!<6=.96-?!*/6! 9+&6<! M)-! (+%-*,)'%6&+¥-6<6(*! -+96! 9'%'9.9!)9+.%*! +7!
>6)%- (,+;- 1 /[+M686, 7 */'-1 (+%-*,)'%*! ()%! >6! (/)%=6&! +,! ,69+86&! K/6! (,+;!
5+, *+%-IM 6,6!7+,9.<)*6&!'%!-.(/1)!9)%%6,! */)*!"*16%-.,6-1*/)*I (,+;-!-.(/!)-!
M'%*6,! +'<-66&! ,);6! )%&! -.=),! >66*! );;6),! '%! */6! . +*)*'+%! (E(<6! @' '%! #! E6),-
,67<6(*'%=!-+96!+7!*/6!;6-*19)%)=696%*!;,'%(';<6-1+7!>,6)V'%=1&"-6)-6!(E(<6-!.-'%=!
(1 +¥)F+0%I1 4<-+?1 *+1 ();:%.6! */6! k=,66%'%=I! ,.<6-! M*/l 6-;6(* *+! (,+;!
&'86,-'7'()*'+%! )-1:),*1 +71 */6] L+99+%! 4='(.<*.,)<! O+<'(E! B.40:!,67+,9-1 5[67,)?!
FG@H):?!%/6! (,+;1;,+;+,*+%IM)- 1 7+,9.<)*6&! %! -.(/! )! M)E!*/)*! %+! +%6! (,+;! ()%!
“V6!9+,6!*/) %! cajl+7!1*/61(,+:1),6))%&!*/)*1%/6,6IM  '<<I>B1)*I<B)-*I*M+1(,+;-I'%!)!
,+*)*'+%I!b+M686,?! */6! 9+&6<! ()%! )<-+! >6! -6*! .;! *+! )%)<E-6! 9+Bl+;;'%=!
-(6%),"+-I!!

1
Awpor < 2 X Total cropping area (250ha)! SN A
!
1 . u
Ayosr < 3 X Total cropping area (250ha)! SEND" !
1 . |
Apeans < 7 X Total cropping area (250ha) FHNFG!

1
Aspeet < 3 X Total cropping area (250ha)! SINFQ@!

K/B!*+*)<,+;;'%=! ),6)! (+%-*,)'%*16%-.,6-!*/6!-.91+7!),6)-1+71)<<!(,+;-!"-!
<6--1*/)%!+,16\.)<!I*+1*/6!1*+*)<!),6)!(,+;;6&!)%&! 7+,!*/6!;.,;+-6-1+71*/-1-* &EI*/ 6!
*+1)<I (,+;,6&! ),6)! (+%-'&6,6&! M)-! FaG! /)l K/6! *+*)<!'),6)! (+%-*,)'%*! ()%! >6!
(+%-'&6,6&! )-! ) <)%&! .-6! (+%-*,)'%*! >6().-6! *! 6%-.,6-! */)*! */6! ),6)! +7! <)%&!
+((.;'6&!ISEN!(,+;14,1>6*M66%! (,+;-?!)*1)%E!*'967?!9.-*1>6!%+!9+,6!*/) %! */6! *+*)<!
),6)!+7!<)%&!)8)'<)6t 7+,! (,+;-1' K/B! (+%-*,)'%*! ()%! >6! 6U;,6--6&! )<=6>,)'()<<E!)-!
>6<+M!IM/6,65.4-1*/6!),6)!+7!*/6! */1(,+;X !

z a; < Total cropping area (250ha)! IS#NFF: |

i
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3.4 Estimation of model parameters and/or coefficients

K/6! -6<6(*'+%7?! '%(<.-'+%! )%&! 6-*'Q)*'+IHI9+&6<!),)96*6 -1 )%&! (+677'('6%*H)-!
>66%! >+, 966! HE71%/617)(*1*/)*1)17),91:<)%% %= 9+&6<! -/+.<&!'&6)<<E! (+%*)'%! W.-*!
- 77 (6%*1*+16%6)><61%/6!;<)%%'%=!-(6%), +-16%(+9:)--6&!,6)<'-*()<<EI5T),%),&!)%&!
P'U?! @"cttK/-! (+%-'&6,)*'+%! -1 V6E! %! RO! >)-684&6<<'04'9%! +,&6,! %o+*1*+! +86 !
(+%-*,)'%d */6! 9+&6<! )%&! =6%6,)*6! '%76)-"><6! +,1 .%,6)<'-*(! ,6-.<*-I K/.-! '%! */6!
24Y1Z[ A+9;+%6%*-1+719+&6<!;),)96*6,"(+677'('6%*! 6-*'9)*6-(+%-'&6,6&*+! >6!
(+99+%! '947),91:<) %% '%=1)%)<E-'-IM6,6!();*.,6&?!6-*'9)*6&!) % &'V (+f,) *6&!'%*+!
*/619+&6<)%&!*/6-61),6!6-*'0)*6&1)%&!-*+,6&!'061L 2 17'<B4-IM™*/1)<<19+&6<-?1- (/!
'%7+,9)*'+%06668&! #>6! ;&)*6&! 7,+9! *96! *+! *'96! )%&! 9+&6<! ,6()<">,)*681+!
6%/)%(6!*/6")((.,)(E!+7!*/6!9+&6<I!!

3.4.1 1."/8&J)$%#8&%,()1+($, &

P +=6%!76,%'<"-6,1)%&! -+E;6-1/)86!>'==6,'9;) (1 +%6! (,+:| E'6<&-1)%&!*/.-I'%! */6!
24Y1Z[?! (,+;! E'6<&-! M6,6! 6-*9)*6&! >)-6&! E'6<&6-;+%-6?1 M/'(/! *)V6! '%o*+!
(+9%6-'86,)*'+%!-+'<I*E;61)%&I P 76,*'<'-6,1 )*6KIB! ,6-;+%-6!7.%(*+9%! )<<+M-1 7+ 1%/6]
&6; (*+%! +71 /6! &'9'%'-'%=! 6776(* P! 76;-6,! );;<'()*'+%! +%! (,+;! =,+M*/! )%&!
E'6<&K/6!,6-;+%-617.%(*+%-IM6,6!)&+;*6&!17,+91%/617),90!19+&6<!/+M686,?!.%<'V/6!
*/617),90! 9+&6<?! '%! */6! 24Y1Z[?! */6] -+'<! *E;6! &6*6,9'%6-! */6! P! 76,*'<'-6,1 ,)*6!
M/'(/1'-1)! 8),)><6!'%! */6! ,6-:+%-6! 7.%(*'+%! )-| M6<<! )-1 -686-1)! 8),)><6! '%! */6!
6-1+%6-617.%(*+%I14<-+?1'%!*/6124Y 1Z[1*/61P176,%'<'-6,1 )*6-1 -6 &!*+16-+9)*61(,+;!
E'6<&-! M6,6! >)-6&! +%! */6! ,6(+996%&6&! P! 76,¥<'-6,! )*6-1'%! [67,)! SFG@G:I! K/6!
6-1+%-617.9%(*'+%-1),6!-[+M%!"%!Y'=. ,6IBEIY +,1(,+;-1-.(/1)-1-.2),1>66*  )%&!M),6!
55421 561 6-:+%-6! 7.%(*+%! M)-1 >)-6&! +%! P! 76,%<'-6,! )*6! M/6,6! )-! 7+,! */6!
<6=.96-1*/6E!),6!>)-6&! +%! +U6<E! */6! -+'<I *E:611K/6! ,6-+%-6! 7.%(*'+%! +71 */6! +*/6]
(+:-1-.(/1)-TM'%*6,! MIB)*! -[+M%! %! */61 Y'=.,61# NFI>6<+M!M6,6!>)-6&!+%!/6)8E!

-+'<|
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)*+,-./0/1,-*2345678 )*+,-./0/1,-*2345678 )*+,-./0/1,-*2345678
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5 P 5=
] 8 v | 8 s
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s S S
5 g E
- g7
2 &
T T T T T ———— T T T T
%!" %™ %(" %;" [ g I<# §™ S SHY $<# [ # ™
)*+,-./0/1,-*2345678 )*+,-./0/1,-*2345678 )*+,-./0/1,-*2345678
+5-%&" %%$ "#$%&" % #4 +,&"#- Yo*#4
It
3 **
B EX |
2 Ry 2 &
5 RN 5
n @ e} n -
5 2 g .1 g,
S 3 ¢ s
g & ER
s | ] 2
3 7T ? T T T T ? T T T T
= %™ %% %" %% %™ %K &t %8&" %&H# 1&" 1&# &t %8&" %&H# 1&" 1&#
)*+,-./0/1,-*2345678 >?/0*@AB,*CD:,E >?/0*@AB,*CD:,E

P+*6X!IY+,1%/61 <6=.96! (,+;-1*/6! ,6-;+%-6! 7.%(*'+%-1 M6,6! >)-6&! +%! 8),)*+%! '%6! -+'<I *E;61! K/6! -+'<!
*E:6-1),6!,6;,6-6%*6&! >E!'%&'(6-1,)%="%=!7 +9!Glal*/,+.=/IFlal)*'%*6,8)<!+7!GIFal,6;,6-6%*%=!<'=/*!
—+'<I¥] +.=/1/6)8EI-+'<] |

Y'=.,6! #NFXN'6<&!,6-;+%-6!7.%(*'+%!+7!(,+;-1.-6&!'%!*/6!124Y 17l

3.4.2 K7/$-($#89.", &1+.9)* &+ H#8&)*-"1$&H#SL)+()"*& =.),<C& ()1+($, &
K/6!6U;6(*6&! =,+--19),="% 55, 17+,16)(/1(,+! .IM)-16-0)*6&! >)-6&! +%!)! aNEG), !
[-*+()<!;,(61&)")!7,+9IFGG"l *+IF@#5[67,)? FG@H>:I!IK/6!;,'(6-!M6,6!)&W.-*6&!
7+,1'%7<)*+06! .-%=! &674)6t'6- 17,491 b1!K,6)-.,E! SFG@H1! K/6! 6U;6(*6&! =,+--!
9),='%!M)-16-*'9)*6&!)-17+<<+M-X!

_ s _1 PR XY, |
E = l(%) — (FE; + SC; + 0C)) | + Subsidy! N

Q16,6 PFig! E'6<&!5*A/):1+71%/64/1 (,+:16-*0)*6&1)-1)1 7.%(*+%6! + 71 -+'<I*E;6!)%&! P!
76,4<-61)9+.9%* 1)-1'%&'()*6&1)>+862PR,,g!;, (615N *:1+71(+:1 .1.%&6,): */1-*)*6!+7!
06)*.,6! 5*+¥)<k 71 96.9>6, 7L¥)*6-1 +71 %)%, 624ga: 2GHg! B,*'<'-6,! 5P?1 O?! f:1 (+-*!
5NA): 2012 #gl-66&! (+-*1 5nA):2'2 1g1+4/6,! (+-*-1 5nA):!'%(<.&'%=! (/69'()<! )%&!

- 908, El (+-*-1+TI¥/B1%/1(,+:1)%&! 1AJ<.;/ 1g12'%=<6!Y),9!0)E96%*152Y0:!8)<.6!5n"/):!
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7+,1<+M<)%8&17),9-15P'U?IFG @ HKEB61%6+*6&I%/) 417+ 1- =) 1>66*21% ) Uo-1+ *I(+-*]
M)-1 )<-+! (+%-'&6,6&! )%&! )&&6&! *+! */6! 8),)><6! (+-K)><6HNDH566! (/):*6,!
4::6%&'U:1-/+M-! 6U)9;<B1&)*)!7+,1=,+--19),='0616-*'9)*617+,16)(/1+71*/61(,+:-I! !

$%!%/61 2% 1Z[!,'-VI6-*'9)*6-1),61>)-6&! +%! &68')*'+%-1'%! '%(+961! K/.-1*/6!
SVI();%.,6&1'%! %161 1ZKA[1)%&! 1$QDO! 9+&.<6-1),6!)--.96&! *+1>6! +.%; %1 -V
YUO&N<H/+. =/ 1¥[6,6]'-1 /B +--">'<HEL+71'0p; *1 '-\/=21"*1'-1 )= 9B&I*/)*1 - (/1 '-V/-]

* 10h-<Y*BIUL* X XL NIY b= I+ E'6<&I<B86<-21/6%6(61*/6! T+(.-1+%!+.*; *1 "I
K/B! '%(+96! &68")*'+%-! B6)%! )>-+<.*6! &B68)*+%! )%&1)%&),&! &68")*+%!
6-*'9)*6-:! -6& '%! */6! 1ZKA[! )%&! QDO! 9+&6<-1)-1 6:,6-6%*)*'86! +7! '-\/| M6, 6!
*/6,67+,6!6-*'9)*6&! .-'%=!*/6! = +--19) ="%-1 .%&6,! : */1-¥)* 61 +71%)*.,6! 7+, 6)(/!
(,+:1! K/6!'%(+961&68")*+%-1),61-/+M%!'UK)><6 @ B-661(/);*6,14;;6%&'U: I!

3.4.3 M)(.+($&%$+-;)*9&$,()1+($&

K/6! %'*,)*6! 5PZN! <6)(/'%=IM)- | 6-*'9)*6&! >E! )&+;*%=! */6! P! >)<)%(6! ):;,+)(/!
~6&!'%! Q+--'%V! 5@"#:11 KIB! ):;,+)(/! *)V6-1 '%o*+! (+%-'&6,)*'+%! */6! )9+.%*! +7!
76,*<'-6) P! );;<'6&! +,! 7'UB&! 5'%+,=)%'(! Y%&"+,! +,=)%'(KB=:?! )*9+-:/6,'(! P!
&6;+-"'+%! Ko, :?! (,+;! P! ;¥)V6! 5 Kyesor! )%&!76,<'-6) 68);+*,)%-;',)*+%l!
b+M686,?! '%! */'-1 -* &E?! */616,*'<"-6] 68);+*,)%-;",)*'+%! M)-! ,6:<)(6&! M'*/I * /6!
8+<)*'<-)*+9%! +71 )99+%")! H,%kpah )%&! %'*,+.- +U'&6!19,%ksr! )%&! 69'--'+%!
7)(*+,-! +7! Fj! Y%&! Glaj! M6,6! )--.96&! 7+,! N,%xkpoR?&!N,%xks+H ,6-;6(*'86<E!
50,+8--+, 10+=6,12E<86-*6T ,)&<6E?+ <&#7 4 &' K/6! K5+, 18)<.6!M)-1*/61)86,)=6!
+71)%9+-:/6,'(1 &6 +-*6&! P#3)<.6-! +>*)'066&! 7,+9! */61 4| O+<<.*'+%! $%7+,9)*'+%!
2E-*69¢1540$2:! .-'%=1*/61=,'&! 6 7T&%(6-! 7+,| @AC!),)><6!7'6<&-) 07! P6! 3%=<)%&!
A<-+1*[612+'<IP12.:;:<EI52P2:IM)-1*)V6%!'%o*+! (+%-'&6,) ¥+ %! % 1*/616-*'0) <"+ 0! + 7 1*+*)<]
PI*+1%/61-+'<|1K/61 2P2! .-68! 7+,1*/6] 6-*'9)*'+ 0] + PH6™* ) *6! <6) (/'%=!5V=! P"): Krig7¢!

M)-1 AGV="/)?! */61)9+.%* +71 2P2! -6&++! 6-+'9)*6!1 */6 | P! .:*)V6! 677'('6%(E! +,! P!
(0):*.,6!'%! 2E<86-*@\,)&<6E! Vo&!f'%&, 68 GG 1I$1)<-+!,67<6(*-1*/61 2P2! 7+ 1 -+'<-I
M*/12+'<IPR.;;<E! $%&68RPP2$:+7!466!'%![67,)!FC@G:I!K/6!8)<.6-! 7K\+s0!M6,6!
6-*'9)*6&ISEI9.<*:<E'%=I*/61*+*)<IPI*+1*/6]-+'<I>EI*/6IP!.:¥)V616 77'('6%(EI!K/.-1*/6!
PI<6)(/'%=!6-*'9)*6-1),6!'%7<.6%(6&! >E!P!.;*)V6!>E!(,+;H T)-6&! +%!*/6! P! .;*)V6!
677'('6%('6-1.-6&2!(,+;-1-.(/1)-1-.2),I>6  6*?1;+%)*+6-21)%&!M'%*6,1Z20!M6,6!7+.% & 1*+!

cl40$2IM6>-"*6XE XAMMMMI); - (1.VA-6), (/1 NBEN+()*'+
AIK/6!,6(+996%&6&!P!)9+.%*-1.-6&!'%!*/6!-*.&EIM6,6!>)-6&!+%!-+'<-IM*/12P2$!+ 71 @I
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1)86!/'=/6,1P1.;*)V61)%&1/6%(6!<+M!IP! <6)(/'%=5-*9)*6- 15-66!K)><6IHF:114=)'%?Y6!
*[61()-61+71-.=),1>66%21%/61P1<6)(/'%=!6-*0)*6!M)-17+.%8&!*+1>61%6=)*86!&.6!*+1*/6]
I'=16,1PL.;)VBI677'('6%(EI&)*).-6&1)<*/+.=/ 1'%l 6)<*E!-+961)9+.%6*1+71P1<6)(/'%=!
Q)E!+((.,1+%!-.2),1>66*1 7'6<&-IK/6! 6-*'9)*6-1 7+,1-6* N-'&6! M6, 6! 9)'%<E! >)-6&4%!
%161 )*9+-16,'(! &6;+-*+%! )%&! 2P2! 8)<.6-1! K/6! 6-*9)*+%! +7! Krngzex()%! >6!
6U;,6--6&1)-X

Nieach = (Napp + Npepo + SNS) = (Nuptake + Voluuz) + Volnzo))! 5#NFHE

NLeaching(GW) = O-?’XNLeach S5NFa: !

!

!
Q16,6 MKris75.50020K-1*/61PI<B)(/'%=1*+1=, + %&M)*6,| >6<+M!)| &6:*/1+7! @9!)8+*6&!

7,+91Q+--%VI5@"#:114((+,8'%=1*+1L),86%) "4 $YGEG @+#:1*/6 &67).<*18)<.6-1 -6&!
SE1%/6! SOLL!'%! 6-9Y96=! */61 7,)(*+%6! +71 PI <6)(/6&! 7,+91 /61 )::<'()*+%! +7! >+¥/!
+,2)%'(1)%&! Yo+, =)%' (| PI-1#Gj G ITK/ -1*/6I GIF 7)(*+,] -6&! >E! Q+--"%\15@""#:!
M)-1,6:<)(6&! M™*/1 )1 7)(*+,1 +71 GI#1 4=)'%?! .~%=1)! 7+,9.<)!'%! Q+-—'06V! 5@""4:1 */6!
PZsN )9+.%*-1 '%! ="<I M6,6! 6-*'9)*6&! .-'%=! */6! Knis7s50020R! *)V'%=! '%*+!
(+%6-'86,)*+%! */61)%6%6.)<! )'%7)<<1)9+.%6* 599:106&! */'-1"-l -/+M%! >E! 3B4NFB !
K/6! KTi$78.5002UK8)<.6-!M6,6!.-6&!)-!,6;,6-6%*)*'86! %'*,)*6! <6)(/'%=!8)<.6-! '%! */6!
0%, )*61<6)(/'Vs=! +>WB(*'8617.%(* 4968 */61+:+'9.918)<.6! (+0686,*6&! *+| PZ N5=A<:|
~'%=13\I! B#NFB I'K/6! %'*,)*6! <6)(/'%=! 6-*'9)*6-!),6! <'%V6&! *+!-+'<! *H;6*/6! -+'<!
*E;6! &6*6,9'%6-! */6! 76,*'<'-6,! )9+.%*-! 7+,1 6)(/! (,+;! >)-6&! +%! ,6( +996%&6&!
)9+.96*-1'%1[67,)|5FG @G V6! (+9686,-+%! >E1 3\BNFB: 1)<+ <%0V 1*/6] PZNS=A<: 1 %+]
Y%7)<<1)9+.%1

62 N ;
NO—;iIl g/l _ Zx Leac.hlng(GW) !
14  10xAnnual Rainfall (mm/year) FHNFB !
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K)><6#NFXIT)-61P1<6)(/'%=15V=IP/):16-*9)*6-17+ 1(,+;-))%&!-6N-'&6!.-6&!'%!*/619+&6<

L+- ! Pl4;:<'6& K+%<IP! P! _;*)V6! Pl N,%kror N, %ksr P!
+71Y'UBE 5V=)):1 377'(6%(E V6! 5V=A):1 BV=AN:L R6)(/'%=!
5V=A): | 5V=1A):11 5DQ:I5V=

PM)AE,: |

Q'%*6,IM6)* ! FFG #FQ GIBA FGAIGK BIHG @IBC H@IFC

2;,'%=IM/6)* ! @AC  FAG GIBA @'GIHC  alBG @IHC FHICA

Q'%*6,1>),<6E @cG  Fcd GlaH @HalA(  alHG Q@l#a #alFH

2;,'%=1>),<6H @HC  FHG Gl#"  "#IBQ HIAG @IFC HFI@F

Q'%*6,1>6)%:* FAd #Aal Gla@ @"Bl#a clcG QI a#lc@

2;,'%=1>6)% FAd #Aal Gla@ @"Bl#a clcG QI a#lc@

Q),6;+*)*+6- | FFG #FQ GIAG Fa'lFQ BIHG @IBC @alAr

Q'%*6,1Z20! @"G F'Gl! GIAA FHBIaG  alAG @IHE @GIA;

2.2),1>66*! @Gk  FGG @IGc F@HIG HIGE  @IGC Nilc@

26"-'&60! NN @GK NA NA FIGG GlaG F'IFal

P+*6XIPI&6;+-*+%I5FGIV=IPABAN)%E&! 2P2I5AGIV=Y): IM6, 61)&&6&1*+1*/61P1); < 6&!*+16-+9)*61*/61P.;&)*6!
0! P1)9+.9%*1 M)-! >)-6&! +06! P! &6;+-*+06! )%&! 2P21 8)<.6-1! P! Y6,%<'-6,1)9+.96*-1 ),6! >)-6&! +%! ,6(+996%6&6&!
)9+.%6%-17+,1)1/6)8E!-+'<!

3.4.4 N".<&+($,08/$.+()"& +H#&0)T$HE(,& &

K/6! M+,V! ,)*6! 5/7):1 +719)(/'%6! *E;6-1  (),,E'%=! +.*1 +;6,)*'+%-1 M6,6! 6-*'9)*6&!
>)-6&!1+9%6! 7)(*+,-1-.(/1)-1 9)(/'%6! -'I62! -+'<I *E;6?1 76,%'<'-6 ] +,1 -66&! )9+.96*-21 (,+;!
E'6<&Y1+,16U)9:<621*/6IM+,V1,)*6!+71)1(+9>'0661/),86-*6,186;6%&-1+%6!*/6!(,+;|E'6£&
)%&! */6! -'J6! +71*/6! (+9>'%E6%! *6,9-1 +7! ;+M6 IIK/6! M+,V! )*6! 7+,16),*/ N9+8'%=!
+16,)*'+%-1 - (/1)-1;<+.=/'%=! *++ V! '%*+] (+%-'&6,)*'+%! -+'<| *E;6IK/6! 7+,9.<)6! 7+,
6-*'9)*'%=!*/6! M+,V! )*6- M6,6! +>*)'%6&! 7,+9! L/)96%! )%&! 4.&-<6E! 5@""#:! )% &!
),6!-'9'<),1*+1*/61+%6-!.-6&!>E!L++VOI"#$%& G @!*+!>.'<&*/6! 7),90!9+&6<|!!

K/B!+;6,)*'+%! (+-*1 *++V/1'0o*+] (+%-'&6,)* +Tab<! (+-*| 5I\IGNFC: |1 >)-6&! +%!
M+,V!I )*6-?1 7.6<! (+%-.9;*'+%7?! )%&! 7.6<!;,'(@K-+?! M™*/1 */6] ;+--">'<*E! 7),96,-!
I','%=1-6)-+%)<!+,1%69;+,),EI<)>+.,218),)>< 6I<)>+.,! (+-*IM)-1)--.96&!*+! >6!;) *!
+714:6,)%4%-! (+-*1)%&! )-1)! ,6-.<*P8),)><B! <)>+.,! (+-*I M)-1 6-*0)*6&! .-'%=!)%!
[+.,<E!M)=6!,)*6!5n"/:1)%&!) &&B&!*+!*/61.64(+-*I1Y +,1+;6,)*'+%-!-.(/!)-];<) %*'%=!
)%&1/),86-*%=IM/'(/1)**))(*! *'96<'%6--16%)<*'6-?1*/6!6-;6(*'86!;6, +&'(1;6%)<*'6-!
59)'%<E!E'6<&!<+--:IM6,6!6-*'9)*6&!'%!*6,9-1+7!(+-*15n"/):1)%&!) &&E&!*+1*/6! (+-*!+7!
+16,)*'+9%I1 2.;:+-'%=! */61 :6%)<*E! 7+,!/),86-*'%=! M'%*6,! M/6)*! '%! )! -.5N-;*'9)<!
:6,'+&!"-1aj!)%&!*/6!)86,)=6!E'6<&!)%&!;,'(6!),6! @G*")!)%&! n@ @&/6-;6(*'86<E?!
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*/61¥96<'066--1 :6%)<*HH-*I 5nA/): 1 M'<<! >Bhaa’)! 5GIGa! !@G*M)! In@ @G"*: 1! K/-!
8)<.6!1*/6%6!)&&B&*+1*/61(+-*1+711), 86-*%=""06!*/*1:6,'+&I

Fuel Cost (E/ha) = Fuel Consumption (I/h)xWork rate (h/ha)x S¢NFC: |
| Fuel price (E/1)!

K/6! 7'UB&! (+-F5G2 ! (+%-'&6,6&! '%! */68*.&E! (+%-"-*-1+71 16! )%%.)<k)>+.,!
(+-*1 BLT2:1 )%&! )%%.)Q)(/'%6,E! (+-*! 5= 2: 1! Q"*/1 */6] 24Y1Z[! -6*] .;1 *+! -6<6(*!
<)>+.,1%.9>6,-?IM/'(/! ),6 1)--.96&!*+!> 6!;6,9)%6%*!<)>+.,I+,IM+,V7+,(62/6!LT2!
M)-1);;<'6&!*+! *['-I*E;61+71<)>+.,1)%&! /6% (6! M/E!")-! (+%-'&6,6&!.%&6,'GAK/6!
=21 (+%-"-*-1 +7! 9)'%<E! )%%.)<! &6;,6()*'+%L5B!* :! Y%&!)%%.)<!,6;)",! )%&!
9)'%*6%)%(6(+-*-! 5V2,<"I! K/6-6! M6,6! 6-*'9)*6&! >)-6&! +%! (+-*-1 +,1;,'(6-! +7!
9)(/'%6,E! 5=$2:?! ,)*6! +7! &6;,6()*+%! 5V:?! ,6;)',! (+-*I )*6! 5 V2V )%&!
,6;<)(696%*! E6),-! 55:1! 3-*'9)*6-! (+.<&! >6! )&W.-*6&! 7+,! '%7<)*'+%! )%&! *+! *)V6!
'%%*6,6-*! ,)*6! WY '%*+! (+%-'&6,)*'+% L>1* | M)-! 6-*'9)*6&! .- %=! */6! ();*)<!
,6(+86,E! 7)(*+,! RVG! 53\l G#NFA | )%&ISHMG : | [+M686,2'%! )! -"*.)*+%! M/6,6!
'06%6,6-*1,)*61'-1J6,+21*/6L>1* 1] 6()<(.<)*6&!>)-6&!+%!\IBNE" : IM/6,6! >I* I'-1%/6]
*+%)<1&6;,6(' ) +UIV2,<"IM)-16-*'9)*6&!>)-6&!3\I! SHM@!)%&! 76! = 2#)-6&!+%! 3\I!
SEMEF: 1IK/6! G2()%!*/6,67+,6!>6!6U;,6--6&!)41=2 IdILT2I1$%!*/6!9+&6<?!*/61*+*)<I7'UB&!
(+-*1'-10)<(.<)*6&! .-'%=!*/6!9)(/'%6!)%&! <)>+.,1%.9>6,-! 6-*'9)*6&! >E! */6! 9+&6<I!
Y+,16U)9;<6?-.;;+- '%=!*/6!=2!7+!*)(*+,!"- n@F?GGGP2! '-! n@ARGGG! )%&! */6!
*)(*+,1)%&!<)>+.,19%.9>6,-1-6<6(*6&! >E! */6! 9+&6<!),6! F!)%&! #!,6-;6(*'86<E?!*/6%)!
*[61*+*)<G2AM'<<I>BLA?GGGISHAF?GGG!d@A?GGR: ) +%!-[+M%! >E!3\I1#NFA!
*+I\AM@!+>*%)'%6&! 7,+9%M)! 2*)*6! %'86,-*E! 3U*6%-'+%!)%&! Z.*,6) (/! M6>-"*6 X!
[*-XMMMMI6U*6%-"+%I")-*)*616&.M) =& 9N, +;-" & 7™M # NF", & 71!

IR(1 + IR)™ FHNFAL
CRF = ————!
(1+IR)"—1
Dep
Dep = MaC — (MaC X DR); ADep = T! SN !
!
ADep = (Dep X CRF) + (MaC x IR) NG |
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RCost = MaC XRCR)! HN@!

MC = ADep + RCost! 1SN !

K/6! 9)(/'%6! *E;6-1)%&! &)*)! );:<'6&! '% 1 6-*'9)*%=! */6! =21),6! -/+M%! ‘%!
K)><6I@B!'%!L/);*6,14::6%& UINK/BIM+ V! }*621+:6,)*+%61)%&! 7'UB&! (+-*16-+0)*6-!
>EI*/6124Y1Z]!),6!>)-6&!+%!*/6!)--.96&19)(/'%6!-'I6-)%&!;, (6-11$%!*/6! (+%6*6U*!
+71%/61 9'UB&DO*6=6,! ;,+=,)99'%=1);;,+)(/?! */61 24Y1Z[1 Q)E!-6<6 (1 *M+1+7!%/6!
@GGVQ!*)(*+,-1)--.96&!1)%&! .-6&! *+1 &686<+:1*/6! 9+&6<I! b+M6E86, 2! *1'-1 ;+--><6!
*/)*1'%1 6)<"*E1)! 7),96,! M*/1 )l >'==6,17),91 - J6! Q)E! .-6!  +%6! >'=! * )(*+,?1 -)E! )
@aBQ!,)(*+,15@la! +7! @ GGPQA/ (/1 9)E!>61="8617)-*6,|M+,V! )*6-1)%&! ;+--'><6!
(6<)*8B<E!(/6);6,1*)%! *MH@GGVQ!*,)(*+,-11K/.-1*/6,6! (+.<&! >6!6(+%+9IE!+71-()<6!
)& M*/I*6];+--'>'<*E1+71 ;&) %=1*/619)(/'%6! -'J6-1'%! 24Y 1Z[?!*/6! 9+&6<! ()%!
>61.:&)*6&I*+HIFWBI'U*+1(+%6-' 86, ¥ +9%6!>'==6,19) (/'%6!-"I6 H<-+IM"*/1*/619)(/'V%6!
%.9>6,-1'%! RO! 9+&<-1-6,8'%=1)-1=.'&6! '%! 9)(/'%6, E! -6<6(*+%! ) %&! :<)%%'%6="2! */6!
9)(/'%6! %.9>6,! -6<6(*6&! >E! */6! 24Y1Z[1 >)-6&! +%6! */6! 9)(/'%6 1*E;6-!)--.96&!
5K)><6!M@B:?!()%!-6,86!)-1=.'&6!'%!9)(/'%6,E!:<)%% %=1"%!),)><617),9-1)<*/+.=/I'%!
JB)<"*E! +*/6,! -'J6-1 +71 9)(/'%6! ()%! >6!-6<6(*6&! >E! */6! 7),96,! *+! >6**6,1 +;+'9'-6!

T

3.4.5 N"'.<+P%$&;"., &
Y+<<+M'%=14%%6**-1)%&!4.&-<6E!5FGGF:!) %&£ $IM6C @#:?!*/6! (,+;,'%=!EB),!
M)-! &'8'&6&! '%o*+! FB! *MMB6V! :6,'+&- *+1 )<<+M! 7+, */6! )%)<E-'-! +7! *96<'%6--!
;6%)<*'6-1! Q+,V)><6! /+.,-1 SUP<:! ,6;,6-6%*! */6! %.9>6,! +7! /+.,-1)8)'<)><6! %! )!
:6,'+&! 7+,1)17),96,! *+! M+,VI! K/6! UP<! M6,6! 6-*'9)*6&! >)-6&! +%! */6! <)%&! *E;6!
'06&'()*+,1 5T @W+,9.<)! 5K'<<6*1)%&! 4.&-<6E?! @"Ac:! M/'(/!'-1)1 7.%(*'+%! + 71 %/6! -+'<!
*E;6!9@7?!)%%.)<!,)'%7)4¥8)%&!*/61&)E!%.9>6,'% B! E6),!5; :157+,16U)9;<6!@-*!
p)%.),E!"-! (+%-'&6,6&! )-! &)E! @:1! K/GT@W#,9.<)! 9)V6-! 1 :+--"><B! *+1 -+<86! */6!
9+&6<-1.-'%=1&'T76,6%*-+'<I*E;6-1)%&!,)'%7)<<!<686<-1)%&! /6% (6! M/E!"*IM)-1)&+:*6&I
K/6!6-*9)*6&! UP<IM6,6!9.<*:<'6&! >E!)1 7)(*+,!+7! GIAB)&+;*6&!7,+9!*/6!7),90!
9+&6<ISEIL++VBHSIBEG @#4H7) (*+,1'%!.%;, +&.(*861*'96-1! |
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Q™*/1&'776,6%(6-!'%! */6! M+,V)>'<"*E! +7! &'776,6%*! +,6,)*'+%- P8V 6,6!
,68'-6&! >)-6&! +%! */6! *E;6! +7! +,;6,)*'+%! 5K'<<6*!)%&! 4.&-<6E?! @"Ac:I' Y+,16U)9;<67?!
= )E'%=I/))-1)IM+,V)>' <*E!+7! BGj?! */.-1'7! */6! 6-*'9)*6&! Qb! g! HG/?! */6%! M'*/!
,6-;6(*1*+1-; YE'%=!*/6! UP IM'<<I>6!FH/!5HG!q!GIB:I'K@Y&+;*6&!7,+9!K'<<6*!)%&!
4.&-<6E!I5@"Ac:!()%!>6!6U;,6--6&!)iX!

LTI = 20.6X% — 89X + 212! SHNHE
Q/6,6?! X = (1.257 — 0.257ST)AR + 0.762(ST — 1)!

|@g!2+'<I*E;6H5-'<I*E;6!,6;,6-6%*6&!>E!'%&'(6-17,+9!Glal*+!Flal)*!'%6*6,8)<!+7!GIFal*+!
6;,6-6%*1<'=/*1-+'<-1¥/ + =[1*+1/6)8E!-+'<-:?ILVIgl4%%.)<!,)'%7)<<!599:|

3.4.6 Q)PYoHE+*#&."(+()"*+%&/F*+%R)P,

2.>N*¥9)<!I +;6,)*+%-1)%&! ,+*)*'+%0-! (+.<&!)**)) (* E'6<&16%)<*'6-5j! E'6<&! <+=?!

' s 1)%&Nms 1,6-;6(*'86<EI! Y+,6U)9;<62*/6! +;*'9.9! *'96! 7+,! ;<)%*'%=! M'%*6,!
M/6)*!'-1>6*M66%!)R6! 26;*69>6,!)%&!6),<E! Z(*+>6!/+M686,7;<)%*%+'%! 6),<E! +,!
<)*6! [6(69>6,! (+.<&! )**)(*! )! ;6%)<*E! +7! )>+.*| @ajl! R6=.96-! 56I=I! >6)%-:!
7+<<+M'%=! M'%*6,16)M! )**)(*-! %+! ;6%)<*E! )%&! */.-| (+%-'&6,6&! )-! +;*9)<!
) +%11Q '%*6,! M/6)*! 7+<<+M'%=! )! >) <6E! (,*!!(+%-'&6,6&! )-! -.> N-;*'9)<!
) +001)%8H . <&!)** ) (*1)!;6%)<*E!+71)>+*1 @ @]I'K/6! E'6<&! ;6%)<*E!M"™/! ,6-;6(*!
*+1-.> N F9)<I+;6,) ¥ +%-1 (+.<&!,)%=6!7,+9! J6,+!*+1+86,!FG|!) %&*/6E'6<&!;6%)<*E!
M™*/1,6-;6(*1*+1-.> N-*9)<! +*)*'+9%!(+.<&!,)%=6!7,+9!J6,+!*+| @ GGj}5*)*'+%-!+,!
(,+;1-6\.6%(6-! %+*)<<+MB&: 1Y+, IN*9)<!+:6,)*'+%-?1*/6E'6<&!;6%)<*'6-!M6,6!
6U;,6--6&! )-! (+-*1 5" msy q! (;+;! E'6<&! ! (;+;!;,'(6:!) %&! )&&B&! *+! */6! (+-*! +7!
+;6,)*'+%!'%! */6! ,6-;6(*'86! ;6,'+&- !5)-I'<<.-*)*6&!.%&6,! 26(*'+%#IHIH!Y+,!-> N
+*O)<! (+;! )M +%-14,1(,+;1-6\.6%(6- ?!*/6!E'6<&!;6%)<*'6WEs !g!(,+;!E'6<&!q!
415,60 IM6,6!)--'=%6&!*+!*/6!,6-;6(*'86! (,+;!-6\.6%(6! +,!,+*)*'+%-1)-1 (+-*-1'%!
*[61;, +7"*19)U'9'-)*'+9%6! +>W6(*'86! 7.%(*'+UK/.-1 */61 :6%)<*E! )V6-1 6 7T76(*!'71)! -. N
+;*¥9)<I(,+;!-6\.6%(6!"-1-6<6(*6&!>E!*/6!9+&6<I!

$9%!1*6,9-1471%/61 1ZKA[19+&6<?1™1"-1 7+,9.<)*6&! %! - .(/1)19)%%6, 1 */)*1; +7"*1
19 )U'9'-6&!-.>W6(*!1*+!19'%'9'-'%=!,"'-VI)%&!)-1)!,6-.<*1*/616 776 (*! + 7! E'6<&!;6%)<*E!
6'%/6,! &.6! *+! -.> N;*9)<! +;6,)*'+%-! +,! (,+;! -6\.6%(6-! ,67<6(*-! '%! */6! ;,+7'*!
9)U'9"-)*+%! +>W6(*'86!7.%(*'+%!>.*1%+*1'00! */61'%(+96! &68')* +%! 6-*'9)*6- |1 K/'-!'-1
&.B!*+1*/617)(*1*/)*1*/61,'-V!5'%(+96!&68")*'+%:16-*'9)*6-1'%!*/611ZK4[!9+&6<!),6!
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>)-6&14+9%!/-*+,'()<)%&!)-1)!, 6-. <1 &+B-1)VEI'Vo*+1 (+9%-'&6, )<+ 96! E'6<&!) %&!,+*)*'+06)<!
:696)<*Ell K/6! 6776(* +7! E'6<&! :6%)<*E! [+M686,?! '%7<.6%(6! */6! '-V/! 6-*9)*6-1 +71*/6!
9+&6<!'%6&" B(*<E!*/ A£/1"*-1&" B(* 6776(* +%! */61;,+7"*! 6-*9)*6-1>EI */6! +>W6(*'86!
7.%(*+%

3.5 Model data

K/6!&)*)!.-6&!'%!6-*'9)*'%=1*/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!*/617),9019  +&6<:11K/6-6!'%(<.&6&!&)*)!-.(/1)-17),9!'%;. *1)%&! +.*; *?]
+'<?l )Y 169%)<*'6-] )-I MB<<! )-! %7+ 9)*+%! )%&! )--.9;*+%-! -6&! '%!
8686<+;'%=1*/619+8&6<1)%&! 6-*9)*'%=19+&6<!;),)96*6,-1! K/6! &'776,6%*1 &)*)! *E6-!
),6!;,6-6%*6&! '%K)><6END#5-66! */6! (/);*6,! 4;;6%& Ul Q*/!-+96! +7! */6! &)*)!
)&+;*6&17,+91%/617),901 9+&6<?1*/6!-+.,(6-1+71-.(/1&)*)!),6!-*)*6&!)-17),90! ) %&!
*/61+,'='%)<!,676,6%(6-!("*6&!>E!L++VE5I6& C@#:|

3.6 Model results example: goal programming module

K/'-1-6(*'+%! ;,6-6%*-! )%!6U)9;<6! +7!*/6! ,6-.<*-1 =6%6,)*6&! >E! */6! 24Y1Z[ */6!
9'UG&NPA*6=6,!=+)¥,+=,)99'%=! 9+&.<61!'K/6!9+&6<!(+&6-!M6,6!M,**6%!'%!*/6!0!
+7,)99'%=1<)%=.)=6! 50!L+,6!K6)9?!FG@a:!)%&!-+<86&!>E!*8B0A%%!+7!DP"!
D%.r-! P+*1_%1MWR'%6),! O,+=,)99'%=! f* @650=<:V|! K/6! (+&6-! 7+,! */6! 9'U6EN
'%*6=6,! =+ +=,)99'%=! 9+&6<! ()%! >6! 7+.%&! +%! D"*b.>! */,+.=/1 */6! 7+<<+M'%=!
<'UWVXI* -XM="*] S|(+IVM)E&WH)/+&+"M24Y 1 Z[N><+>"9)-*6,"24Y1Z[I0  I! K/6!
6U)9;<6!,6-.<*-1-/[+M%!'%!Y'=.,6!#¥!M6,6!=6%6,)*6&!>)-6&!+%!)!/6)8E!-+'<?!,)'%7)<<!
+71BGG991)%&! 7'UB&! (+-*16-*'9)*6-1*)V'%=1"06*+1)((+.%*1)%!'%*6,6-*1,)*6!+7!G|ajl!

"IDP_Xt*; - XMMMMI=%.1+,="=%."=%.1/*94
@DHROME* XMMMMI=%.1+,=7-+7*M),6/=<;W
0=<;VXI*:-XM(,)%I, N,+W6E(*1+,="M6>";)(V)=6-"0=<;V"0=<;VI;&¥
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$Total_Percentage_Deviation
[1] o

$ProfitTarget
[1] 120000

$Profit_Goal_Weight
[1] 1

$Profit_Achieved
[1] 120000

_from_Profit_Target

$N_Leaching_Target
[1] 8000

$N_Leaching_Goal_Weight
[1] 0.1

$N_Leaching_Acvhieved
[1] 7311.2

$Deviation_from_N_Leaching_Target
[1] 688.8

$NO3_Leaching_gl_Target
[1] 1

$NO3_Leaching_gl_Acvhieved
[1] 6.5

$Deviation_from_NO3_Leaching_gl_Target
[1] @.6

$Risk_Target

[1] 20933

$Risk_Goal_Weight
[1] 0.1

$Risk_Level_Achieved
[1] 20933

$Deviation_from_Risk_Target

[1] o

$Cropping

Total_Area_ha
Winter_wheat
Winter_barley
Spring_barley
Winter_beans
Ware_potatoes
Winter_OSR

$Rotation_Matrix
WWHT WBAR SBAR WBEA WPOT WOSR
(] 32 16 30 21
32 (7]
(7] 18
16
48
21

$Machines_Labour
Number

Pot_harvester
Sbeet_harvester
Labour

WORRRPRRRPWR

$Total_Fixed_Cost
[1] 172040

$Profit_Achievement_Status
[1] "Profit goal was achieved"

$Nitrate_Leaching_Achievement_Status
[1] "Nitrate leaching goal was underachieved"

$Risk_Achievement_Status
[1] "Risk goal was achieved"

Y'=.,6! #MEX11+&6<!,6-.<*16U)9;<6!=6%6,)*6&!.-'%=*/6!9'US%*6=6
M6'=/*6&!=+)<!;,+=,)99'%=19+&.<6!'%!24Y1Z[ !
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0),*1 41 +7Y'=.,6! #M! -/+M-!'%7+,9)*'+%! +%! */6! +86,)<<! &68')*'+%! 5*/6! +>W6(*'86!
7.%(*'+%! 506! ;6,(6%*)=6:?! */6! =+)<! M6'=/*-?1*),=6*-?! <686<-! +7! =+)<-1)(/'686&! )%&!
&B8')*+%0-1 7,+9! =+)<¥) =6*- [ Y+,1 6U)9;<6?!)! ME'=/*1 +7! @! M)-! ;.*I +0%6! */6] ; +7"*]
QU'9-)*'+%! =+)<IM™*/1)1*) =6*1 +7I Nn@FG?ABE! =+)<! M)-!)(/'686&!)%&! */.-1 %+!
&68')*'+%4! 7,491 =+)<! %) =@ O),*I T! -/+M-1 */6! (,+:1 ;,+;+,*'+%-1 M/6,6)-! O),*! L!
-[+M-1*6] +%)*'+061 9)* "UIl $%! *6,9-! +71*/6! (,+;!;<)%?!1 */6! *'96! /+,'J+%! '-1'%7'%*E!
[+M686,?!*/6!<6%=*/1+7!*/6!(,+;!(E(<6!&6;6%&-!+%!*/6!9+&6<!-+<.*'+%I!K/6!,+*)*'+%!
9)*,'Ul ,67<6(*-! */B! &'-*"> *'+0] +7! (,+;-1 '%! 7'6<&-! M*/! */6! (,+;-! ‘%! */6! ,+M-?
-((6--+,! (,+;-1)%&! */6! +%6-! '%! */6! (+<.9%-! >6'%=!*/6! ;,6&6(6--+,! (,+;-1! K/6!

,6-.<*-1 (+90%)'%6&! '%! */6! ,+¥)*'+%0! + ! (,+;!-6\.6%(6! 9)*,'U! */.-! (+%*)'%-! '9;<'(**!

) 4%+, 1(,+;1-6\.6%(6- 1,)*/6,!*))%!6U;<'(*17'UB&!;6, +&!,+*)*'+%I!Y+,!16U)9; 87!
7+,1*/61FaG/)!7),9?1%/6!(,+; 1-6\.6%(6-17,+910),*IL! ()%!>6!,6)&)-! -/+M %!'%K)><6!

#ME O),*! [ -[+M-1*/6! 9)(/'%6-"<)>+.,1%.9>6,-1 )%&! */6! *+*)<!1)%%.)<! 7'UB&! (+-*!
6-*'9)*6! M/6,6)-! O),*! 31 ='86-! )&&"™*'+%)<! '%7+,9)*'+%! +%! */6! M/6*/6,! +!%+*! */6!
=+)<I*),=6*-IM6,6!)(/'686&?!+86,!+,!.%&6,!)(/'686&I

K)><BH#NEXI L, +:1-6\.6%(6-1'067+,9)*'+%! (+96*)'%6&! %! */6! ,+*)*'+9610)* 'UI =6%6,)*6&! >E! */6!
24Y1Z[ &

L,+;1-6\.6%(60 ! Y'6<&14,6)!5/):!
QQbK!)7+%6,!1QT40 ! #F!
Q QbK!)7%6,12T40! @A
QQbK!)7+*6,!Q T34! @B
QQbK!)7*6,!1QOZK! #d
QQbK!)7%6,!1QZ20 ! F@
QT40!)7*6,!QQbK ! #F!
2T40!)7*6,!Q0ZK @A
QT34!)7*6,!QQbK ! @B
QOZK!)7*6,!QQbK! HA
QZ20!)7*6,'QQbK ! F@

o! QQbKgQ'%*6,! M/6)*C! QT409Q'%*6,! >),<6EC! 2T4092;,'%=! >),<6EC! QT349Q'%*6,! >EUQ0ZKgQ),6!
;+%)*+6-ClQZ209Q'%*6,!+'<-66&!,);8
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3.7 Model validation steps

T67+,6! (), E'%=! +.* /6] 9+&6<! 8)<'&)*'+%7?! 9+&6<! 86,'7'()*'+%! M)-1 (),,'6&! +.*1 *+1
6%-.,6! (+%-"-*6%(E!'%!*/6!,6-.<*-1=6%6,)*6&! >E!*/6!9+&6<-1K/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*1 50=<;V:! /+M686,?! *+! 6%-.,6! (+%-'-*6%(E! '%! */6! 9+&6<!
,6-.<*-?1 */6! 9+&6<-! M6,6! )<-+! -+<86&! .-'%=! */6! 0! 86,-'+%! +7! */6! LEKER

B +9;. %)% +%)< | $%7,)-*.(*..6! T+! Z:6,)"+%-1 06-6),(; | 2E9;/+%ECE
50-E9;/+%E:!)%&! */6! ,6-.<*-1 M6,6! (+9;),6&I! T+*/! -+<86,-! =6%6,)*6&! */6! -)96!
,6-.<*-[IK+!>61)><6!*+1(+9;),6!*/6!19+&6<!,6-.<*-IM'*/1,6)<!7),9!&)*)?1*/618)<'&)*'+%!
>EL6-.<*1):;, +) (12 M/(/16%(+9;)--6-1;,6&' (*'86!8)<'&)*'+%!51(L),<!)%&! 2;,66%?!
@"c:! M)-! )&+*6& ! O,6&'(*'86! 8)<'&)*+%! -1 */6! 9+-* (+99+%! 8)<'&)*+%%p!
6U;6,'96%*21 M/'(/! Q)V6-1 "*1 ;+--"><6] *+1 7'U1 /6! 9+&6<! &)*)! +,11),)96*6 -1 )*! 6)<!
-E-*69! &)*)! <686<-1)%&! ,.%! */6! 9+&@37*6,! M/'(/! /6! ,6-.<*-1),6! (+9;),6&! *+!
,6-;6(*'86! ,6)<! &)*)! 51(L),<!)%&! 2;,66%7?! @""c:I! K/.-! *+! (),,E! +.*! ; 6&'(*'86!
8)<'&)*'+%?1/-*+ " ()<!+,!,6)<I&)*)!),6!%66&6&!)%&! 7+,1%/61;. ;+-6-1+71*/-1-* &E?I*/6]
Y),9!T.-'%6--12.,86E!I5YT2:1&)*)17+,1),)><6!7),9-1'%!3%=<)%&!)%&!Q)<6-!M6,6!.-6&!
5-66126(*'+UMIAT+,17),9!-6<6(*'+%!(,"*6,):I1K/6!-*6;-1 7+,1%/618)<'&)*'+%! >E!  6-.<*-I
()%!>6!-.99),'-6&!>E! Y'=.,6! #NH5&6-'=%6&!>)-6&!+%!'%7+,9)*+%!7,+9!1(L),<!)%&!
2:,66%?! @"'C:! )--.9'%=! )<<! 9+&6<! -+<.*+0-1 =GB! 8')! */6! 8)<'&)*'+%!
6U;6,'96%*!),6!+;*'9)<| !

@BEQ: [+9HEXF*:-X M +WE(*-I(+'U1+,=2m10bZPni
0-E9;/+%EXI**:-X M () %I, NL+W6(*|+,=*M6>:)(V)=6-"0-E9:/+%EN0-EQ:/[+%EI;&7 I
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26<6(*")<'&)*'+%!

3U:6,'96%*X
S.$#)-("&
K7/$.)1$%( !

26*1.;11+&6<!

)< &)F+%!I)*)X!
T+.18&R')*$, 8G" L$J&
=TRGC&B+(+

P M'*/1 <

b4,
D*) !

I

2+<86!1+&6KX
| $9;<696%*!
* 3U;6,'96%*!)%&!
D6%6,)*6!2+<.*'+%

A 4

Y+,1Z;¥9)<I2+<.*+%X

3-*'9)*6![6=,66!+7!

I 4--+(")*"+%!>6*M66%!

1+8&6<1Z.*(+96!)%&!
YT218)%)

[6(- +%-K
NB9686-+'=)*61)%&!Y'U
1+&6<!506;6)*12*6;-:!
+%-'&6,! -'%=!1+&6<
7+,1[69+%-*,)*'+%- !
NE>)%&+%!1+&6<

P+!

$711+&6<!Y)'<-!
)<&)* +01K 6+

I

[+!11+&6<!7),")><6-!
I 3U/>™2.77'('6%*!

[6=,661+714-+(')*+%] !

lm64

( [6+6,9'%6!
1+86<I)<'&E!

)96&10,+(6681*4
_-611+&64

Y'=.,6! #NHX12*6;-17+,19+&6<!8)<'&)*'+%!>E!,6- K*-
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3.8 Validation data

K+1;6,7+,91)!;,6&'(*'86!8)<'&)*'+% 269;''()<!&)*) i */6!FGG'NFG@#!Y),9!T.-'%6--!
2.,86E! 5YT2:1&)*)! M6,6!+>*)'%68&! 7,+9! */6! I [)*)! 4,(/'86!5_f[4:!  )%&.-6&l!
K/6-6! &)*)! M6,6! 7'<*6,6&! >E! -6<6(*'%=! 7),9! )*! )%! )<**.&6! +7! <6--! */)%! #GGI!
5<+M<)%8&!),)><6!7),9-:1)%& M*/1),)><6!(,+;-1)%&! -6):'&6 @F), 6)-1+71=,6)*6,1%/)%!
+,16\.)<I*+H@GG/)IIY),9-IM*/19' -—'%=I&)*)I7+,1%/,66!+,19+ 61EB),-IM"*/1,6-;:6(*1*+!
*[61),)><6! (,+;1)%&! -6* N-'&6!),6)-! M6,6! 6U(<.&6&I! K/.-l FA@! 7),9-1 <+()*6&!'%! )<<!
*/6! YT2! &67'%6&! ,6="+%-! '%! 3%=<)%&! )%&!@DM6;6! .-6&! 7+,! */6! 9+&6<!
8)<'&)*'+%l! 2'%(6! */6! E'6<&! 8)<.6-! 7,+9! */6! &B67).<*1&@B<! M6,6! 7.%(*'+%.-! +7! -+'<!
*E;6-1)%&! PT6,*'<'-61)9+.9%6*-21'%1 )! -'* )*+051 M/6,6! */6! E'6<&! &)*)! +7! 7),9- M6,6!
9'--'0=I+,17),9-1&'&1%+*1= + M), *(.<),1(,+:-?1*/61E'6<&-IM6,6!6-*'9)*6&! .- %=I*/6!
—+'<I *E;6! )%&! */6! ,6-:6(*'86! ,6(+996%&6&! P176,*'<'-61)9+.%*-1 + >*)'%6&! 7,+9!
[67,)!5FG@G:I'K/6!,6-.<*)%*1&)*)! M6,6!*'86,)=6 &5FGG" I *+ FG@#:! (,+;! E'6<&-?!
7),91),6)-2!=,+--19),='0%6-1)%&! ;,+7"*1 <686<-1)%&A6,*'<'-61\.)%*"*'6-17+,16) (/1 +7!*/6!
FA@!7),9-1-6<6(*6&I11Z*/6,!&)*)! M6,616,*'<'-6 (+-*?1-66&! (+-*1)%&! 7.6<! (+$Vo! */6!
9+&6<LQIM+,V)><6!/+.,-IMB,6!6-*'9)*6&!>)-6&!+%!-+'<I*E;6-1)%&!,)'%7)<<!)9+.%*|14-!
),6-.<*21%/61&+9'06)%o* ] -+'<I*E; 66+ >*) %66 &1 7,+912+'<-();6-CH 7+ 1(+.%*'6-1'06!M/'(/!
*/617),9-1),6!<+()*6&!M6,6!.-6&!)-1,6;,6-6%*)*'86!-+'<I*E;6-17+,1*/6!-6<6(*6&!7),9-1!
A<-+1%[61,)'%7)<<1)9+.%*-17+ 1*/61 Y TR67'%6&! ,6="+@L%!M/'(/! 7),9-!),6!<+()*6&!
M6,6!.-6&!)-1,6;,6-6%*)*'86!,)'%7)<<!)9+.%*-17+,1*/61-6<6(*6&!7),9-IIK/-IM)-1&+%6!
*+1>61)><6*+16-*'9)*61*/6IM+,V)><B!/+.,-1 7+,16)(/1+71*/6IFA@!7),9>)-6&! +%6! /6",
6;,6- 6%*)*'86!-+'<I*E;6-1)%8&!,)'%7)<<!)9+.%b*-

@R61Y-'861),6)-IMB,6!),6)-1+71.9% N,+;:6&1),)><61<)%&!)%&!),6)-1+718+<.%*),E!-§'&61!
@IK/6!-6<6(*6&!7),9-17,+91Q)<6-1)-1%/6! 6-.<*1+71*/61(,*6,)I M6,6! 7,+91 *M+1 (+.%*'6-1M/6,6 )-!'%!
3%=<)%&17),9!-6<6(*6&!176<<!.%&6,!)<<!*/61Y T2!1&67'%6&!,6="+%-|

@D +'<-();6-XY** XAMMMMI<)%8& -1+, =1 VA-+'<-():6-N
@06="+%)<!,)'%7)<<IMB,6!+>*)'%6&!7,+9!16*1277'(6X!

[ XA MMMIO6*+77'(Bl=+8LVA(<'9)*67.VA-.99) '6-A8&)*)-6*- |

|
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3.9 Input for model validation and model runs

K/6!*'96 N86,)=6 &I(,+:!E'6<&-1)%&!7),9!),)><6!),6)-IM6,6!.-6&!)-19+&6<!"%; *1 7+,!
*/618)<'&)*'+9%11K/619+&6<-IMB,61*/6%!()<'">,)*6&!+,1-6*L; *-+1)<<+MI 7+, 1*/6!.-61+71*/6
*96 NB6,)=6 & (,+;! E'6<&-?!),)><6!),6)-?! -+'<I *E;6-1)%&! ,)'%7)<<!)9+.%*- 7+,1 6)(/!
7),91)-19+&6<!'%;. *-IM/'<6!/+<&%=1)<<I+*/6,1;),)96*6-! (+06-*)%*|! K/'-1 96)%-1 */6!
9+&6<-1M6,6! ()<">,)*6&! >E! 7'U'%=! (,+;| E'6<&-1)%8&! 7),9!),6)-!)*1 */6! +>-6,86&! Y T2!
E'6<&!)%&! 7),916)! 8)<.6-11 2+'<I *E;6-1)%&! ,)'%7)<<! )9+.%*-! M6,6! 7'UB&! )*! 7N9
-6('7'(18)<.6-14+>*)'%6&17,+912+'<-();6-)%&!16*1277'(6)6-;6(*'86<E!>)-6&!+%!*/6",!
YT2&67'%6&}F.%*'6-! +,! ,6="+%?! )%&! */6! 9+&6<-! M6,6! ,.9%! 7+)(B+7! */6! FA@!
7),9 -t

$%!*/6!()-6!+71*/6!,'-51ZKA[:!9+&6<?!I*IM)-!,.%!-6**'%=*/6!16)%! 4>-+<.*6!
[68")*'+%!514[:!! *HNFG?GG&.6!*+!*/6!7)(*I*1=)86!*/6!>6-*17"*IM/6%!;,6&'(*6&!)%&!
+>-6,86&!(,+;!),6)-!M6,6!(+9;),6&I!'$%!*6,9-1+7!*/6! M6'=/*6&! =+)<N,+=,)99'%=!
9+&6<!*/6!-6*1+7IM6'=/*-1N%&!=+)<-IM/'(/1}86!*/6!>6-*17"*I'061*6,9-1+7!;,6 &' (*6&!) % &!
+>-6,86&! (,+;!),6)-! (+9;),-+%! BME'=/* 7+, ; +7*1  Q)U'9-)*+% ! g! GIADL™,)*6!
<6)(/'%=19'%'9'-)*"+% !g!' @?-V! 9'%'9'-)*'+% !g!GlGa:?!' M6,6!)&+;*6&!)%&! .-6&! 7+,
*/6!8)<'&)*'+%0l6*!'-1)<-+!; +--"><B! */)*| +*/6,1 -6*1 + 7! No'=/*-1)%&! =+)<! *),=6* (+.<&!
='86!>6**6,19+&6<!7M*|

K+1>61)><6! *+! (+%&.(*)==,6=)*6! <686<! (+9;),+%! .-%=!7),9!)86,)=6! (,+;!
E'6<&-1)%&!),6)-1)-19+8&6<1'0;: *21%/61-+'<I*E:61)%&!,)'%7)<<IM6,6!-6*1)*1/6)SE!-+'<1)%&!
BGGO9! ,6-;:6(*86<El! K/'-1 *E;6! +7!)==,6=)*6K686<! (+9;),-+%6! M)-! (+%6&.(*6&! *+!
6%)><6! */6] 9+&6<-! *+! >B! -+<86&! +9%(6?! 7+,! */6! k)86,)=6I! 7),9! )%&! */6! ,6-.<!
(+9:),6&!*+1)86,)=61&)*)I'h6)8BE!-+'<1)%&!,)'%7)<<!)9+.%*1+ 7IBGGI9IM6,6!7+.06&*+!
='86!%/61>6-*I7"*1'061%6,9-1+71(+9:),'%=!:, 6&'(*6&!)%&!+>-6,86&!(,+1),6)-M/6%!*/6!
9+8&6<-IMB,6!,.%1)*1&'776,6%*-+'<I*E;6-1)%&!,) %7)<<!<B86<-I!!

47%6,1 9+&6<! ,.%-2! */6] ,6-.<*-| +7! */6] 9+&6<-1 M6,6! */6%! (+9:),6&! *+! */6!
+>-6,86&! YT2! &)*)! .-'0b=! *)*-*()<I 96)-.,6-1 +71 )--+()*+%! -.(/1)-1 O6),-+%! ) %&!
2:6),9)%! (+,6<)*+%! (+677(6%*-?! (+677'(6%* +7! &6%6,9'%)*+%! 5,6=,6--'+%!
)9%)<E-'-:?1 1431)%&! 012311 Z¥/6,1 -*)*-*()<I 96)-.,6-1 + 71 )-—+(")*'+%! );:<'6&! M6,6!
P$471Q$4?!RL3?!LO1!)0083* 1
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3.10 Statistical measures or indicators of association

47%6,1 9+&6<! ()<'>,)*'+%! )%&! 9+&6<! ,.%-?! FBR.6<! ,6-.<*-I MB,6! */6%! (+9:),6&!
M™/1%/61+>-6,86&! YT2!&)*)1 *+196)-.,6! */6! &6=,66! +71)--+()*'+%! .-' %= -*)*'-*()<|
'%&'()*+,-%&!=,):/' )<1);;,+) (16-114((+,&'%=1*+IR+)=.61)%&!D,66%!5@"" @:!9+&6<!
68)<.)*+%0! 58)<'&)*'+06:! -/+.<&! '%(<.&6! >+ ¥)**()<I (*B)! )%&! =,);/()<!
&' <)E-1'%!*))*1>+*/1):; +)(/6-1()%!>6!.-6&!*+!(+9;),6!*/6!;6,7+,9)%(6!>6*M66%)!
)<*6,95'86! 9+&6<-P /6%(6! */6-6! *M+! );:+)(/6-! MB,6! )&+:*6&I1 2%)*-*()<!
96)-.,6-1),6! .-67.<! 7+,1\.)%**)*'86! 68)<.)*'+%! +7! 9+&6<! ;6,7+,9)%(6! M/6,6)-!
=)I'0) <'&-<)E-!),6!.-67.<! 7+, -[+M'%=!* 6% &N&*E;6-! +7!6,,+,! &'-*,'>.*'+%!
)**6,%-1 M/'(/! 9)E! %+*1 >61 )><6! *+1 >6! -/+M%! .-'%=! -*)*'-*'()<I 96)-.,6- 5R+)=.6!
)%&! D,66%7?! @™ @:1! 2+96! +7! */6] -*)*'-*()<1 96)-.,6-1 +,1 '%&'()*+,-! +71 )--+(')*'+%!
'&6%*'7'6&! */,+.=/! */6! ,68'6M! +7! 96)-.,6-! +7! )--+(")*'+%! 5-66! K)><6¥#Na! M6,6!
)&+*681)%&)::<'6&!'%6!*/619+&6<!8)<'&)*'+%!)%&1*/6-6!),6!6U;,6--6&! SENSFMH !
*+HISHENE"  IM™*/1)!,6=,6--"+%!9+&6<!6U;,6--6&! >E!\IB#NHGI! ¢-!*/6!+>-6,86&!&)*)!
7+, *[619%! +>-6,8)*'+%! +7! */6! ;),)96*6 ! +7!'%*6,6-*! 56I=I! (,+;! ),6)-:PX#-! */6!
9+&6N,6&'(*6&! ,6-.<*I5&)*):1 +7!*/619%! +>-6,8)*'+%! +7!*/6!;),)96*6,! +7!'%*6,6-*!
561=119+&6<!;,&'(*6&! +,1 =6%6,)*6&! (,+;!),6)-:?" sa)%&NXsd),6!*/6! 96)%-! +7!*/6!
+>-6,86&!)%8&!;,6&'(*6&!&)*)!,6-;6(*'86<E!)%&!I'-1*/6!%.9>6,!+7!+>-6,8)*+%-I! Y +,!
*/6!,6=,6--'+%!9+&6<!-/[+M%! >E! 3\BENHG?¥Y!'-1*/6!'%*6,(6;*?!1Z!'-1*/6! -<+;6! 5-<+;6!
+71>6-*17"*1<'%6:?![%&V6!6,,+,!*6,91 !

1 (YN |P,—0
MAE = — (Zl_lll\l, l|>! S
av
!
!
1 [¥N.(P,—0)? !
RMSE = - j l-l(llv ) ! IS |
av
!
!
N o -YV_p I
CRM:(Zl_l L gll-l , I5HMEB: |
=1
!
N 2 !
(P, —0y)
NSE(ME) = 1 —( =1 ! I#NEC: |
{V=1(Ol - Oav)z

Q@F !



WIA = 1_( (P —0)? ), EHNEA |
{V=1(|Pl - Oavl + IOl - Oavl)z .

N.|Pp,—0 I 0!
Lo =1 - (Zlr=0n),
l=1|01_0av| |
!
!
0,= a+B(P)+eé HINHG!

ﬁ — {V=1(Pl - Pav)(Ol - Oav)& !
{V=1(Pl - Pav)z 5&#NH@

Y4 1)16, 76(H )+ (V496214161 -<+:61 +71 /61 6=, 6--'+%6! <00 <&>B1 6\ )<I *+!
+0661)%&!*/6!'%*6, (6:M+.<&>616U:6(*6&! *+! >B)6,+1529™*/1)%&!10+-62! @"a:I'K/.-!
*/61-<+:6!M)-1*6-*6&1+%61)196. <<I/E; +6L'-150 ¢ 1*/)*1¥/B1-<+;61'-16\.)<I*+1+0661)=) %o-*!
*/61)<*6,96)*'861/E;+¥/6-"-15h G!*/)*I"*1'-1&'776,6%6*17,+9! +%6! M/6,6)-! */6! '%*6,(6;*!

M)-1 *6-*6&! *+1 7'%&! +.*I MI6*/6,! +,1 %+ *1 M)-1 =0%'7' () %*<E! &'776,6%*! 7,+1 J6,+]
K6-*%=H/6! [E;+*/6-"-1 *)*1 ¥/6]  '%*6,(6:*1'-| %+*&'776,6%*! 7,+9! J6,+! - %88,E!
~67.<I'71¥/B1-<+:61'-1"'=04'7' () %*<E! &'776,6%*1 7,491 +%66! 529*/1)%&! 0+-6?! @""a: | K/6!
JE;+*16-6-17+,1%/61% NB-*-1()%!>6!-.99),-6&!)-17+<<+M-X!

Y+, 14/61'%6*6, (6:*X

¥ boX!$%*6,(6;*!5s:!9!G@B%*6,(6;*15s:I1!G
Y+,1*/6!-<+;6 X

¥ bXI2<+;6!5u:!lg!@&IB<+;6!5u:!t!@I

K/619+&6<!,6-.<*-IM6,6!(+9;),6&!M™*/1*/61+>-6,86&! Y T21&)*)I>E!l)==,6=)*%=!
)1 7),9-1 )-1 MB<<! )-1 )*1 /6! <686<! +7! '%&'8'&.)<! 7),9-1! K/6! )==,6=)*8686<!
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(+9:),'-+%!5,676,,6&! *+1)-1 4R NF:! M)-! (+06&.(*6&! .-%=1*/61)86,)=6! +7!*/6! 9+&6<!
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-<+;B15U:11K/6!8)<.6-1'%!>+<&! 6;,6-6%NE-*1 6-.<*-IM/'(/1-/+MI*/)*1*/61-<+:61)%&! '%*6,(6;*! M6,6! &'776,6%6*!
7,491+9661)%8&1J6,+1,6-:6(* 86<El

|

@# !



3.11.5 >*#)L)#+UB0SL$%E -"1/+.),"*,& PS($$*& [.$#)-( $H& +*#& "P,$.LSH&
0$.0)%),$&1"(, &

L+9:),'%=!:,6&'(*6&! 76,*<'-61)9+.96*-IM*/1YT2! 76,%<'-6))9+.%*-! -/+MB&! */)*!

*/61 9+&6<-1;,6&'(*6&! 76,*'<'-6))9+.%*-1 86,E! MB<<I! K/6! 6-+9)*6-1 7+, (+,,6<)*+%!
)%&! 01 -[+MB&! =++8&! )-—+(')*+%! >6*M66%! +>-6,86&! )%&! ;,6&'(*6&6,*<'-6]
)9+.9%*-1.%&6,1)<<V+.,19+&6<-15 {IGIBH?!VI{!GIHBE)k.6!g! GIGEP!>6+*M66%! GIHG!
)%&! GIAG:! 5-6B)><GHMXI! 4<-+7! */6] %-496,+! -<+;6-1 7,491 */6! 6=,6--'+%! +7!

. B&(*6&! 76,*<'-6! )9+.%*- 86,-.-1 +>-6,86&! 76,*<-6) )9+.9%*-! -/+M6&! */ 6!
BU'-*6%(6! +71 )! ;+-*86! ,6<)*+%-/";| 5-66K)><61#N ! >6*M66%! ;,6&'(*6&! )%&!
+>-6,86&176,*'<"-61)9+.%*-11b+M686, 21*/61,6-.<*-1+71#/611N6-*-15K) ><6#N :1-/+M6&!
*[VKIH61 ' %6, (6;41)%&! -<+:6! +71%/61 ;68" (*6&!)%&! +>-6,86 &b, *'<'-6])9+.%6*-1 7+,!
6)(/1+71*/61 76,*'<'-6 *E;6-IM6,6!&'776,6%*17,+9136,+1)%&!+%6!,6-:6(*'86<EI!

K)><B#MXIL+,,6<)*+061)%8&! (+677'('6%*1+7186*6,9'%)*' +%6)6641T +,1(+9;),'%=!:,6&'(*6&!
76,5<'-61)9+.%*-1*+1+>-6 86&176,*'<'-6,1)9+.9%6*-1)*I1*/61'06&'8'&.) <I<686XI!

Y6,4<-6!  0.610,+7*11+&6K P'* )*6!R6)(/'%-=! 0'-VIS1ZKA4[: ! QDO!1+&6<!do
KE:;6! 1+&64 1+&6<!d
1 vl OF 1 vl OF 1 vl OF 1 vl oA

P! GIA#  Glcd GIA# Glcd GlcH  GIB! GIA4  GIcB
76°<6] 5GIGE 56IGE ' °C 5GIGEG 5GIGE C°C 5GIGE 5GIGE O ¢ 5GIGG 5GIGE O
o! Gled GIB@E GIcA GIB@ GIBH GIHA Glc"  GIBF
76<-6! 56166 56166 C'°C 56166 56166 CCC 56166 56I166 O 56166 566G T
fl GlcA GlaB GlcA  GlaM GIBH GIHB Glc"  GlaB
76<-6! 56166 56166 C'°€ scice 56166 't seice scice ©'MC scics scice C'FF
POfl GIA¢  GIcAl GIA¢  GlcA GlcA  GIB! GIAT  GlcA

e " GlcB " GlcB ' " GIB : " GIAG
76,4<-6] sGIGE 5GIGE 5GIGG 5GIGG 5GIGG 5GIGG € scice 561G

0114[1g!NFG?GGGAQE'=/*-X10,+7'*19)U'9"-)*+9%!g! GIAI5K),=6*1gINCB?G G G:?!P™*)*6! <6)(/'%=19'%'9"-)* +%!g! @!
5K),=6*1g! @GGGG!V=IP:?10"-V!9'%'9'-)* +%!g!GIGal5K), =6*1gINFEAGEE)<.6-'%!;), 6%+*/6-"-1,6;,6-6%*1*/6!

. \8)<.6-I!

!

|

o# I



K)><6#N X!06-.<*-1+71*/6N6-*I +%!*/6!'%*6,(6;*! ) %&! -<+;6! +7!*/6! ,6=,6--'+%! +7! +>-6,86&!
76,¥'<'-6,1)9+.%*-1+%!;,6&'(*6&!76,*'<'-6,1)9+.%*-1)*1*/61'%&'8'&.)<!<686KI!

Y6,x<-6,I 0.,6!0,+7*11+&6k P )*61R6)(/'%=! 0-VII51ZKA4[:! QDO!1+&6<!do
KE;6! 1+&64 1+&6<!d
s! ul s! ul s! ul s! ul
#Alad GIAH  #BI'#! GIA HGIct Grrd #GIFG U3WA
PI76,*<-6) salHH:  1BMHBGH  1BalFGt  BHIHAY  BHIA# 3@1te!  sHIE#!  &8U3[zd

wGIGE  wGIGE  wGIGE  wGIGE  wGIGE  wGIGh  wGIct  Xxu3[zk
@clHF Gla"l @cIGF GIBE @@l Glcd @#IGk GlcH

or6,*<'-6 BHIA# BNHI@d 5HIcG: BN@HIGE  IBRIF:!  BHI#G! 5#IBHE  15Mla#!
wGIGE  wGIGE  wGIcGE  wGIct  weIGE wGIGE  weIck wGIGh
FEI"#! GIB& FFlcH GIB& FFIHd GlcH @AI'A GlcH
fl 76,%<"-6) Gal@t: BN@HI#R:  1BalGe! BN@HIFD:  5#icG!  maIG#!  BHIFFE  15vMa:!
wGIGE  wGIcE  wGIct  welct  wesck  wGelck welck wGich
cHIB# Glcd cFI#Al Gled BHIGH GIAE aBl@k GIAH

POfI 76,*<'-6] 5BIHY 1BN@FIcH:  1BBIF! 1mN@FIB#  IBHIFH:  15HIFH!  1sal@d:  '5MBIHa!
wGIGE  wGIGE  wGIGE  wGIGE  wGIGE  weIGhk  weIch  wGIGh

0l14[lgINFG?GGG?100!Q6'=/*-X10,+7"*19)U'9'-)*+%!g! GIAI5K),=6*1gIncB2G G G: 2! P'**,)*61<6)(/'%=19'%'0"-)*+%!g! @!
5K),=6* g! @GGGG! V=! P:?! 0'-V19'%'9"-)*+%! g! GIGal 5K),=6*! g! nFGRIGBB:I6-1 '%! ;),6%6*/6-6-1),6! */61* N
8)<.6-1M/6,6)-1*/618)<.6-1'06!(.,<E!>,)(V6*-! ),6!%/61(+,,6-+06&'%6=!; NB)<.6-17+,1>+*/1*/61'%*6,(6:*155:!)%&!*/6!
-<+;B15U:11K/618)<.6-1'%!>+<&! 6;,6-6%NE-*1 6-.<*-IM/'(/1-/+MI*/)*1*/61-<+:61)%&! '%*6,(6;*! M6,6! &'776,6%6*!
7,491+9661)%8&1J6,+1,6-:6(* 86<El

3.11.6 >*#)L)#+UBASLE%& " 1/+.),"* & PS(:$$*& /. $#)-($#& +#& "P,$.L$#& 0+.1&
SLEHS, &+ HE&"(, &

V)4l &6=,66-1 +71 )—+()*+%! M6,6! 7+.%& >6*M66%! :,6&(*6&! 7),9!
6869%.6-"(+-*-1)%&! YT2! ,686%.6-"(+-*-1 M/6%! */6E! M6,6! (+9;),6&! )*! */6!7),9!
'%6&'8'&.)<I<686<I1K/B!)-+(')*'+%-1),61,67<6(*6&!'%!*/616-*'0)*6-17+,!(+,,6<PHH %&!
OF'5-66IK)><6END G L+9;),)*86<E! */6! 21 V1 )%&! 071 6-+0)*6-! .%6&6,! /6! 1ZKA[!
9+&6<!M6,6!,6<)*86<E!<+M!/+M686,! /6! 6-9)*6-1 7+,12;6),9)%! (+,,6<)*+%! M6, 6!
(B<)8B<E!/'=/16-:6(")<<E! 7+716,*'<"-6](+-*?1 7.6<! (+-+?1 T'UB&! (+-*1)%&! =,+--19) ='%%|!
K/6!,6-.<*-1 +71%/6] 1N6-*1 5-66K)><GHND @-/+MB&! */)*! /61 '9%6*6,(6;*-! )%&! -<+:6-!
M6,61&'776,6%6*17,+916,+1)%& ! £ 865(*'86<EMM™*/1*/616U(6:*'+%!+ 7} 76M!5-/+M%!
Yol >+<&! 'W)><GHND @M/'(/! -[+MB&! */)* 1 */6! '%*6,(6:*1 )%&! -<+:6! M6,6! Yo+*!
&'776,6%*17,+9136,+1)%&1+%6!,6-:6(*86<E

@# !



K)><BI#ND&! L+,,6<)*+%! )%&! (+677'('6%*! +7! &6*6,9'%)*+%! 6-*0)*6-1 7+, (+9;),'%=!
. 6&'(*6&17),91,686%.6-N(+-*-IM*/1+>-6,86&17),9 1,686%.6"(+-*1)*I1*/61'06&'8'&.)<I<686KI!

0686%.61 0.,610,+7*11+&6k  P™*)*6! R6)(/'%=! 0-V! | 51ZKA4[! QDO!1+&6<!do
L+ 1+&64 1+&6<1b

KE:;6! N v OF ! vl OF ! vl OF ! v OF
ol seice soice ©® seice sece ©°C sece ssee ®@ sece sece O
04Tt ds soee O™ sece sece O scice soes O soes seica 0@
1 soice soiee ©2€ seice soiee ©°C seice seis O seice seice O
1" seice soioe ©% seice seis ©@ sabn seice ©C seise seice OO
e sice soice © seice soics © seice seice O seiea seice O
266814 (S0 soee 7€ seee seice OFC sei06 soes ©'°€ soes soice O
vedt (28 se0e O seee seice O sece saee ©'% soee soes O

0!14[1g!NFG?GGG?!00!Q6'=/*-X10,+7*19)U'9"-)*+9%!g!GIAI5K),=6*1g!INCB?G G G:?!P™* )*61<6)(/'%=19'%'9'-)*+%!g! @!

5K),=6*Ig!@GGGG!V=IP:?10'-V!9'%'9'-)*'+%!g!GlGal5K),=6*!gInF G286 C:)<.6-1'%!;),6%*/6-'-1,6;,6-6%*!*/6!

. \8)<.6-I!
|

@#:



K)><6#N2) @& 06-.<*-1+7!*/6N6-*I+%!*/6!'%*6,(6;*!)%&! -<+;6!+7!*/6!,6=,6--'+%! +7!+>-6,86&!
7),9!,686%.6"(+-*!1+%!;,6&'(*6&!7),9!,686%.6"(+-*!)*1'%&'8'&.)<!<686KI!

0686%.67 0.,610,+7"*11+&6k P* )*6IR6)(/'%=! 0-VII51ZKA[:! QDO!1+&6<!do
L+-*IKE;6! 1+8&64 1+&6<1d

s! ul s! ul s! ul s! ul
D+l 5VD3[VE @IBE  5v43z& @iBh  45u3\ ! @laB &[5345! FiBH

&53vv€ 1BBIcF!  &53vD€  15BIcF!  &532Uk  I5RIF:! &H32Wk 15@GIcE

9)=%! xusslth  wGlct  Xu3sk wGIGE  xus4ald  weGIGEt:  Xu3sAd wGIGh
@HGI'F GIAE @HRa GIAE @HAIB( Glal  FGHIHE @lah

0,+74 balaB!  1B¥Icc:!  waiBHt  m\BFIA@:  BBI'@l BMIGe!  1seHF!  15FM™: ]
wGIGE  wGIGE wGIGE  wGIGE wGIGE  wGIGE  wGIGE wGIGE

432W GIBt aU343 GIBE  &\3WW GIBA &\34\! GiBt

Y'UB&!(+-+ &U3UW BN@Glatt  &3U3usk IN@GIHE &BJU3Dsk  BHIER! &U3zOD(  1IMI@H:
xuawbk  weict  xuawl  waeict  xuavly  wGict  xu3bVy  wGiGh

F#'1#@ GIFd  FFalAd clud  Fcl@d ussh  FGBI@: GiBt

R)>+.,1(+* | BHIc# 1B\@al#d:  BHIHA: BN@##d:  15#IHE:  &534DE  ISHIGH:  1BWIHF!
wGIGE  wGIGE  wGIGE  wGIGE  wGIGE  Xu34d  wGIGE wGIGE

V6 r<p F'IHd Glcd Fcl'#! GlcA Hcl#d Glcd @Al#h GI'd
(+_;, " s#IF#l  1e¢lra: ! 15#IGal  1B¢IAB!  15#laB!  IBMHI@#:  ISFIG#  15FIAal
) wGIGE  wGIGE  wGIGE  wGIGE  wGIGE  wGIGE  wGIGH  wGIGE
5\322! uswh  5v3zZ uswz  @GGIH Gi#®@  ##laal u3\[!

2668&!(+-1 &U3\WLE  &aU324€  &U3z4 &aU325€  1s#IFc!  Ba:! s@lat  &®3vid
Xu3p4d'  xuszly Xxu3pr xusz¥y  welct  wGIGE  wGl@k  xXu3sw

5U3WL GIAG Z3D8 GIAB BHIa"l GIF# BHIFH Gl@

Y.6<!i(+-4 &53\DE  BaIG"! &534v€  1BwIAH!  5@GIFA BFHIc@: 's@FI'd: e @alt

XUsur  welcht  xu3sad wGIGE  wGIck  weIct  wGlckt weIch

0!14[1g!NFG?GGG?!00!Q6'=/*-X10,+7*19)U'9"-)*+%!g!GIAI5K), =6*1g!INCB?G G G:?!P™* )*61<6)(/'%=19'%'9'-)*+%!g! @!
5K),=6* g! @GGGG! V=!I P:?! 0'-V19'%'9"-)*+%! g! GIGa! 5K),=6*! g! NFGRIGKBB:I6-1 '%! ;),6%6*/6-6-1),6! /61 * N
8)<.6-1M/6,6)-1*/618)<. 6-1'061(.,<E!>,)(V6*),6!%/61(+,,6-+06&'%6=!; NB)<.6-17+,1>+*/1*/61'%*6,(6:*155:!)%&!*/6!
-<+;B15U:11K/618)<.6-1'%!>+<&! 6;,6-6%NE-*1 6-.<*-IM/'(/1-/+MI*/)*1*/61-<+:61)%&! '%*6, (6;*! M6,6! &'776,6%6*!
7,491+9661)%8&1J6,+1,6-:6(* 86<El

!
|
|
3.12 Discussion and conclusion

$%! */'-1 (/):%6,2! 7+.,1 8),)%*-1 +71),)><6! 7),9! 90+&6<-! &686<+;6&! )-! ;),*! +7! */6
+86,)<<! ,6-6),(/1)'9! /)86! >66%! &6-(,">6&I! K/6-6! 9+8&6<-1 MB,6! >.'<*! (+9>'06'0=!
9'UBENIL*6=6,?1=+)<)%&!,-V1;,+=,)99'%=1);;, +)(/6-1)%&! - %=1&)*)!-.(/))-17),9!
9)%)=696%*?! -+'<1)%&! -, >-'&E! )EQ6Y%*-1 &) 1! 4<-+2! -'%6=1) &'7T76,6%*! -6+ +71&)*)?!
*/61 Y),9! T.-'%6--! 2.,86E! 5YT2:! &)*)! 7,491 FA@! <+M<)%&! ),)><6! 7),9-! )%&! )!
| B&'(*86! 8)<'&)*+%0! )1, +)(I?! */6! 9+&6<-1 /)86! >66%! 8)<'&)*6&I Q6! /)86!
(+96&.(*6&! (+9:),'-+%6-1+71*/6! 9+ &B<<B&! ,6-.<*-I M*/1¥/61 +>-6, 86&! ,6-. <) *I >+/]
)==,6=)*6! )%&! '%&'8'8.)<! 7),9! <686<I! K/6! )==,6=RG86<! (+9:),-+%! -[+MB&! )!
+-%86] 6<)*+06-/";1 >6*M66%! ;,6&'(*6&! )%8&! +>-6,86&! (,+;1),6)-I M™*/1 >6%*6,1 7'*1
+>-6,868!.9%&6,1%/61 1ZKA[1)%&! QDON+&6<2M/ (I 16U;<'(*<EYo(+,:+,)*6&!7),9!
@# !



VKB '%&8'&.)<! <686<! (+9;),+%-! -[+MB&! 8),+.-! &6=,66-1 +71 )--+()*+%!
>6*MB6%!:, 68" (*6&!)%&!+>-6,86&!(,+:1),6)-N

ZF9)M+0h 19+&6<-1>)-6&! +9%6! <'%6),!:,+=,)99'%=1)%&! ,6<)*6&!);;,+)(/6-!
/)86!>66%!&686<+;6&!*+1'0686-*'=)*6!'--.6-1,6<)* %=1*+1)=,'(.<J<I<)%&! .-615B: 169!
T6,=61"#$BEEGGFC!4%%6**-1)%&!14.8-<6E? FGGFC! 04 #6BRIBEGHC! Z=<6*/+,;67!
FG@GC! Z-=)*/+,:6I'% $BRFG@@C! L+¥¥EBRRFG@#:1! 4<*/+.=/! -+96! +7! */6!
)1, ) (16-) %8N+ 17+,9.<)*+%-1 -6&!>E 1 4%%6+*-1)%& 1 4.&-<6EI5FGGF:1)%&! L ++V!6*!
)<II5FG@#:! MB)&+:*6&! '06] &686<+;'%=!*/6! 9+&6<-1;,6-6%*6&! '%! *I6-- ?1*/6,6!

),6! -+06! &'776,6%(6-1 >6*MB6%! +.,! 9+&6<! Y%&! */6',-?! 6-:6(')<<E! +.,! 9.<*;<6!
+>W6(*86! 9+&6<-! 51ZKA[! )%&! QDO:I! K/6! 9+&6<-! &686<+:6&! SE! 4%%6+*-1 )%&!
4.8-<6E! SFGGF:1 )%&! L++VBI$%I6FG @#:! M69.<*';<6! +>W6(*'86! <'%66),"9'UBK.
'Yo*6=6,9+8&6<-2IM/'(/19)E!>6 !;,+%6! *+1=6%66,)*%=!"0676)-"><6! -+< *+%-1 & 6! *+1*/6]
BU;,6--+06! +71 +%/6,1 =+)<-1)-I'%B\.)<*E! (+96-*,)%*-1 M/'(/! 9.-*1 >61 6%7 +,(6&I! Q6!
£686<+:6&! */69'U6&ND6*6=6,QDO! 9+&6<! '%! M/ (/! =+)<-! +,] +>WE&B-! -6,86! )- !

(+%6-* )'%b*-b> *1),616U:,6--6&!)-16\.)¥+%6-2! )%&IBU;<'(*<EV'%6(+,:+,)*6!, -\

_%<'V6! L++VBE SHBEG @#: 7! '%! +.,1 1ZK4[1 )%&! QDO! 9+&6<-! */6! 6U:6(*6&!
&68')*+061 %! '%6(+96!)(*-1)-1)1 9+&6<! 'Uo: ¥ ++1 )<<+ M +¥6%*)<! -6,-1 *+1'0; *I +/6',|
+M9%!&68)*+96,-V:18)<.6-1)-IMB<<!)-1,.%!*/619+&6<!*1&'T76,6%*!'%(+961&68)*+06!
5,-V:l <B86<-1 *+1 +>-6,86! */6! 6776(*! +%6! (,+:1:<)%! )%&! */6! 7),9'%=! +>W6(*'86-1! K/6!
9)(/'%6! %.9>6,-1 -6<6(*6&! >E! +.,1 9+8&6<-! ),6! '%*6=6,-0B)%6&! )<*/+.=/1 '%*6=6,!
9)(/'%6! %.9>6,-1 9)E! <6)&! *+! /'= /I T'UB&(+-*1 )%& <+M6,! ;,+7"* 6-*'9)*6-?1 */6!
| +><601471'0676)-'>'<*EI&.61*+] +.96&'%=1.; 1+, &+M%!+71+:299)(/'%6!%.9>6,-!

L1 686%*6&I1! b+M686,?! &6:6%8 %=! +%b! */6! [6+>WE(*'867?! /6! 9)(/'%6N<)>+.,!
%6.9>6,-1()%!>6!-6*1)-1%+IP6*6=6,-}

4=)'%7.%<'V6! 4%%0%8&! 4.&-<6E! SEFGEEI6! %'™*,)*6! <6)(/'%=! 6-+'9)*6-1 '%!
+.,19+&6<-1M6,6!>)-6&! +06! */6P1>)<)%(6!);:,+)(/! -6&! >E! Q+--'%V!5@""#:1 ) %&!
-6-1&)%)IM/'(/1),6!,6<)*86<E! %+ &'T7'(.<**+1:&)*6IIK/-1)::,+)(/M)-1)&+:*6&!
&.6! *+! *[B] +--'>'<*E] +71<'%Y02 %', )*6N6)(/'%= 6-*'9)*6-1 5V/=! PA/):1 *+1 */6]
6(+996%&68&! 76,4'<"-61)9+.9%*-1 7+,1 (,+;-1'%! [67,)! SFG@G:! .-'%=! */6! -+'<! *E;6|!
A<+ HQWB-I"*14-><BI*+1 (+9686,*104'% ) *616-+'0)*6-1'06! V=1 PA)*+1) 9+ 9p*-1 5=/

@BK/619+8&6<! ()%!-*'<<I>6!-+<868&!*+1=6966,)*A64E56,19)(/'%6!%.9>6,-'71%+IAP6*6=6,19)(/'%6!
%.9>6,-1),6!;,676,,6&I! !
@# I



M/ 1<B)(/1'%*+! = +.9%&! M)*6,1)*1)1 &6;*/1 +71+0661 966! . %=1 */61)%%.)<! ,)'%7)<<!
)9+.96*|1 !

<& +%! +7!1 9+&6<-! /)-! >66%! (+%&.(*6&! )-!;),*! +7! 9+&6<! &686<+;96%*!
: +(6--1*+1'06(,6)-61*/61(+%67'&6%(6!<686<1+7!: +*6%6*') <19+&6<!.-6,-156|=114>6& %= +.,!
"# $REC@FC! L++UHREG @#C! D.6E9),&?! FG@H:I! K/6! 9+&6<-! ;,6-6%*BA:!
(N;*6, 'M6,6!8)<'&)*6&! .-'%=!;,6&'(*'86! 8)<'&)*'+%! M/'(/! "-! */6! 9+-*I (+99+%!
7+,91+718)<'&)*'+%!51(L),<)%&!2;,66%?! @""'C:!)%&! */6! 9+&6<!,6-.<*-1(+9;),6&! *+!
+>-6,86&! &)*)! 7+, FA@!),)><6! 7),9-! .-'%=! -*)*'-*()<!1 96)-.,6-! +7!)--+()*'+%l! 4!
-'9'<),);;, H)(IM)-1.-6&!>E!L++V6! I"#$%&M686,72*/6E!.-6&! @aG!7),9-1)%&!)<-+!
%+! (+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<)*'+%l!!

$%! (+9;),'%=! +.,] 9+&6<! 6-.<*-1 *+| */6] +>-6,86&! YT2! &)*)?! -*)*-*()<!
96)-.,6-1-.(/)-1(+,,6<)*+%! (+6 77'('6%*-2(+6 77'('6%*1+71&6*6,9'%) *'+%! ) Vo6 *1'%!
)&&*'+%!*+196)%!)>-+<.*616,,+,15143:1)%&++*196)%!-\.),6!6,,+,150123:IM/'(/!
96)-.,6! &'-;6,-'+%! +7! '%&'8'&.)<! ;+'%*-! 5D.6E9),&?! FG@H:! M6,6! );;<'6&I! K/6!
P)-/ N.*(<'776]-19+8&6<!677'('6%(E!5P23:!;,+;+-6&! >E! 1)E6,1)%&! T.*<6,1 5@""#:!)-!
*/6! >6-*1 +86,)<<! 96)-.,6! +7! 9+&6<! :6,7+,9)%(6! M)-! )<-+! );:<'6&! *H 96)-.,6!
9+&6<!;6,7+,9)%(61! $%! )&&"™*'+%! *+!1*/6!)>+86! 96)-.,6-! M)-1)! =,);/'()<! 96*/+&!
5-()**6,] ;<+*-| M'*/1 |6=,6--'+%! <'0%6:! *+! +>-6,86! >')-6-1 )%&! *,6%&-I! 3)(/! +7! */6!
) ()<L 96)-.,6-1 +71 )--+()*+%! /)-1 *-1 -* 6%=*/-1)%&! M6)V%6--6-1! K/.-1 */6!
'0o(<.-'+ 04+ 79+,6!-¥)*'-*'()<196)-.,6-1M)-1*+1& )M! +%6!*/6" 1-* 6%=*/-1)%&! ;,6-6%*!
,6-.<*-1*)*IM'<<1="86!;+*6%*")<!.-6,-1 +71*/6! 9+&6<-1+,!; +;+%6%*-1 + 7! */6! &'776,6%0*!
96)-.,6-! +71)--+()*'+%!>6**6,!.%&6,-*)%&06=!+7'*/6!)((.,)(E!+,!;,6&'(*'86!;+M86,!
+71 +.,) 9+&6<-1! Y+,! 6L9;<67?! (+,,6<)*+%! (+677'('6%*-! -/+M! */6! ; 6-6%(6! +7!
,6<)*+%-/';-! >6*M66%! ;,6&'(*6&! )%&! +>-6,86&! &)*)! M/6,6)-! P23! )%&! B!
(+677'('6%*! +7! ,6-'&.)<! 9)--5LOL:! -/+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+8&6<?! M/'(/! >6**6,! '%7+,9! ;+*6%*")<! .-6,-1 )>+.*1 */6! )((.,)(E! )%&! ;,6&'(*'86!
;+M6,-1+71*/619+&6<-1
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K/B!)==,6=)*6 N686<! (+9:),'-+%-1 >+*/1 =)86! >6**6,! 7'*-1)-17),1)-1(,+:1),6)!
(+9;),-+%-! M6,6! (+%(6,%6&I! K/6! )==,6=)*6! <686<! (+9;),-+%-! >)-6&! +%! */6!
,6-.<*I'7+,1*/61k)86,)=61!7),9! 54R@:19)&6! *!; +--'><6! *+1-66! >6**6,! */6! (/) %=6-!"'%!
(,+;1;)%! .%&6,! 6)(/! 9+&6<I! 06),-+%! (+,,6<)*'+%! -/[+M-! */6! <'%6),! )--+(")*'+%!
>6*M66%! *M+)8.6-! )%&! )((+,&'%=! *+! R+)=.6! )%&! D,66%! 5@"'@:?! ;),*! +7! */6!
+:6,)%+%)<! 6U)9'%)*' +%! + 71 9+&6<-1"-1*/61)--6--96%*1 +71 9+&6<-!;6('-'+%?! M/'(/!
1%/61 &6=,66! *+! M/'(/1 */6! 9+&6< N,6&'(*6&! 8)<.6-1):;,+)(/!)! <'%6),! 7.%(*'+%! +7!
*/61+>-6,86&! &)*)1K/.-IM™*/1,6<)*'8 B<E!/'=/I<'%6),!(+,,6<)*+%?!"()%! >6!-)'&!*/)*!
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&+9'%)%*!(,+;1)%&!9+&6<-!;,6&'(*6&!"*19+,6!)((.,)*6<E!*/)%!*/6!+*/6,!(,+;-1'K/.-!

*[61 4+, (+,,6<)F+00! >)-6&! +96! )%V '%=! +7! (,+;-1'-1 >6(-6! */6! )%V! +,&6,! +7! */6!
+4[6,1(,+;-I'-1%+*1; 6&' (*6&!MB<<IIY,+9)! 7),96, 1>6/)8'+.,!;6,-6(*'867!*!"-I<'V6<E!
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L++V6!"# S C@#:! 7+.%&!)!-'9'<),! ,6-.<*I M/6%! */6! 7),90! 9+&6<! M)-! 8)<'&)*6&!
)%&)** "> X6 &I X+ 16100 (<.~ +%1+71,-V1; 6 76,6%(6-1+717),96, 41!

K/6! '%&'8'&.)<! <688l (+9;),-+%! -/[+M6&! 8),'+.-! &6=,66-! +7! )--+(")*'+%)!
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. 6(-"+%IM™*/IM/'(/1*/619+&6<-1;,6&'(*176,*'<"-6,1)9+.%*-[1K/-1'-1>6().-61 9+&6<!
,6(-'+%!'%&' ()*6-1/[+M19+&6<!,6-.<*-1);; +)(/1)! <'%6),! 7.%(*'+%! +7!*/6! +>-6,86&!
&)*)I5R+)=.6!)%&!D,66%?'@""@:I!

K/B,6-. <7+, 76, X' <-B)(+-*"-106++1- - ""%=](+06-'86, %=!*/61=++&; 6&'(* +%%!
+776,7<'-61)9+.%*-2IM/ (/! &6*6,9'%6!*/6! 76,*<"-6](+-*[1K/6!,6-.<*17+,17'U6&!)%&!
7.6<! (+-*-19)E! >618.61*+1 */61 7)(*1 */)*| */6,6!'-1-+961/'=/!  &6=,66!+7!)((.,)(E!)%&!
1 B6(-+6! )--+(')*6&! M™*/1 9)(I'V%66! %.9>6,-! -6<6(*6&! >E! /6! 9+&6<-1! K/6! ,6-.<*-!
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7+, =,4--1 9),='%! Q)E! >61)! ,67<6(*+%! +7! */6! )((.,)(E! M™*/! M/'(/! */6! 9+&6<-!
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)9+.%*-| SE1*/6! 9+&6<-1 (+.<&! )<-+] >6! & .61 ¥/61 7)(*1 */)*1 /6] 76,%<-6])9+.%*-!
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K/6!-686,6! %686 N,6&'(*+%6! +71= +--19) ='061)%&! ;, +7"*1 9)E! >6! &.6! *+1 */6!
8),)>'<*E!'%! (,+:1:,'(6-! &.6! *+! T)(*+,-I M/'(/! */6! 7),96,-1 &+! %+*! [)86! (+9%6* +<!
+86,114=)'%721'%!*6,9-1+71%/6! .%&I8,6& (X +%6! +7!: +7*21* Q)1 )<-+1>61&.61 H=/!
7'UB&! (+-*16-+9)*6-1 &.6!*+1'%6*6=6,19)(/'%6! %.9>6 -1 -6<6(*6&! >E! */6! 9+&6<-1)%&!
%161 (+-*-15:,'(6-:1+719)(/'%6-! -6<B(*6&! *+1>.'<&I */61 9+&6<-11L+9;),)*86<E?! :, +7"*!
6-*'9)*6-1>E19'UB& NP6*6=6,!;,+=,)99'%=151$0:! 9+&6<-1),6! %-+,9)<<E! <+M6,! /)%
6-*'9)*6-1>E 1*)&"*'+96)<! <'%6),! ;, +=,)99'06=! 9+&6<-1 &.6! *+1*/61 6U*,)1 (+%-* )'%o*-1
417+, (B1%/619+&B<-1%+1-6<B(*1-+96!)(F8'%'6-1)-1'06*6=6,-1)%&IM™*/1+. 19+ &6 <-1>6'%6=!
1$071;,+7"16-*9)*6-1),61<'VB<E ! *45<+M?1/6%(6!*/6!. Y@ F& (< +%6 [IR)>+. | (+-*-!
M6,6! )<-+! .%6&6N,6 &' (*6&! )%&! )=)'%! */'-I ,67<6(*-1 */6] 8),)>'<**E! ‘%! */6! <)>+.,!
6\.",696%*-! >E! &'776,6%* 7),9-2! M/'(/!),6! '%7<.6%(6&! >E! 7)(*+,-1 */)*| M6,6! %o+*1
0;*.,6&!1 %! */6! 9+&6<-1)-I MB<<! )-1 */6! '9%*6=6,! <)>+.,! %.9>6,-! -6<6(*6&! >E! */6!
9+8&6<-11b+MB686,?!%/6,6!M)-17)" <E!=++8&' (*+%6! +776,*'<'-6 ] (+-*?1-66&! (+-*1)%&!
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@H !



1$%! =6%6,)<?! */6! 9+&6<-! ;,6&'(*6&! (,+;!),6)-! )%&6,*'<'-6!)9+.%*! >6**6,!
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9)V6! ,6)-+%)><E! =++&! ;,6&'¢'+%-! +7! (,+;1),6)-! )-! M6<<!)-176,*<'-6] )9+.%*-?!
M/ (' ()%! ;,+8'&6! '%-'=/*1 '%*+!),)><6! 7),9'%=! &6('-'+%MN)V'%=Ib+M686,?M"*/!
9+&6<! ()<'>,)*+%! )%&! 8)<'&)*'+%! -66%! )-! (+%*'%.+.-! ;,+(6--6-! '%! 9+&6<!
&686<+;96%*?!(+%*'%.6&!()<">,)*'+%! 7+<<+M6&!>E!8))8H&H-2%)*' %=!+7!9+&6<-!
M'*/1&6*)'<6&!&)*)!(+.<&!6%/)%(6!*/6',!;,6&'(*'86!;+M6,-1)%&!;6,7+,9)%(61!
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4 MODEL APPLICATION 1: GOAL-PROGRAMMING MODEL
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Sustainable weed control with rotational management: Estimating the
aggregate cost of controlling black-grass (Alopecurus myosuroides)
with spring cropping in UK arable farming
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@ci !



[+.<& 1>B1%++BEIHVHI¥[B1+:6, ) + 0Bl (+-* X4+ VI +] (+06-'&6, ) ¥ + %! E'6<&!:6%) <*'6-1 7+,
- > NH0)<I4:6,)* +%6-11K/6! 7'UB&! (+-*16-'9)*6-1M6,61>)-6&1+%61)%%.)<!9)('%6, E!
(+-*15(+%-'-*1 + 7D6%.)<&6:,6(')*+% )%&! ,6;)', 1(+-*:1)%&!)%%.)<! <)>+](+-*15-68
K)><6! N@BY%! L/);*6,! #! 4::6%8&'U 1 7+,19)(/'%6! *E;6-1 -6<6(*6&! 7+, */6] -* &E)%&!
)%96.)<! 7'UB&! (+-* 6-*Q)*GII[.6!*+1 <) (VI +71&)*)1 +9%! 9)(/'%6!%.9>6,-1 7+,16) (/! +7!
*/617),9-1 -6<6(*6&!1)%&L-6&! 7+, */61 -* &E?! */6H+%)<T'UBE! (+-*1 6-*'9)*d 7+,1 6)(/!
7),9!M)- 15)-6&! +94*/6! +:+9)<! 9)(/'%BA<)>+.,1%.9>6 -1 -6<6(*68 |>E!*/6!9+862

M/ (/1'%!*.,%! &6:6%B&+YI*/61*9)<! (+:1 1<)%!7+,1%/617),915)<-+1-6<6(*6&!>EI*/6!
9+&6<!

4.2.7 "#3%E&#+(+08&-+%)P.+()"*&+*#&1"#B%EL*,

K+!>6!)><6! *+! 6-*'9)*6! */6! )==,6=)*6! (+-*| +7! (+%*,+<<'%=! I\ M"™*/! -;,'%=!
(,+;-21(+] E'6<&2!;,'(61)%&!),)><6!),6)!&)*)1)-IME<<!)-I-+'<I*E;61)%&!,)'%7)<<!+7!cHal
7),9-1'%!*/6! FG@#"@H! Y),9! T.-'%6--! 2.,86E! 5YT2:! M6,6! .-6&! )-! 9+&6<!'%;.1-|
K/)*1'-1%/61 &)%) .-6&! M6, 6! FG @H#! Y T2!&)*)! 7+,1*/61-6<6(*6&! cHa! >)-6&! +%! M/ (/B!
9+&6<!M)-!1,.%IK/6!7),9-1 (+%-'-*6&! +7!7),9-1)*1)<** &6-1 zZ#GGO?!#GG99 BGGI!
)%&!{BGGIO! M'*/1),)><6!),6)! +7! =,6)*6,! */)%! +,! 6\.)<! *+I HG/)! 59'%'9.9!),6)! g!
HG/)!)%&!9)U'9.9!),6)!g! @"#@/):I!'! T)-6&!+%!*/6!(,"*6,")!.-6&!'%! -6<6(*'%=!*/6!
7),9-21 11 4+-><B! ¥ ) */'-1 -)9;<6! 9)E! '%(<.&6! -+96! +7! */6! 7),9-! .-6&! '%0!
8)<'&)*'%=! */6! 9+&6<K/6! -+'<! *E;5 3 &)*)! M6,6! >)-6&! +%! &+9'%)%*! -+'<! *E;6-!
+>*%)'0%6&! 7+, YT21&67'%6&! (+.%*'6-1'%!M/'(/!7),9-!),6!<+()*6&!M/6,6)-1*/6!,)' % 7)<<!
&)*)'M6,6!>)-6&!+%!)86,)=6!,)'%7)EQ7+, YT2&67'%6&!,6="+%-!'%!M/'(/! 7),9-!),6!
<+()*6&MN

Q /1 %[B! 7+(.-1 +71 %[B! (/):*6,! +%! 6776(*1 +7! =;,'%=! (,+:;'%=! )-! ><)(VN,)--!
(+%*,+<! 96)-.,6! +%! 7),9! ,686%.6M=/6-*1 M6'=/*! 5M6'=/* g! @:!M)-! ;.*! +%! */6!
7 QYU'D) M40 | =)l 4<-+1-'05(6! )! =+)d,+=,)99'%%6=! 9+&6< ! 9'06'9'-6-! */6!
&68')¥ 496! 7,+91 )1 =+)<! %), =6*9B! ;,+7"*1 =+)<1¥) =6*IM)-1-6*! 86,E!/'=/! 5NAGG?GBG:
K/-1M)-18+%66!>)-6&! +%!*/61)--.9;*+%!*/)*1),)><6!7),96,-1),6!;,+7'*|  9)U'9-6 -!
> #1),61)<-+! (+96(6,%6&! )>+.*! '%(+96! &68')*'+%! 5,'-V:1 <686<-1! K/.-1 */6! M6'=/*+ ]
*[61,-VI 9'06'9"-)*+9% 1=+)<-IM)--6*1,6<)*86<E!86,E!-9)45M6'=/*1g! G| @h&*/6!,-V/!

FA2+'<1&)*)IMB, 6!+>*)'%6&, +912+'<-();6-X** X MMMMI<)%& - I+,=1.VA-+'<-();:6-
F@0)'%7)<<!&)*)1+>*)'%6&!7,+9116*1Z77'(6X!
[ XMMMMI96*+77'(61=+81.VA(<'9)*67.VA-.99),'6-/&)*)-6*- |

@cl !



*),=6*! M)-! -6*! )*I nNFF?GGGI*/ | ;+--'><6! +86,N(/'68696%*! +7! =+)<! *),=64! K/6!
M6'=/*-1+%!>+*/1=+)<-IM6,6!%+,9)<"-6&!>E!&'8'&'%=!>E!*/6',!,6-;6(*'86!*),=6/KI6!
9+&6<IN-! -6%1.;1 )=)'0o!*+!.-61%/61(,+;!E'6<&-)%&!:,'(6-?!7),9!),6)?! -+'<I*E;6!)%&!
,)'%7)<<!)-19+&6<!'%;.*-!

K/B!(,+;|E'6<&-1)%&!;, (6-17+,16)(/!17),9!M6,6!.-6&!*+16-*'0)*617),Q1+.*; *-?|
+ XHTIM/(/1%/61=,4--19),='%-1 7+,16)(/1+71*/617),9-M6,616-*9)*6&II$*-/+.  <&!>6!
0o+*6&! */)*1 /6! &)¥)1 7+,16)(/! 7),9! M6,6! */6! FG@#! Y T2! &)*)!)%&! */.-1 %+*1)86,)=6!
6-*'9)*6-11 Y+,1 6U)9;<67?! */6! E'6<&! 8)<.6-! .-6&! '%! 6-+'9)*'%=I*/6 = +--1 9) ='06! 7+!
7),9-1M6,6!)(*.)<!| E'6<&! &)*)! 7+,17),9! 7+,1*/61E6),| FG @#I! K/R)><6H\ !-/+M-1%/6!
&6-(,¥'86! -F)X-H(-1 +71%/61 '%&'8'&.)<! 7),0! &)*)! .-6&! )-! 9+&6<! '%; . *-I K/6! -+'<!
*E:6-1)%&!,)'%7)<<!7'=.,6-17+,16)(/1 7),9'M6,6! .-6&! *+16-*'9)*61*/6] M+,V)><6!/+. -!
'%!6)(/1+7!*/61 FBI*MMBEV!;6,+&! .~'%=!*/6!<)%&!"%6&'()*+ 6! 7.%(*'+%! %! K'<<6**!
)%&! 4.&-<6E! 5@"Ac:! 5-66! 26(*##itlal! 4<-+?1 */6] -+'<] *E;6-1 &6%6,9'%6&! */6!
76,%'<'-6,1)9+.%* + 71 6) (/! (,+;1)%&! /.- YVB&! *+1 */6] 6-+Q)* +96! +7176,%'<'-6, 1 (+-*1
)%8&1/6%(6!8),")><6!(+-*-17+,16)(/1(,+;I!

KH*)VB!'00*+! (+06-'&6, ) +9H61'9:) (1 +71 ><)(V Ne,)--1+06! M'%*6,! M/B)*! E'6<&?!
E'6<&!<+--6-1.%&6,17+,1&'776,6%* M)W '%76-%)*'+9%! <686<-IM6,6! (+%-'&6,6&! 5-66!
K)><6HM: I1K/6!E'6<&!<+--16-*'9)*6-IM6,61)86,)=6-1)(,+--| @G!7'6<&-1>)-6&!FG @H!)%&!
FG@a!M'%*6,M/B)*!/),86-*1>)-6&1+%6!)!><)(M,)--I-.,.86E!(),,'6&!+.*1+%61 7),9-1'%!
3%=<)%685[,| b6<6%! b'(V-A1+ <& 44&: 11 Y+,16)(/ 7'6<&?! E'6<&! 9):- M6,6! +86,<)'&!
M**/| FGOqFG9! MB6&! -.,86E! =,'&! *+! 6<)*6! M/B)*! E'6<&!*+! MB6&! &BEBLY +,! 6)(/!
7'6<&?1 96)%! E'6<&! )(,+--! =,'&! -\.),6-! '%! 6)(/! &6%-*E! -*)1M)-! 6-*'9)*6& ! | K+!
(+96%,+<! 7+,18),)*+06!'%! E'6<&! >6*M66%! 7'6<&-?1*/619)U'9.9! 96)%! E'6<&!+9!
*/617'86! &6%-"*E! -*)*6-I M)-1 -6<6(*6&! )-! @G Gj?!)%&! ;6,(6%*)=6! E'6<&! ()<(.<)*6&! 7+,
6)( /1 &6%-"*E1-*)*61,6<)*'86!*+1*/'IK/6! &)*)! +06! E'6<&! <++M%!'%!K)><6MIM6, 6!

)&+ *6&1&.B1*+106)>'<HE+14+>%) 0] fl<686<18)*)]

FALK/6! @G! 7'6<&-! M6,6! 7,+9! 7),9-1'%! 7+.,! (+.%*'6-! '%! 3%=<)%&X! P+,*/)9;*+%-/",6?! ZU7+,&-/',6?!
Q).M'(V-/ ',6)%&!m+,V-/'6l
@c !



K)><6!H¥X! m'6<&! ,6&.(*'+%! +7! M'%*6,! M/6)*! §*776,6%7+.,! <686<-! +7!)P&«N:,)--!
'%76-*)*'+%

R686<!+7!$%76-*)F+% T<)(UNE,)--1[6%-"*E ! 06&.(*'+%!'%!

50<)%*-!;6,/HGG!5FGgF &1 Q'%*6,!Q/6)*!Im'6<&!5j:!
P+A<+M! @@BC a
16&'.9! ! @B@#aG #!
b'=/!'! Ha@@Hakt @F
“6,El/'=/ ! {@HaG FH

2+.,(6X!ITDO$!O, +WBE (HEXM>="I'% 7 +4

K/619+&6<! M)-1*/6%! ,.%! 7+,16)(/1+7!*/6cHal 7),9-1 *+1=6%66,)*6! (,+:!:<)%-!
~19'<), ¥+ ZF 4061 @21 M™/+ ¥ 6% 7+,('%=! (+9%-*,)'%* .%&6,! MBKK/ 6! 9+&6<! ,.%
M)-1 &+9%661%&6,1)<<! <686<-! +7! M '%676-*)*+U5+%66! <686<! +7!'%76-*)*H%!
$96: I*+1 V6! Yo +! (+96-'&6,)*'+%! ,6&. (*+%-1'06! M'%*6,! M/6)*! E'6<&-! &.6! *+! Nc)(V
= )--11 K/'-196)%-1¥/)*1*+1=6%6,)*6!,6-.<* 7+,1 Z:*+% @21 */6! 9+&6<I M)-! ,.%! M*/+*]
'9:+-'06=1 9)%&)*+ EIM'%*6,IM/6)H -;,'%=1>),<6E!+,IM'%*6,IM/B)f -;,'%=1>6)%:!
+¥)*+061 5-6\.6 %(6:! (+9%6-*,)'%*-IK/6! 9+&6<! M)-1,.9%1)=)'%! 7+,16)(/! 7),9! >EI7",-*!
'9:+-'06=1 +06<E! */@)%&)*+,E! M'%6*6,M/B)* i -:,'%=!>),<6E! -6\.6%(6! (+%6-*,)'%*!
5Z:*+06!F:I1K/B!;, +(6--1M)-1,6:6)*6&I >E!'O: +-'%=! +%<E!*I61'%*6,IM/6)* -;,'%b=!
>6)0%-! (+%6-*,)'%*! 5)<-+! Z:¥+06! AM™*/+ *1 '9:+-'%=1 */6! M'%*6,! M/6)* i -:,'%=!
>),<6E!-6\.6%(6!(+%-*,)'%H!

4.2.8 A99.$9+()"*&"0&1"#$%&.$,'%&

K+!*/61)(/'686! */6!)'9! +71)==,6=)*"%=!*/6! (+-*! +71)&+;*'%=! -;,'%=! (,+;;'%=!)-!)!
>S)(MNE,)--! (+%*,+<! -* )*6=E! '%! */6! _f?! */6! 9+&6<! =6%6,)*6&! ,6-.<*-! M6,6!
)==,6=)*6&!)(,+--17),9-11 $*I-1)(V%+M<6&=6&! */)* */6E! Q)E! >64)-6-! )--+()*6&/!
M™*/1)==,6=)*+%IM"*/1, 6-;6(*1*+1<'%6),1;,+=,)99'%=1);;,+)(/6-]  )%&!)<-+!&.6!*+!
8),)>'<*E!'-17),9!(<)--6-! 5-66!7+6U)9:<6! T.(VM6<<!)%&! b)I6<<?! @!F)<!)%&!
1(L),<?!@"A" b +M686,2Y 6!(.,,6%*!);;,+)(/  !='86-1)%!'%&'()*"+%!H*/6!'9;)(*1+7!

= %=1(,45%=1)-)IS<) (VO NE,)--1(+9%6%,+<1-* )*6=E1+%17),9!,686%.6!'%!*/6!_f!),)><6!
7),9'%=!-6(*+,114<*/+.=/! | %% %=46! 9+&6<! 7+,16)(/! 7),9! .-'%=1*/61 7),91- +M%!
&)*)N%&!)==,6=)*%=!,6-.<*-1;+-*I+:*'9 )<<E!)%&!M6'=/*%=1*/6E,6=)*6!6-*'9)*6-!
£+ > 0=l ¥/691 )-1 (<+-61 )-1 1+--"><B! *+1 _fl 9%)*'+0p)<! <686R)-! '-! */6! ()-6! 'Y! */"-!
(N;*6,: Y(+.<&*+!,6&.(6!)==,6=)*"+%!>")-P*I"-1)<-+1)(V%+M<6&=6&! “N¥6! (/+'(6!
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+71*1617+.,1(,+;-! 9 ENT76(*!*/6D)((.,)(E'+7))==,6 =)*6&!6-*'9)*6- I'P+*M'*/-*)%& '%+?
‘%! */6! (+%*6U*! +71*/61 7+.,1 (,+;-?IM/'(/!),6! 6--6%*")<<E!*/6! (,+;-! =,+M%!'%! */6! _f!
)%&! .-6&! )-1;),*1 +7! ,+*)*'+9%)<! 9)%)=696%*?! */6! )==,6=)*6! 6-*'9)*6-! ='86! )%!
'%&'()*'+%! +71*/6%*6%*)<B776(*! +7!-;,'%=!(,+;;'%=")-1)I><)(\K¥,)--19)%)=696%*!
*++<1+917),9!,686%.6!)*1*/61%)*'+%)<!<@86<I!

K+16-*'9)*6!*/6!)==,6=)*6!(+-*">6%67"*181&'776,6%(6-!"%!+;*'9.9!; +7*-17+,!
Z;:*'+%-1@!)%&!FIM6,6!6-*'9)*6&!)%&!)==,6=)*6&8%/6,! */6!(+-*15<+--1+71; +7*+,]
>6%67*1 5'%(,6)-6! '%! ;,+7™*H71 ><)(M,)--! (+%*,+<! M'*/! 6*/6,! -;,'%=! >),<6E! +,!
-1,'%=!>6)%-IY+,16U)9;<67*+! 6-*'9)*6! */6! )==,6=)*6! (+-*! M™*/! ,6-;6 (*! *+! M'%*6,!
M/6)* N;,'%=1>),<6E!,+*)*'+%.%8&6,!) |<686<!+7!'%76-*)?+¥6!&'776,6%(6-! >6*M66%!
Z;*'+%! @)%&! Z;*'+%! FM6,6! 6-*'9)*6&! 7+, 6)(/! 7),9! )7*6,! M/'(/! */6E! M6,6!
-.996&! 5)==,6=)*6&:! )(,+--! 7),9-! 5cHa! 7),9-:I'  $%! +,&6,! *+16&.(6! ;+--"><6!
==,6=)*"+%!>")-1)%&! >,'%=1*/6!)==,6=)*6! (+-*!6-*'9)*6!)-I (<+-6!)-!;+--"><6!*+!*/6!
_f1<686<?!6)(/17),91 6-*'9)*6! M)-! M6'=/*6&! .-'%=!*/6!-)9;<6! M6'=/*! )--'=%6&! *+!
6)(/17),9"'%!*/6!YT2I Y+,16)(/!-;,'%=!(,+;;'%=!-6\.6%(6 !)%&!.%&6,!6)(/!<686<!+7!
'%76-*)*"+% 16! )==,6=)*6! (+-*! ()%! >6!6-*'9)*6&! )-! -/[+M%! %! 3\I! 3N :! 5-66!
'<<-F )M %! +71 ()< (.<)*'+%! %! T+EH.%&6,!0);%6,! 4;,6%&'U: ?1 M/6,6!'X" j1)%&!
'XS!1),6!*/6!;,+7*-1=6%6,)*6 &! >E!*/61*/17),91 7+, (/[++-'%=!Z;*'+% | @)% &Z;*'+%! F!
(,+;1;<)%-!,6-;6(*'86<E2AD"j!"-1-)9;<'%=IM6'=/*! )--'=%6&*+!*/6!.*/17),9!'%!*/6! Y T2!
&)*) H%&QA'-1*/6!%.9>6,!+7!7),9-1 14<-+?1+*/6,19+&64E-*'9)*6-! ;,6-6%*6&!.%&6,!
26(*'+%!HI#'M6,6!M6'=/*6K& I

F F
Aggregate Cost = z OP2,wt, — z OP1,wt,! 3HN !

| z=1 z=1



4.3 Results

4<*[+.=1*[619+&6<IM)-!,.%! 7+,1 7+.,1 <686<-1+ 7! ><P)--1'%76-*)*'+%-?1*/6! ,6-.<*-!

: 6-6%*6&1/6,6! 7+(.-1:,'9),'<E! +%! J6,+ <+M! )%&! 86,FE/! <686<-! +7! ><)(W¥,)--!

'Y 76-%) < +0oHIB-(,¥'861-*)*'-*' (-1 +71 9+&6<! 6-'9)*6-1.%&6,1 /6! &'776,6%%6*| <686<-1+7!
' 76-%)*'+06!)%&! . %&6,! Z; ¥ +%-1 @!)%&! F!),6!-/+M¥G)5466! M+ K)><6! MD (6! */6!
(N;*6,! 4;,6%&'Ul

431 @;$&"(&"0&P%®<, &"*("%&)(:&,[)*0  &+.%$&
K)><BHNH-/+M-1%/61)==,6=)*6! (+-*16-*'9)*6-1+71(+%* +<<'%=I><){¥,)--IM"*/1-; '%=!
>),<BEI1Z.,!/6)&<'%6! 6-+9)*6-1),6! */)*! (+06*,+< <%= SYH,)--! M*/1)I (,+:1:<)% |
5>)-6&! +%6! */6! -6<6(*6&! 7+.,! (,+;+'%(<&'%=!)! 9)%&)*+ E! M'%6*6,! M/6Y* -;,'%=!
>),<6E! +*)*+%! .%8&6,! )l -(6%),+! +7! <+M! >YY--! '%76-*)*+9p! (+.<&! (+-*! _fl
),)><6!7),9'%=!)>+*I nFAB9'<<'+%! M/6,6)-! .%&6,!)! -(6%),+! +7! 86,E! /'=/1 ><)(W
=)~ '%T76-*)*+9621 )&+ *+00! +71 M'%*6,! MB)%;,'%=! >),<6E! ,+*)*+%! )-I )| ><)(\N
= )1 (#%* +<! % J*6=E! (+.<&! (+-*| _f1),)><6! 7),9'%=! )>+.* nf#al 9'<<'+%l! | K/6-6!
6\.)*6! *+1 6,1 [6(*),6! (+-*-1 +71);;,+U'9)*6<Eln  APY)!)%&! n@G)! ,6-;6(*'86<EI!!
$9:<696%*%=! )| M'%*6,! M/6J* -:,'%=! >),<BE! ,+*)*+06! )7*6,1 )| <+M! ><)@&/)--!
'%76-%)* D! ,6&.(6&! ;,+7* >E! FaG! 57,+9! n @?@F"?c"@?GS@AH#?"FG?GGG
SHEBY)!*+1n FHY)::1)%&!.%&6,!86,E! /'=/1'%T76-%)*+9%71;,+7'*! 6&.(6&! >E!EI'j!
57,+9INHB@?"#@ ?BAGIFC?#H " 2GBG@ @B *+IN@Gc):15-855<6HMH !

K/6! 1ZKA[! 6-*'9)*6&! ,-V!)<-+! ,6&.(6&! >E!al @¢ 57,+9!n BAC?@BF?GGG
nBAa?aA#?GGa-FaV/)! *+! n F@#/):! M/6,6)-! .%&6,! 86,E! /'=/! '%76-*)*'+%! ,'-V!
,6&.(6&! >E! GF#j! 57,+9! n BAC?@BF?GGGBBAa?aA#?GIGERD"A/)! *+! n @"cY):I!

K/6! ,6&.(*'+%! M)-! 9)'%<E! &.6! *+! <M6,! '%(+96! &68")*'+%! 6-*'9)*6-! )--+(')*6&!
M™/1 -;,'%=1>) <BE!)-I M6<<!)-1 M'%*6,1 Z20?! M/'(/! M)-! -6<6(*6&! ‘%! )&&"*'+%! *+! */6
M'%*6,!M/6)*  -;,'%=!>),<6E!,+*)*'+%I!K/6!,6-.<*-1)<-+!1-[+MI*/)*|(+%* +<<'%=I>NV
=)--IM*/1-; %=1 (+1'%=! (+.<&!,6&.(6!7),9!,-V  IIb+M686,2268&6,!)!-(6%),+! +7!
86,E!/'=/""%T76-*)*'+%! */6! ,6&.(*'+%! 9)E! >6! %6=<'="><6! &.6! *+! */6! 7)(*! */)*! -;,'%=!
+:'%=1&'&! %+*!6-.<*1'%! ) >'==6,! ,6&.(*'+%!'%! ;,+7*I1 K/6! <+M6,! <686<-!+7!;,+7'*
+>-6,86&!M6,6!9)' %<E!&.6!*+!E'6<&!,6&.(*'+%-!'"%!M'%*6,! M/6FLE! &.6! *+! ><) (W
=,)--1'0676-*)*+94|



$%!%6,9-1+7!(+-*-?1)<<!18),)><6! (+-* (+9;+%6%*-! ,6&.(6&I' Y+,16U)9;<6?! .%&6,!
<HMI><)(ME,)--I'%676-*)*+% 21 P176,%'<'-6,1)%&! >N V--! (/69'()<! 5/6,>'(‘'&6:! (+-*!
,6&.(6&! >E!"IB#!57,+9! n Ba@?GBF?BEEAA?#aG?AG@AA)! *+!n @cd)::!
)%&! @BH! 57,+9! n B@QH?@#a?2CG6Gra@A?@c#?GB®@ce/)! *+! n @HY)::!
6-:6(*'86<EIl!_%&6,!86,E!/'=/I'%76-*)*+%?1P176,*'<'-6,1)%&! )M (+90*, +<! (+-*-!
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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 Row Explanation Weighted Estimates
Compqnents No. Zero/Low Infestation Medium Infestation High Infestation Very High Infestation
(and Risk) Option_1(a)  Option_2(b)  Option_1(a)  Option_2(b)  Option_1(a)  Option_2(b) Option_1(a) Option_2(b)
(£000) (£'000) (£000) (£'000) (£000) (£'000) (£'000) (£000)
Output R1 Yield x 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 R7 614,135 417,504 602,654 415,209 566,123 407,355 509,732 400,534
Herbicide Cost
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 2,448,415 1,876,150 2,417,111 1,872,668 2,317,552 1,860,082 2,164,430 1,849,422
6+R7+R8
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 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
Operations
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 1,021,814 461,396 738,790 416,179 461,931 374,462
(-649,717) (-560,418) (-322,610) (-87,469)
MOTAD Risk R15 Deviation in 780,359 727,217 764,178 723,510 723,165 714,712 687,162 707,201

income

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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2A"P@1&(12"NI&(1+5I"MLIG".. I+, 1" JN&(H&(1-+13'1/5+CC":=19%68&<.1-&'5').10+1:5(.-)/!
5':</-)+01)0!)0!-&1(5'(!+,11)0-'5!11&'(-Al1&)/&!).1-&'1*+.-IC5+,)-(36'/5+C1(0:1-&).!
[+<CB':11)-&!-&'1.'6'/-)+0! +,! (66! -&'1 +-&'5! [5+C. Al (..+/)(-":1 1)-&! 6+1'5! ;(5)(36'!
[+.-1 5'.<6-"1)0! -&'1)0/5'(.'1 )O! 75+..1 *(57)0! 2C5+,)-4! )0.-'(:! +,! 5':</-)+0!
+3.5;11<0;  'BI>(5*1"= |
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(36" @BQ! R';'0<".S/+.-.1 '.)*(-'! +,! [+0-5+66)07! 36(/8 I75(..! 1)-&! 1)0-'5! 1&'(- B
.C5)07!3(56'D!5+-(-)+80:'5! 6+116''6!+,136(/8975(..1)0,".-(-)+0. !

R70<S | R+1ll UFCE()+0! HO) >(5*1" | >(5%17 |

T+.-! ! IC-)+0!" ! IC-)+0!?! IC-)+0!"! IC-)+0!?!

T+*C+0'0-.11!

2(0:IR).84!

I<-C<-1 R"! V)'6:IWIX5)/! Y "N@AJINI  "M#AM?ZF  ?2JPANM' ?#JA#JJ

I<-C<-1Z! R?! R"Z[<3.)D! Y "#?APKE "$NA@" M@NA#HF M@NA"B

[<3.):D !

\I>'5-)6).'5! RM I Y! "MA?NF JAS'P MKAKM MS$A"$P

T+.-!

X!>'5-)6)'5! R@ I Y! KAK#( KAPM "@A@U "@AM?,

T+.-!

]1>'5-)6).'5! RN I Y! KAPP( SAMN "?A$?K "?2A@ N

T+.-!

[T+~ ! R$! I Y! JAKKIE JASMN "HA@"$ "HAQ@HE

NG(/8 I75(..! RK I Y! ?MAP?] "$SANKP M@AJP MMAN#

_'53))):'

T+.-!

[<0:5DIT+.-! R# I Y! "$SAS@F "AK@K ?NA?#! ?2@A?S.

‘(5)(36"T+.-! RJ! RMZR@ZRN. Y! KKA@K $PAJ'K "@MA@! "MJA?JN

R$ZRKZR#

a5+..1b(57)0! R"P! R?RJ! Y! "P@ANJI "P@A@U ?P?AME& ?PNA#K!

T+.-1+,1>(5*! R™11 Y! MMA"@ M?ANSI #?A??% H#MASHN

IC'5(-)+0. !

ab+..IX5+)-1  R"?! R"PR™! Y! K'A@NI K?AP?N  "?PA"PJ "P?A"H#?!

S)F:IT+.- | R'M I Y! M"'"A@?: MJANKI  "P#A"N" "PIA@@®@

X5+,)! R'@ R"?R"M Y @PAPP M?A@Y "AJNH "?AK@"
819::<=>% 89<=%

bl%cd!R).8 I R"N! d')(-)+0!)0! Y ??APPF ?"AKNJ @NAK! @3$APH

YOI+ 1

! ! ! ! ! ! ! !

238@@-R$ ! ! &(! ! ! ! !

e)0-'5!11&'(- ! ! ! ! "?K! NK "J ! "P@

[C5)0713(56'D ! ! ! P NK J@ "P@

[C5)07!3'(0.! ! ! ! @ "K! "M "# 1

e)0-'5![R ! ! ! ! P! P! @" @P

! ! ! ! ! ! ! !

A/37$B+,&37/(-&+! ! ! ! ! ! !

SEME( | ! ! &(! M1 2$KI

[+)6!-DC! ! ! ! f)7&-1.+)8 _(D!.+)6 !

R()0,(66 ! ! w5 | K$J! )@

HO:'51>(5%"Al<.)07!1)0-'5!1&'(- B .C5)07!3(56'D!5+-(-)+0! (.! (136(/875(..!
[+0-5+6! 5':</"1 C5+,)-! 3D! YKAN#B(! /+.-41 1&'5'(.] <0:'5! >(5*! 21 C5+,)-1 1(.!
)O/5'(.13DIYK#M 12(17()01+513'0',)-41&+1";'5A!5).81)0/5'(.":1 <0:'5! >(5%1 2=1%&!
)0/5'(.1)0!5).8!*(D1 31 < -+1-&'1 (/-1 -&(-1-&'1".-)*(-'1+,15).81).16)08": -+! 75+..!
*(57)0!".-)*(-". (0:1 &0/ )0/ 5'(.'1)0! 75+..1%(57)0! ).1 6)8'6D! -+1 31 (..+/)(-"!
1)-&1)0/5'(.")0!5).8=! %&'1)0/5'(.'1)0!5).8!*(D!(6.+1)*C6D!-&(-1-&'13) 77'5!, (5*! (5'(!
(;06(36',+5!(!,(5*'5!-+11+58!+0Al-&'1*+5'15) 81-&'l (5*5!).I'FC+.1-+=! ¢!, (5*5!
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1&+.'1C5)*(5D! ()*1).1-+!*(F)*)."1C5+,)  -11)-&!6)--6'1/+0.):'5(-)+0!-+15).8!).!6)8'6D!

] ([[+*%4:(-1 &) T&! 5).8! .+ (L1 -+! *(F)*).'l C5+,)- 12-&).1).1(6.+!5',6'/-":1)0! -&'!
5'.<6-.!1C5".'0-:1)0I T&(C-'5IN4 =!EQ!-'5*.1+,1&'53)/):"1/+.-Al .+5!>(5*"Al)-15"</"]
3D!1?#L!12,5+*IY?MAP?M!-+IY"SANKP4!1&'5'(.1<A255*1?Al)-15".</13D!(3+<-!@L!

2,5+ IYM@AJIP"1-+1YMMAN#?4=1%&).11(.! (.!(15".<6-1+,1-&'1(66+/(-)+0!+,16(0:!-+!(66!,+<5!
/5+C.1<0:'5!>(5*1?1(0:!&'0/'1/+0-5)3<-":1-+1-&'1 . *(66'5 15</-)+01)0!36(/8 975(..!

[+0-5+6! /+.-=%&'1 5':</-)+0.1)0! &'53)/):'l [+.-1 .&+1.1-&'1  C+..)3)6)-D! +,! 7()0.!)0!
5% 1+ 1/+.-1.(;)07.13D!/+0-5+66)07!36(/8 975(..11)-&! .C5)07!/5+CC)07!&+1";'5A1)0!
&> (551 MAL-&' 5:</-)+01 1(.1 0+-1 3) 71 '0+<T7&! -+ +,,.'-1-&'1 5':</-)+0! )O!

C5+,)4k

06&'1(3+;'15'.<6-.1.&+11-&(-1+01)0:);):<(6!,(5*13(.).Al-&",,  '/-12)01-'5* 1+
C5+,)-1 6+..1+51 7()04! +,1 <.)07! 1)0-B&'(-! .C5)07! /5+C.1 5+-(-)+0! +5! 'O<'0/'1 -+!
[+0-5+6! 36(/875(..! *(D! 3" 3),'5'0-1 (/5+..1 ,(5*.! 'C'0:)07! +0! -&' ,(5*!
1&(5(/-'5).-)1.! .</&! (.1 +)6!-DC'AI5()0,(66! (0:! -+-(6! (5'( +,! 6(0:!+5!/5+CC)07! (5'(
(( )6(36'1-+1-&'1,(5*=]

4.4! Discussion and conclusion

EO0!-&) M&(C-'5 Al11&(;'1<.":1(1,(5*16"'61*)F"; 90-'7'5!7+(6!C5+75(**)07!*+:'6!
(0:1>(5*11< )01 [<5;'D!:(-(1,+5! K@N! ,(5*.  1-+1)0;'.-)7(- 1-&1(775'7(-" [+.-!
26+..! +,! C5+M +,! /+0-5+66)07! 36085(..! 1)-&! .C 5)07! /5+CC)07! )0! H]! (5(36'!
(5%)07=! R'.<6-.1 .&+1"! -&(-! )0!-&'" .&+5-1 -'5*Al/+0-5+66)07! 36(HB5(..! 1)-&! (!
1)0-'5!11&'(- B .C5)07!3(56'D!5+-(-)+0!<0:'5!(16+1!36(/875(..1)0,".-(-)+0!./'0(5)+!
[+<6:1 [+.-1 H]! (5(36'!,(5%)07! (3+<-1Y 2#$!%)66)+0! 2¥?S&(41&'5'(.! /+0- 5+66)07!
36(/8975(..! 1)-&! 1)0-'5! 1&'(- B .C5)07!3'(0.!/+<6:! /+.-l H]! (5(36'! (3+<-!Y $NP
*)66)+0! 2K S&(4=!1H0:'5!(1./'0(5)+!+,!;'5D!&) 7&!36(/&75(..1)0,".-(-)+0A! (:+C-)07!
1)0-'511&'(- B .C5)07!3(56'D!5+-(-)+0!(.!(136(/875(..!/+0-5+6!.-5(-'7D!/+<6:!/+.-!
H]!(5(36"1,(5%)07!(3+<-1Y MNK)66)+0!2¥P S&(4!1&'5'(.!I(:+C-)07!(11)0-'5!1&'(- B
.C5)07!3'(0.!1 5+-(-)+0! /+<6:! [+.-1 (3+<-1 Y #KI %)66)+0! 2YNS&(4=! %&'1 5'.<6-.! .&+1!
-&(-1(,-'5!(1;'5D!&)7&!36(/8975(..1)0,".-(-)+01+0! (11)0-'5! 1&'(-!,)'6:Al.1)-/&) 07! -+!
.C5)07!/5+CC)07!/+<6:135'6(-);'6D!g3'0",)/)(6h!)0!-&'1.'0." -&(-16+..!+,! C5+,)-1:<']
-+1%(0:(-+5D 11)0-'5!1&'(- B .C5)07!/5+C!5+-(-)+0! 1(.!6+1'5=1c6.+A! (6-&+<7&!-&'!
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+:'5(66!",,/-1.8&+1"1(.1(15":</-)+0!)0IC5+,)-Al-&'5'l/+<6:13'15':</-)+0.1)0!;(5)(36'!
J+.-1(0:)01+*1/('15"</-) +01)0!,(5*15).8 A0:1+01)0:):):<(6!,(5*!3(.).Al-&'5'!
J+<6:13'1 7()0.1:'C'0:)07! +0! -&'1 6+/(-)+01 +,1 ,(5*1 (0:! -&'1 6(0:! (;()6(36' -+! -&'!

(5% £ c7()0A! )0/l .C5)07! /5+CC)07! &(.! -&'! C+-'0-)(6! -+! 5:</'l 36(/8975(..!
)0,".-(-)+0A!)-1C+..)36'-&(-1-&'5' /(0! 3'1)*C5+;  "*0-.1)0!D)'6:1:<'l-+15":</-)+0.!

)O! 36(/8975(..! C+C<6(-)+0! )0! -&'1 6+07! 5<0! (0:! -&(-! )-!).! C+..)36'! -&(-! .C5)07!
/5+CC)071/(0!3"13'0",)/)(6!-+IH]!(5(36'],(5%)07!)0!-&'16+07!5<0=!!

E0;'.-)7(-)07!1-&"",,/-1+,1.C5)07!/5+CC)07!+0!36(/8975(..! &(. 10+5*(66D!3"0!
3(.:1 +01,)'6:1 'FC'B)*0-.1 2'=7=] T&(<;'6!  I"# $&?PP"i! b+..! (0:! _<66A! ?2P"?i!
].&-8(5! I"#$ARPP"N4=! +1"'5Al </&!'FC'5)*0-.1/+<6:1 3'1'FC'0.):' (0:1-)*!
[40.<¥)071-&<.1%(8)071*(-&'*(-)/(61*+:'6.1-&13".- (6-'50(-);'=! CH-&+<T &) . +*'
~<)ULLBT <0 -+ & ' (CCB): *(-&™*(-)/(B! *+:6.1 -+1)0;".-)7(-1 1":!
*(0(7'*'0-! .-5(-'7)".1 1)-&! 5'.C'/-l -+! -&'l Eeb! 2'=7=1 X(0:'D! (0:! b'::Al "3J"i!
[1)0-+0!(0:!])07A!"JI@ile<Al?PP"iIX(00'66!"#$%E PP @il X (5! $%A&P"Pil'6-5(0!
"4 $OARPP " 24A1-&1%+:'6.1 +<0:11'513(.:1+0!:  DO(*)/!C5+75(**)07! (CC5+(/&..!
1&)/&! (6-&+<7&!*(D! 3'1*+5' (CC5+C5)(-'1'.C'/)(66D! )0! -&'1 /[+0-'F-! +,1 *+:'66)07!
C+C<6(-)+0! :DO(*)L.AI*(D! 31 (.+/)(-"! 1)-& (! 6)%)-(-)+0! +! 7'0'5(-)07!
J[4*CB)/(-! *+76] 1)-&! . +6<-)+0.! 451 .<BC5+36™.1 -&(-! *(D! G<.-! 3' 6+/(6!
+C-F<* 3<-1 0+-1 76+3(6! +C-)*<*=1 CB.+A 0+0'! +,1 -&'1 -<:)" 1 [)-"11 - )* (-1 -&
[+.-14,1(:+C-)07!(10+0 9&™)/(6!36(/8 I75(..!/+0-5+6!*(.<5'I(-I-&'10(-)+0(6!./(6'=!!
E0!-&).1.-<:DI1':"'6+C (1, (5%16''6!*+:'61/+*3)0)07!*)F"; 90-'7'5A!7+(6!(0:!
5).8! C5+75(**)07! ( CC5+(/&' Al JO/+5C+5(-)07! +*1 +,1 -&' 1":1 *(O(7"*0-!
~5(-'7).] -&5+<T7&) -&' *+:'66)07! +,! +C-)*(6! (0:! .<3 9+-C-)*(6! +C'5(-)+0.! (0:!
1)0-'5! 1&'(- B .C5)07! 3(56'D! +5! .C5)07! 3'(0.! 5+-(-)+0+5! 'O<'0/'. =! EQ! 6)0'(5!
C5+75(**)07!13(.":1*+:'6.A1:DO(*)/.1/(013')0/+5C+5( 1-85+<7&1-&'1*+:'66)07!
+,1%<6-)QC'5)+:.1)0! 1&)/&! (/-);)-)'.! +5! +C'5(-)+0.1 (5' /(55)":! +<-! 2b/T(56! (O:!
[C5"0AI"JIKA=1%&<.1)0!+<5!1*+'BAI-&'/5+CL'(+011(.1:):):1)0-+12$!-1+ 918!
C'5)+:.1-+1)0/+5C+5(-1.+*1  1)-&)0!D'(5:DO(*)/. Al1&)/&!(5')*C+5-(0-1)0(00<(6!
(5% C6(00)07! (0:! /5+CC)07(0:! -+! (66+1! +5! -)*6)0"..l C'0(6-). !3<-! 1)-&+<-!
):):)071-&1*()01+3G'/-);12C5+36'*41)0-+1.<3  IC5+36'. 121&)/&!1(.10+-15'0<)5"]
<] H< 4 1-8.-<: D4 #D1-&).!.-<:DA!+<5I/5+@0:1.4+*1.CN))N, (5 2-)66(7'4!
+C'5(-)+0.1(0:1(..<*C-)+0.  II'BI(+C-:  =Icl1)-&!*+:'6.Al-&1(//<5(/D!+,15'.<6-.]
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).10+5*(66D!)0,6<'0/:1 3D!-&'1 *+'6! , +5*<6(-)+0! (0:!-&'1 O<(6)-D! +,!:(-(! <..1)O!
3<)6:)07!-&1*+:'6=1C 6-&+<7&R." 1*(D1.'5;'1(.I(16)*)-(-)+0!+,1-&!  *+:'61(0:!3D!
'F-0.)+0! -&'1 -<: D)0 -&1T/('1 +,1 -&'1 (775'7(-)+0 A-&15'.<6-1 C5.'0-11  7);'
)0.)78-1)0-+!-&'1", ![-1+,1-&'1 (:+C-)+01 +,1,(5*1*(O(7"*0- -5(-'7)".1 +O! (507!
+3G'/-);" Al.C')),)/(66D! C5+,)-1 *(F)*).(-)+0! (0:! -+! .+*1'F-'0-1 5).81 *)0)*).(-)+O!
+3G'/-);"1)0I(5(36'1,(5%)07

%&15' <6-.1+,1-&'1(775'7(-'1/+.-1+,136(/8 I75(..l/+0-5+6!1)-&!.C5)07!/5+CC)07!
&+111-&(-1 )0!-&'.&+5-1 '5*AIH]! (5(36'! ,(5%)07! /(0! 6+." C5+,)-! 3D! (:+C-)07!
1)0-'5!1&'(- B .C5)07!3(56'D!+5!.C5)07!3'(0.15+-(-)+0Al (6-&+<7&!<0:'5! (!./'0(5)+!
+,1:'5D! &)7&! 36(/875(..! )0,'.-(-)+0!)0! 1)0-'5! 1&'(-!,)'6:.Al 6+..1 +,1 C5+,)-1 :<'l -+
.1)-/&)07! -+! .C5)07! /5+CC)07! /+<6:! 3" 6+1'5=! %&'! +:'5(66! ',,'/-! +,1 /+0-5+66)07!
36(/8975(..! 1)-&!.C5)07!/5+CC)07!5'.<6-1)0! C5+,)-15":</-)+0! :<'l -+1 6+1'5! D)'6:.!
+51C5+,)-(3)6)-D!(..+/)(-"11)-&!.C507!/5+C.1(.11'66!(.!1)0-'5![RI2\)FAI?P " @4=1%&.!
6+1'51C5+,)-(3)6)-D!(..+/)(-11)-&!.C5)07!/5+C.1*(8'.1(5(36'l,(5*'5.15'6</-(0-!-+!
(-+C-! .</&! (1 0+0 9&*)/(6! 1":1 *(0(7'*'0-! .-5(-'7D! <0:'5! -&'| Eeb! .D.-'*!
2T&)8+1+HI"HSWURPPPJA=1106.+A!-&15":</-)+01)0! CBH) C(5-6D!:<'l-+1-&'1)0/5'(.!
)O!+C'5(-)+0.1 (0:1)F":! /+.-1 :<' +1 -&'1 [5+C1 [+*3)0(-)+0! (0:! -&'1)*C6)/(-)+0! ).!
-&(-1-&'1/5+C.1'6'/-":13D!,(5*'5.1/+<6:1&(;'1(175'(-)0,6<'0/'1+0!-&'1C5+,)-(3)6)-D!
+,1-8')5!,(5*!'0-'5C5)."1-&5+<T7&! (.. +/)(-:16(3+<5!(0:1*(/  &)0'5D!/+.-.127(50(5:!
(0:1)FAI"IKMil ](DA! "J#"4=! >+5!'F(*C6'Al 1)-&! -&'1)*C6'*'0-(-)+0! +,! *(0:(-+5D !
1)0-'5!1&'(- B .C5)07!3'(0.!5+-(-)+0Al .+*1 (*+<0-! +,1.C5)07! 3(56'D! (0:! 1)0-'5!

[R! 1'5' (6.+! .'6Y-"=! _+1'y5Al 1)0-'5! 1&'(-! (0:! .C5)07! 3(56'D! &(;'
+'56(CC)07! &(5:.-)07! CB)+.! 2%: X<7<.-l -+ '(56DJ'C-*3'541 1)-&!
+:'56(CC)07! +C-)*(6! &(5;'.-)07! C'B)+:! 2%): L<T7<.-! -+ 6(-' L<T7<.-4=! C6.+! -&'
+C-)*(6! &(5;'.-)07! C'5)+:! +,1 .C5)07! 3'(0.! 26(-' L<7<.-! -+! '(56D'C-"*3'54!
+:'56(C11)-&!-&'1&(5;.-)07!C'5)+:.1+,11)0-'5!1&'  (-1(0:!.C5)07!3(56'D=!%8&<.!-+13']
(36'1-+1C'5,+5*1&(5;".-)07! +C'5(-)+0.1 1)-&)0!-&".'"l C'5)+:.1)0! +5:'5! 0+-1 -+1)0/<5!
D)'6:1 C'0(6-)".1 (0:! (6.+! C'5,+5*! +*1 C6+<7&)07! -+! .~(5-1-&'1".~(36).&*0-1 +,1 (!
0'1!/5+CAl *+5'1%(/&)0'.S6(3+<5! (5' 5'0<)5":1 6'(:)07! -+1 &) 7&5!  +C'5(-)+0.! (0:!
JF'L+.- =19+ )*C5+;'1-&'1 C5+,)-(3)6)-DA! -&'5').1 -&'1 0! -+1 /&++.' (1 /5+CC)07!
CB(0! +5!.D.-"*1 ()*:1 (- 5':</)07! 6(3+<5! (0:! *(/&)0'5D! /+.-.1 -&5+<7&!", )/)'0-!
6(3+<5! (0:! *(/&)0'5D! C6(00)07! 3<-! C5+*+-'.1 C5+,)-(3)6)-D! 27(50(5:! (0:! )FA!
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"JIKMAE6&'1)*C6)/(-)+0!).1-&(-1),! (5(36'!,(5*'5.11'5'1-+I (:+C-!  .C5)07!/5+CC)074!
J+0-5+6! 36(/875(..Al -&'1 -5(-'7D! 0":.1 -+13'1  [+*3)011)-&!",,)/)'0-1 -)*)07! +5!
C6(00)07! +,!+C'5(-)+0.1 (0:1 *(/&)0'5DS6(3+<5! <."1".C'/)(66D!)0! C'5)+:.1)0! 1&)/&!
6(3+<5! 5'0<)5'¥'0-.1 ( 5'1 &)7&Y0:! -&).! /(0! 3'1:'5D!",,'/-);'1 (0:1)*C5+:'1 (5!
C5+,)-.E

T+*C(5).+0! +,! -&'1 .C5)07! 3(56'D! (0:! .C5)07! 3'(0.! 5'.<6-.! .&+1.1 -&(-! )O!
5% 1+,136(/8 975(..!/+0-5+6A!.C5)07! 3(56'D! /(0! 3'.():! -+! 3'1 3'--'5! -&(0! .C5)07!
3'(0.11)-&!5'.C//-1-+1-&'15'6(-);'6D!6+ 1'5I(7757(-1/+.-I" (-1 (.. +/)(-"11)-&!
-&'11)0-'511&'(- B .C5)07!3(56'D!5+-(-)+0=1%&).1).1(I5',6'/-)+0! +,1-&'1 (/-1 -&(-! -&'"
J&+)[' +,! [5+C1)0! -&' 5+-(-)+0!).1 ;'5D! .)70),)/(0-1)O! 1":1 *(O(7'*'0-! 2_aTcAl
2P"@(4=! %&'! ."'5)-D! (0:! :).-5)3<-)+0! +,! 36(/FW5(..1 )0 U<5+C'l (5'1 :-'5+)0":]
*()06D!3D!.+)6!-DC".1(0:1/5+CC)07!.D.-"*.12b+.. Al ?P"M4=1%&<.! '6'/-)07!-&'15)7&-!
.C5)07! /5+C! 1)-&! /+0.):'5(-)+0! -+! -&1 (5*h.! .)-<(-)+0! 2_aTcA! ?P"@34! /(0! 3'!
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2PF

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
Farms Profit Option 1  Profit Option 2 Weight Weighted Weighted Difference
Profit Option 1 Profit Option 2
$ ' ! ! #
$%8&%0' (%&%' " 9B
Farm 1 40,029 32,446 23.12 925,379 750,074 -175,305
Farm 2 46,180 25,738 23.71 1,094,937 610,241 -484,696
Farm 3 24,063 7,285 2.33 56,054 16,970 -39,084
Farm 4 20,575 12,856 15.78 324,739 202,902 -121,838
Farm 5 126,009 57,938 40.51 5,104,061 2,346,790 -2,757,271
Farm 6 43,758 41,530 32.85 1,437,606 1,364,417 -73,188
Farm 7 87,580 70,613 13.27 1,162,357 937,174 -225,183
Farm 8 57,913 58,019 13.66 791,116 792,567 1,451
Farm 9 -10,827 -10,827 31.64 -342,558 -342,558 0
Farm 10 27,569 27,569 10.71 295,329 295,329 0
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B3))TH
[<0:5D!T+.-! "$AN$! "JAPPJ  "$SA@@ “"#AJ@F "$APMS "#A?@N "NA?KP  "KA$?N
*(5)(36'1T+.- ! JKA'@C ""A™K | JSASEM "PA#?"!  INAPK: "P#APM" J?A'P@ "PNANM
a5+.1b(57)0!  "$?A"@¥% "IMAK#E “NIASK! "JPA$#! "NMAPH' "#@AIM! "@KA'N "KKA"??2
Te.-14,1>(5%! NNA'NK $'AM?N  NNA@C $'A@KM N$SA@$S S$MA'M( NHA@P  $NAP#HJ
IC'5(-)+0. !
a5+..IX5+,)-! "PSAJIP "M@AIN "P@A?2( "M'ASKE JISAS'S "?2@AMS$I #HAKKE "NAP@F
SYFIT+.- | SIANZE  KHA#'N  $IA@K KHAHKF $IA@KI #PA'JP  SJA#PN  KJIASSN
X5+,)t MKA@S$ $@AME M@AKN $'ANDS ?KA'MU N@A?Y: "#AJKP  @KAJE
bl%cd!R).8 ! M?A#NF  MKAN$. M?A@K MKAPSI M'A@M MNAKM MPA@\N M@A@
[IN[-(0:(5:15)(A)+0  =1%&'1<0)-1,+5!(66!".-)*(-".1(5'1Y=



%(36'@'P Q! e")7&-":1*(0! (0:1 .-(0:(5:!:

<0:'5!1C-)+01?!/5+CIC6(0!1)-&1*(0: (-+5D!1)0-'511&'(- 9C5)07!3'(0. 15+-(-)+0!

)()H0!)*(- 4+, 1 %461 5'.<6-.1 +5I K@N!

b+'6lU ) (-. | 100, -()+0 |  b)<N0,-(9+0 !  _)7&1N0,-()+0! 5DI&)7&)0, -(-)+0!
b'( ! [1 b ! [ Db ! [ b'(© ! [
I<-C<-1 ?P?AK"l ?MKA#2! ?P"AK$$ ?M$A'NF ?PPAPHN ?MNA#N "J#AN@. ?MMAS?I
I<-C<-1Z! 2@"'A'NF ?#PAK@ ?@PA?@ ?KIAPH#S ?M#ANS' 2KHAPIN  ?MKAP?I 2K$SA@J'
[<3.):D !
\I>'5-)6).5!T+.- | 2"ANPP 2@AM!l ?"ANKP ?2@AMU ?"AKKE ?@AKK  ?2'AJK$ 2@AJN
X1>'5-)6).'51T+.4 JA@?: '"PASNP  JA@Y 'PA$S@! JA@PI "PAS$# JAMIN  "PA$?M
I>5-)6).5T+.- 1 #APNE JA'KN  #APNGE JA'KK  #APNJ  JA?P$ #APNN  JA?PS
[T+ "A@'E "@APY  "?2AMSN "@APM "?A?"@ “MAKNJ  "?APKP  "MASK!
nB(/8 I75(..! "HANMN  ?PA#NS  "#A@M' ?PAK?N "HAP#M ?PAPHF  "KAK#P "JAJPP
53T
[<O:5DIT+.-! "MAMSF "@AJIP "MA?## "@A#I\ "MAPMS "@A@P  "?A#?M "@A?JC
*(5)(36'1T+.- ! HMAPHEC  IMARIE  #MA™20  IMAKR? #2ANKF  J?A$J?  #?APJK J?A@@
a5+..1b(57)0 ! "NKA#SK "##ANSS "NKA™$ "#KA'P1 "NNAJIP "#KA@'N "N@AIM "#$A?P#
T -1+, 1>(5%! $@A@M K?ASMN  S@ANE K?A#PR  $@ASI K?A#NGE  $S@AH#I( K?AJ'P
IC'5(-)+0. !
a5+..IX5+,)-! IMA@P "™JA'K#!  J?ANKN "KA@$!' J'A?2IN "#AP@U  JPAPM:S ""KAPN?P
S)FIT+. | K?APJE #PA#@! K?APIN #PASK? K?A#?! #MAS@ KMA@" #@A'Pt
X5+,)t 2°AM™  NPA$2) ?PA@#¥ @JAMN "#A@K( @KASE "$A$?M @KAM"
bl%cd!R).8 ! MPAH#P  MSA#RM  M?A™K  MSANPI M'AK?K MNAIM  M'AMIN  MNA$?S
[IN-(0:(5:15)(1)+0  =1%&'1<0)-1,+5!(66!".-)*(-".1(5'1Y=
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“Only those who will risk going too far can possibly find out how far it is
possible to go.”

2P¢



5! MODEL APPLICATION 2: RISK MODEL

L A" 21(1, 1<- O 28" (=#"21#:-DI<G."191(#B1-92"1<# 9)$9B()9($::-.9  #)<!%#BS5#
$**0b- 1<t )t - HIS"-O$" 1 5% (- O () **-. O $5# St AGHEREE# )." () Yot 1$50(1&# Q214 1) <1%#
BS5#*$($:1"I(-5I<#HO05-. O#<$"$H#1) (XY ZH1S(:5#51%!,"I<# 1():#"21#;CO#"#-. HIS"-0$" 1" 21#
)5"# O)(# 9%-.P# ) 1# ,)."()%%-. O YR E#H B-"2# 5*(-. O# ,()**-.9=# *$("-,0%$(% 7# B-."I(#
B2I$" [ 5*(-.9#,0)*#5N0L,!  B(#()"$"). &# Q21 (150%"54#52)B# "2$"# $"# "21# $99(19$"1#
0.$").$%P#%IHIV=#" 2 HESUBAS " #" 2 WIHS(SAIHS! ") HAI'BIL#N Z#S.<#7S aft

- %6%-).# 1) (# $<)*"- O# B-."I(# B2!$" 5*(-. 9% AS(YEBI\OL. W " )." () %ott A%S, IO ($55¢
B2I(1$5#$<)*"-. O#B-."I(#B2!$" [ 5*(- 9#AI$.5#5N\0L. 1#,)0%<#,)5"#AI"BIL# X#S$. <#

NaZ TH:-%%HKI*|. <-.OH) #"21#% HI%H) 145!$"-). &#N)BIH!(=#).#-.<-H-<0$%#1$(:#A$5-5=#
"21(1#,)0%<# AI#ALIL-"5#O-.,(1$5#- #*()1-"P#$5# Bl%Y%# $5# ,)5"# 0%)55#) 1#*()1-"P#<!
)4 "21# 1$(:05# 5)-Yot "TH1=# ($-. 1$%%0# %! HI%=# $.<# S(1$# ) 1# %$.<# SHS-UoSAVbl# ")# "
)0-, TH# -*%$"-).# -5 "2$"# "2809(19$"1# %! HIUBOY Skt *1(# 21,"$(1# A$5!5HO-HI#
<<, $") #)1H#%)55-A%l# 1S(H*ST 1. 8 ")t -, 1. -H-BI# 214 <)) # ) 11 214 5" ($"197# $54
*$("#) L 2HAYRESE5H,)." () Y%oH*$, FS O

A-5F#$H!(5-).# AI2$H-)0(#) 1# $(SA%!# 1! (5# $%5)# -. 1%0!., 1# 1$(:! (54! ,-5-).
$F-.0&#) (#1D$:* % =B#1$(:|(D5#%! HI%H) L#(-5FH#SHI(5-).#,$.#-. 1%0!., " 21-(#$<)*"-).#) 1¢
IB#"1,2.)%)9-15=#-. )H$"-).#) (#505"$- SA%I# 1S(:#:$.$9!: L. "#5"($"19-I5#50, 2# , ()*#
0"$"-)#B-"2 #B-."1(#,0* [ 5*(-.9#,0*#5N\0L,!  #)#,)." ) %HAY%IHS5BHQ205# (-5F#-5#
HI(7# 5-9.-1-,$."# #505"$-. $A%H# $(SAY%H# 1$(:-. 98&# L.# "2-5# B DI< G."19!(#
83Q>K# 1)<I06# $.<HH(S.<):%T7# O1.I($"1<# (-5F# SHI(5-).# *$($:1"I(# :1"2)<# $(I#
$**0h-1<#")#t - HI5"-9$"1# $.<# IH$%0S$" 1# $A5)%60" 1# (-5F# SHI(5-).# )1 11- - "# $.<#,()**-.O#
<1,-5-).&# >%5)=# "21# :)<I%# -5t $*Wo-IMtB"-0$" 1# $# 5, 1. $(-)# ) 1# 2) Bt 1$(:! (5# B) 0%<#

(IS, "#")#*)%-, TH# 25,01 <I*1 <- O ) #"21-(# %! H1%# ) 1# (-5F# $H!(5-). &#>%"2)092# <-11!(!.
$*%()$, 2154 2$H1# Al # $06-1<B# - HI5"-9$"1# 1$(:!(5# (-5F# $HI(5-).=# .)# 5"0<T7# B$5#
1)0.<# - # W# ,)."ID"# "V# 2SH# $**06-1<# "214 :1QV6)OTH# $<)*"I<# - # "2-5¢# 5"0<7&# Q2
(150%"5#52)B#%!HI%5#) 1# (-5F#$H! (5-).#$, ()55#(19-). 5#-.#7?.9%$.<&H#Q21#*)%-, TH#- %
)1#"21#(150%"5#-54#"2$"#S(SAYHLS(:#)%-,-15#,$. #HAIH(19-).$%-51<=#"$-%) (|<#")#1$(!(5
$HI(5-).&

St HI(5-).#)1# "2 5"0XTH." 1<#BSSBOA:-""I<H") #21#>:1(-,$.#/)0(.$%6# ) 1#
>9(-,0%"0($%#?,).):-, 1) (#*0A%- $"-Réft

?PN !



Risk in agriculture: Modelling spatially-referenced farmer risk
behaviour using an evolved mixed-integer MOTAD approach

B$<C)#>2)<)=#KSH-<#39%!"2) (*=#4)Al("#+&#: (|, F#6!").

Abstract

BD/+5C+5(-)+0! +,15).81)0-+!, (5% *+:'6.1 &(.1 3/+*'1 (//'C-"1(.1;)-(6!)0! -'5*.1 +!
(CC5+F)*(-)07! *+5'1 /6+.'6D! -+! 5'(69L+56:! ,(5*! :/).)+0  9(8)07! (0: !)*C5+;)07!
-&'IC5%)/-);'1C+1'5!+,1*+:'6.=!1EQ!-'5*.1+,1C+6)/DA!.<.-()0(3)6)-D! 7+(6.! (..+/)(-"!
1)-&! :)5'/- !,(56*! +5!.<3.):D! C(D*'0-.! -+! 5'C6(/'! 5).8 %B"</)07!)0C<-.! .</&! (.!
,'5-)6).'51(,,/-1-&"13(6(0/"+,NH0/+*  9(5)(0/'! 5'6(-)+0.&)C.!(0:!/5'(-" (1(5' 0. !
+,1-&'15).8.1(..+/)(-"11)-&!  (6-'50(-);',(5*IC6(0.= !>(5*I* +:'6.10":!-+!3'1(36'-+!
L)*11&'5'15  ).8!'F).-.1(0:1)0/+5C+5(-"1&+11:/).)+0.1%)7&-13'1-(8'0!)0! -&'!
J+0-'F-1 +,1 -&(-1 5).8=! £ /+0/'C-<(BA! *-&+:+6+7)/(6! (0:! '*C)5)/(6! ,5(*'1+58!). !
'6+Cu-+1(/&)''1-&).1(0:1,)66! (1 7(C!)0!-&'1 6)-'5(-<5'=!H ! *(-&™*(-)/ (6! *)F": 9
)0-'7'5! bl%cd! *+:'6A!l 1&)/&! (66+1 .!1-&'17'0'5(-)+0! +,! (| C+5-,+6)+! +,1 (6-'50(-);"!
(5% C6(0.! (0:! (0! ',))/)'0-! 'EC'/-":! )O/+* 9(5)(0/"! 2U 94! ,5+0-)'5! <.)07!
5(0:+*6D! 7'0'5(-":! 5).8! (;'5.)+0! C(5(*'-'5. 1).13<)6-1 (0:! ;(6):(-= =!b+'6 9
C5%)/-% 1,(5*1C6(0.11'5' [+*C(5'11)-&! 5'(6  A+56:1+3.'5;:1 (5% %''6! 6(0:!
<'l-+1"-)*(-'1.C(-)(6!:),,'5'0/".1)0!5).8 q--)-<'=ll R'.<6-.1.&+1":15).8 K;'5.)+0!
(+07!(5(36",(5%5.1(/5+..]  5'7)+0.1)0!U076(0:=t0! (O(6D.).! +,! (1.&),-1)0! *(58'-!
C5)/".!1 -+1)66<.-5(-' C+6)/D! 5'6";(0/'! .&+1.1 &+1!-&'1 *+:'6! C5+;):".1 (! *'(0.! +)]
'-)*(-)07! .C(-)(66D!5','5'0/": 15).8!,(5*'5!-DC+6+7)'.Al1&)/&!/+<6:!3';(6<(36')0!
C5+*+-)07!5'7)+0(6!(75)/<6-<5(6!C+6)/D=!
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5.1! Introduction
R).8!).1)0")-(36')0!(75)/<6-<5'1(0:!-&1/(66!-+!1%(8'1/+0;'0-)+0(6! (5(36'! .D.-**.!

-+ *+5'1 <.-()0(36" ;'0! 'FC+. ! (5*'5.! -+! *+5'l 5).8! 2f)'0! I"# $%&?PRAK
~'5'0-.'01(0:1;(0! ..'6:+08A!I 2P"$4=1%&).1).1 3'/(<."l .<.-()0(36'! (5(36'! ,(5*)07!
.D.-*.1 (5'1 <0:'5C)00":! 3D! .<.-()0(36' ,(5*)07! C5)0/)C6".Al 1&)/&! C5+*+-"1
L))0-1< T+ ALO: 4% 151</-)+0.1)0! -&') (*+<0-.1 + 1:)-(6!)0C<-.1.</&!(.!
'5-)6)j'5.! (0:1C".-)/):.10+5*(66D! <.":13D! ,(5*'5.1 -+! .(,'7<(5:! /5+C! D)'6:.1 (O:!

,(5*1 C5+:</-);)-D! 2'5'0-.'0! (0:!;(0! ¢..'6:+08A! ?P"$4=! c6-&+<7&! 5':</-)+0.!)0!
</&!)0C<-.1/+<6:1313'0",)/)(6!-+!1-&1'0;)5+0*0-1 -&5+<78&! 5"</-)+0.1)0!10  )-5(-"
6'(/&)07! (0:! C+66<-)+0! +,! 1(-'5! .+<5/".Al )-1 /(0! (6.+! )*C(/-! 0'7(-);'6D! +0! /5+C!
D)'6:.! (0:! &'0/'! ,(5*! C5+:</-);)-D=! c6.+A! -&'l (:+C-)+0! +,! .<.-()0(36'! C5)0/)C6'".!
*(D!*(0! (:+C-)07! 0'1!,(5*! *(0(7*'0-! .-5(-'7)".1 (0:! -'/&0+6+7)". Al 1&)/&!
*(D!1+5!*(D!0+-13 '1:5);'0!13D!5'7<6(-)+0.1 2C+6)/D4!)0! +5:'5! -+ (/&)';'1-&'1:".)5"!
5'.<6-.1 3<-1 ¥(D! 3" (..+/)(-":! 1)-&! <0C5+;'0! 3'0',)-.! +0! ,(5*! C5+:</-);)-DAl
'FC+.)07! ,(5*'5.! -+! 5).8=! %&'" )*C6)/(-)+0! ).! -&(-! .<.-()0(36" (5(36" .D.-"*.Al
(6-&+<7&! ."0! (.1 3'0",)/)(6! -+! -&'1'0;  )5+0*0-Al /+<6:1 )0/5'(.'! -&'! 5).8! (O:!
<0/'5-()0-)".1)0!-&'1(5(36'1,(5%)07!3<.)0"..=! !

_(5:(8'5! !"# $UEPP"N4! 75+<C"1 -&' -DC'.! (0:! .+<5/".] +,15).81)0! ,(5%)07!
<0:'5!-&1 ,+66+1)07!*()0! &'(:)07.Q 1)0.-)-<-)+0(BA! C'5.+0(6A! C5+:</-)+0! (0:! C5)/!
+51%(58'-! 5).8.=M.-)-<-)+0(6!5).8!/+0/'50.!-&1-DC'l +,| C+6)/D! 7<):)07!+51 7<(5:)07!
(75)/<6-<5(6! C5(/-)/".1 /(0! C5'.'0-! ,(5*'5.1 1)-&! )0.-)-<-)+0(6! 5).8.=! >+5! 'F(*C6'Al
-&'10)-5(-"1:)5'-);'1 C5"./5)3".1 *(F)*<*1\l '5-)6).'5! (*+<0-.1 -+! 3' (CC6)'":! )O!
\)-5(-1"<60'5(36'1t+0".12\'t .412d",5(AI?P"M4!(0:1-&).1/(01)*C(/-1+0!/5+C!D)'6:.=!
_+1'/5A!.<3.):D! C(D*0-.! 2(0+-&'5! C+6)/D4 !.</&! (.1.)076' (5*| C(D*0-.  !*(D!
(6.4 .'5;1 (.1 (| C(D*¥0-! ,+5! -&'1 +CC+5-<0)-D! /+.-| ,+5! 0+- (CCBD)07! (3+;"1 -&'!
*(F)*<*1 \I '5-)6).'5! 6)%)-.=1 c6.+Al -&'1 3(00)07! +,! / '5-()0! &53)/):(6! (/-);'!
)075")'0-.1 /(0! /+0.-5()0! -&'! 1":1 *(0(7'*'0-! ', +5-.1 +,! (5(36'" ,(5*5.=!
X'5.+0(6!5).8.(5'1/+0/'50":11)-&!-&' ,(5*5! +5!-&'l ,(5*| 1+58'5. B ,+5!'F(*C6'Al
)0/+55'/-1 (CCB)/(-)+0! +,1 (01)0C<-1 2'=7=1'5-)6).'54! 3D! (! ,(5*'5! /(0! /(<. 6+..". 1)O!
C5+:</-)+0=! c7()0A! -&'! (;+C-)+0! +,! (0! }*C5+;":! 3<-1 <0-'.-:1 -'/&0+6+7D! 3D! (O!
(5(36' ,(5*5! (.| C(5-! +,! ',,+5-.1 -+ *(8'1 -&'1 ,(5*1 *+5' .<.-()0(36'! *(D! 3!
(.+)(-11)-&15).812_(5:(8'5A!  I"#$WEP "NY=

?PK !



C5(36',(55.1 (5" (6.+!'FC+."1 -+ C5+:</-)+0!5).8.1-& 5+<7&! :(5)(3)6)-D!)0!
1'(-&'51(0:1)0/):'0/'1+,1C".-.1(0:1:).'(.".12 _(5:(8'5A! I"#$%A&P"NI¥5'0-.'01(0:!
(0! C..'6:+08A! 2P"$4=! >+5! 'F(*CE'Al &)7&!)0,".-(-)+0! +,! 36(/G75(..! /(0! /(<.
.<3.-(0-)(6! DY'6:! 5':</-)+01)0! 1)0-'5! 1&'(-! D)'6:! (0:! &0/ ,(5*! C5+:</-);) -D!
27\ (D'5AI?P"N4=19%&'1:(5)(3)6)-D!+5!;+6(-)6)-D!)0C5YAR(.I5',6'/-:1)0!>)7<5'IN 9
"41 (1 1'66! (. 1)0C<-! CB)/.Al [+<CB":1 1)-&! -&'! (/-1 -&(-! ,(5*'5. (5" C5)/' -(8'5.Al
'EC+.".] -&* -+ C5)/'l +51 (581 5).8=1 e)-&! -&'1 +-&'5! -DC'.! +,1 5).8.1 .</&! (.!
1'(-&5A! C'.-1 (0! 2).'(."] +51 5).8! (..+/)(-! 1)-&! J0C<-.! -5(0.6(-)07! )O-+!
C5+:</-)+0! 5).8! -&5+<7&! ;(5)(3)6)-D! )0! /5+C! D)'6:Al &'D ! C5''0-":1 )O! -&).!
/&(C-'5 IC5)*(5)6M+/<. +0IC5+:</-)+012D)'6:4!(0:!C5)/'15).8+!

Wheat Barley
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!
[+<5/'Q! AL +0! (-( ,5+*! -&'l d',5(h.! c75)/<6<5(6! X5)/" EQ:)/.!

28--C.QSS111=7+;=<8S7+;'50*'0-S.-(-).-)/.S(75)/<6-<5(8C5)/'90:)/'.4 *

!
>)7<5'ING' QIX5)/".1+,11&'(-AI3(B'DAIC+-(-+".1(0:1+)6.":15(C'1, 5+*1k(0<(5D!" JJ#!-+1b (5/&!
2P"K$
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%&'1)0':)-(3)6)-D!+,!5).81)0!(75)/<6-<5'1*(0.1-&'1/+0.):'5(-)+0!+,15).81)0!, (5*!
C6(00)07! +5! ,(5*1 C6(00)07! (O(6D.).! ).! /5</)(6E/+5C+5(-)+0! +,! 5).8! )0-+! ,(5*!
)F<B(-)+01+:'66)071&(13+*  'I(/'C-"1(.1/5</)(6!-+!(CCH+F)*(-'1*+5'/6+.'6D!

41 5'(6AL+56:! ,(5*1:'/).)+0  9(8)07! 2T&(50'..] I"# $AR?P"Mil _(j'661"# $A&"JHMi!
_(5:(8'5! I"#$ARP"NA=!IE70+5)07%6)8!3'&(;)+<5!+,!,(5*5.1)0!,(5*/C6(00)07!
*46.1/(016'(:1 -+ 3) (L1 ++:61 ' -)*(-] 2_(j'66!1"# $A&IEMI! _(5:(8'5A! ?PPPil
_(5:(8'5! I"# $AR?P"N4=! E0/+5C+5(-)07! 5).8! (;'5.)+0! +5! C5','5'0/'1 +,! ,(5*'5.1)0!
(5% C6(00)07! *+:'6.1 &(.1 3"0! ,+<0:! -+ }*C5+:1 C5")/-);'l C+1'5! +,1 *+7'6.1

2 ('66!1"#$E IHMIl176'-8&+5C Al JINiI T++8'# S92 P " MA=ED+6)/D!/+0-'F-Al-&'!
)0/5'(.)07! C5'..<5'l -+ [+*3)0'] C5+:</-);)-D! 7+(6.! 1)-&! .<.-()0(3)6)-D! 7+(6.! )0!
(59)071.D.-"* I'F(/'53(-".1-&'IC5+36'*1+,15).811&'0!C5"..<5'*+<0-.1-+15'C6 (/'
5).8%":</)07!)0C<-.Al.</&(.IC".-)/):".1(0:!,'5-)6).'5. Al 1)-&! *+5' .<.-()  0(36'13<-!
'+0+*)/(66D! 5).8)'5!&<.3(0:5D!+C-)+0.!.</&! (.| +57(0)/Al 5+-(-)+0(66B.-5)/-:1+5!
)*C6D! 6+1'590C<-! .D.-"*.1 2f)'0!  I"# $A&?PPKi! N'5'0-.'0! (0:! ;(O! c..'6:+08A!
2P"$4=11E-1).1-&<.)*C+5-(0-1-&(-1-&'1:)./)C6)0' /+0-)0<".1-+1 (:;(0/'1 +<5! (3)6)-D! - +!
<0:'5.-(0:Al 5'C5'.'0-1 (0:! .)*<6(-1 (75)/<6-<5(6! 5).8! (0:! +! .+ 18)6.-! (6.+!
)*C5+;)07!%+:'61-5(0.,'5(3)6)-D!(0:(CC6)/(3)6)-D!-+1.C(-)(66RC'/),)/IC5+36'* = |

¢! /5</)(6! [+*C+0'0-! +,! <." <66D! <0:'5.-(0:)07! 5).8! ,+5! (OD! 8)0:! +,! C+6)/D!
(CCB)/(-)+01).!1-+180+1!-&'TF-'0-1-+11&)/&! ,(5*'5.1(5'1(,,/-':! 3D!-&")5!'FC+.<5'l
-+15).8=11]0+1)07!1&'5'15).8!'F).-.|(0:1)0/+5C+5(-)07!-&+.'15).8.1)0-+! (I*+:'66)07!
,5(*'1+58!).1+0'1-&)07AI (CC5'/)(-)07!&+11:'/).)+0.1%)7&-13'1-(8'01)0! -&1/+0-'F-!
+1-&(-15).8!).! (0+-&5=! E:'(66DAIL'66! (.! 3')07! (36'! -+! *+:'6! (6-'50(-);"! 5).8D!
(5% C6(0.1 1'1 0":! -+! 80+1! ,(5*5.h! (--)-<:"! -+! 5).8! (0:! '6)/)-! -&")5! 5).8!
C5','5'0/'.1.)0/"1-&).11)661)0,6<'0/'1 &+11,(5*!:'/).)+0.1 (5'-(8'0! (0:! :'/).)+0.!
5'6(-)07! -+! -&'1 +;'5(66! .-5(-'7D! +,1-&'1 ,(5*13<.)0"..  1)0! 7'0'5(6! 2])071'66A! "JI@i!
T&(50'..! I"#SRRP "Mil_(5:(8'51"#$%E P "NAI[(O) HS$RE P $4£!!

b</&!(--'0-)+0!&(.13"0!C():1)0!6)-'5(-<5'l-+!,(5%'5.h!5).81(;'5.)+0Al(--)-<:'.!
~+1(5:15).8!+5! (5*!5).81)0! 7'0'5(6!-&5+<7&!-&'1 <.+, (5*! C6(00)07!*+:6.1(0 !
+-&'51(CC5+(/&'.12'=7=!_('66A!I"IK"il_(j'66!"#$%E I#MilU6(*)0! (0:1R+7'5.Al"IJ2il
176'-&+5C'Al"JINilc:'.)0(1(0:11<(--(5(AI?PPPilfy 0AI?PP?Ala(5:'35+'8Al?PP$ilf) 0!
I"# SOB2PPKi! c/.1'# $UARPPPJil A5)/8I# $RE?P"2il T++8'1"# $%82P"Mil [(O)3!# $%&
2P"$4=11c6.+A!-&'1)0/[+5C+5(-)+0! +,!,(5*'5.h! 5).81 (;'5.)+0! +5! (--)-<:'l -+1(5:.! 5).8!
2PJ !



)0-+15).8! *+:'6.! &(.! 0+5*(66D! 3"0! -&5+<7&!")-&'5! :)5'/-1'6)/)-(-)+0! 2'=7=! d)66+0!
(0:1[/(0)jj+A! "IK#i!~)0.1(07'5A! " J#Pil | 76'-&+5C'Al"JINi! _(55).+0!  !"#$%&2PPKil
NAB)/8II"#SIARP 21 T&(50"..! I"#$RE2P"M4!+5!-8&5+<7&1)0:)5'/-1 (CC5+(/&'.126).-":1)0!
b/T(56!(0:![C5"0A!"JIKA!1&)/&!/(0!3"1<.":1-+1):'0-),D!+5! (CC5+F)*(-1,(5*'5.h!
5).81(;'5.)+0=!!_+1''5A1)0!-'5*.1+,1-&'1)0:)5'/-| (CC5+(/&".!0+-1*(0D! &(;"1 3"0!
(CC6)"!)0! /+0G<0/-)+0! 1)-&5).8! *+:'6.! 1&'5"! (! 5+3<.-I  C5%)/-);"t  :'/).)+0!
5(*'1+581).1-&<.1/5'(-12_(j'66!  1"#$WRI#MIIUG(*)0!(0:!R+7'5.A1"JJ 241!

EO! -&).! /&(C-'5! ( /[+0/'C-<(BA! *'-&+:+6+7)/(6! (0:! *C)5)/(6! ,5(*'1+58! ).!
'6+C:l -+1 35):7'1 -&).! 7(C!)0! -&'! 6)-'5(-<5'! 3D! /+*3)0)07! (0:! (:;(0/)07!
(CCH+(/&'.1<.:13D!_(j'66! !"#$WRI#MAAIUG(*)0! (0:! R+7'5.12"JJ?41&5+<7&!-&']
(CCOB)/(-)+OH(1*(-&™*(-)/(6"*)F": 90-'7'5!bl%cd!*+:'6!2&'5'(,-'5!bEbI%cd4!
1&)/&! (66+1.!-&" 7'0'5(-)+0! +,! (! C+5-,+6)+! +,1 (6-'50(-);"! ,(5*! C6(0.! 1&)/&! +,,'5!
(6-'50(-);'15).8D!+C-)+0.=!1>5+*1-&).1.'-1(0"",,)/)'0-I'FC'/-":1)0/+* 9(5)(0/"2U 9
41 5+0-)'5).17'0'5(-!  <.)07!5(0:+*6D!7'0'5(-:10+0  9'-'5*)0).-)/!5).8!(;'5.)+0!
C(5(*-'5.1 (0:! 3D! [+*C(5)07! ".-)*(-":! ,(5*1 C6(0.! 1)-&! 5'(6 a+56:! +3.'5;"!
,(5* %¥''6!6(0:!<." 1(0: 1:'0-),D!.C(-)(6!:),,'5'0/'".1)0!5).8 q--)-<:'=!lCc6-&+<T7&!-&']
*+:'61<-)B).".1:(-(!,5+*-&'TH]A!-&'I C5)0/)C6'.I +,1)-.1/+0.-5</-)+0A!-".-)07!(0:!<.'!
(5'1'0-)5'6D! -5(0.,'5(36'A! <06)8'! *(0D! 'F).-)07!5).8!'6)/)-(-)+0! 'F(*C6'.=! ! %&'!
*.&+:1).1 &)7&6D! C+6)/D! 5'6";0-! )0! -&(-! )-! .<77".-.Al (0:! C5+;):".1 (1 *(0.! -+!
/5'(-Al-&1'F).-'0/'1+,1.C(-)(66D %','5'0/":15).8!,(5*'5!-DC+6+7)".Al1&)/&!/+<6:13']
;(6<(36')0!-&"C5+*+-)+0!+,!15'7)+0(6!(75)/<6-<5(6!C+6)ID=!

C6-&+<7&H-&5! 5).81 C5+75(**)07! (CC5+(/&'.! .</&! (! O<(:5(-)! (0 !
~+&(.-)1CE+T5(**)07V'F).-1(0:1*(DI&(;.+*1(:;(0-(7'.1+;'5!b1%Cd Al 1&)/&!
).1(16)0'(5! (CC5+E)*(-)+0! +,1-&'1O<(:5(-)/! C5+75(**)07! 2pR4A! bl%cd! /+0-)0<":!
+13'1<."1 +51%+:'66)0715).81)0!,(5*)07!.D.-*.12'=7=1c:".)0(!(0:!1<(--(5(A! ?PPPi!
17<5-.+;1 "H#SOARPPHil T++8'I"#$%UEPP " M4!(0:1-&<.1,)-! +5!C<5C+."I (!, (51(.1-&'1()*!
+,1-8).1/&(C-'51).1/+0/'50"=! p<(:5(-)/\C5+75(**)07! 2pRA4..<*.},(5%5h.1<-)6)-D!
,<0/-)+0! -+ 3'1 O<(:5(-)/ Al (0! (..<*C-)+0! 5'7(5:"1 (. <O(//'C-(36" )O! -&(-!
O<(:5(-)//(5'10+-10/5'(.)07!(-!(  66!C+)0-.1(0:!(6.+10<(:5(-)/!<-)6)-D!,<0/-)+01)*C6)".!
)0/5'(.)07!(3.46<-'15).8!(;'5.)+0!2_(5:(8'5!  !"#$WEPP"NAE+-&'5! (..<*C-)+0! -+
((6):(-'1 pRA! 1&)/&!).1."0! (. (1 :5(13(/8! ,+5! pR!).!1 -&(-! -&' :).-5)3<-)+0! +,1 0"-!
5'0<".! ).l 0+5%(6!)0! -&(-! -&'11).-5)3<-)  +0! +,1 ,(5* 5'0<".! ).l <06)8'6D! -+ 3
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0+5*(6! :<'! -+! ;(5)(3)6)-D! )O! 5%'0<'.l 2 _(5:(8'5! !"# $%&?P"ME! e)-&! -&'
1).-5)3<-)+0! +,!1 ,(5*1 5;'0<".! 0+5*(66D! .8'1"Al)-! &(.! 3"0! ,+<0:! -&(-!)0! .</&!
)0.-(0/'Al-&'1 ¥ (0! (3.+6<-"1:":)(-)+01 <.":1 (1 (1*( .<5'+,15).81)0!bl1%cd! *(D!
+<-C'5,+5* -&'1 .(*C6' ;(5)(0/'1 <.":1 (.1 (! *(.<5'! +,1 5).81)0! pR! 2_(j'66! (O:!
\+5-+0A!"J#$AE6&<.| pRI /(0! 3'1.():1 -+ 13'11'(8!<0:'5!-&'1 0+5%(6)-D! (..<*C-)+0!
27(50(5:! (0:! \)FA! "JKM4! -&<.! *(8)07! bl%cd! ,)-! ,+5! C<5C+."! '.C'/)(66D! )0!
)-<(-)+0.11&'5'1-&'1*  '(.<5*'0-1+,15).81).13(.1+0!:":)(-)+0.1)01)0/+* Al 1&)/&!
)0!-<50!).13(.":1+0! &).-+5)/(6!:(-("+,1)0/+*1:(-(Al 1&)/&! (5 6)8'6D! -+!3'.8'1":=!
[-+/&(.-)'C5+75(**)07!&(.!3"0!,+<0:!-+&(;' (:;(0-(7'.1+;'5!pR!(0:!bl1%cd!
)0!-&(-1)-1/(0! 3'--'51&(0:6' 5(0:+*1;(5  )(-)+0!127(50(5:! (0:1\)FAI"IKM4=! _+1';'5Al
~H&(.-)V C5+75(*%)07! /(0! 3! /+*CB)/(-":! :<'I -+! ".-)*(-)+0! +,! C5+3(3)6)-D!
1).-5)3<-)+0!,+5!(66!)-*.1)0!-&'*+:'6!*(-5)F!6)8'6D! -+! 3" (..+/)(-":! 1)-&! 5(0: +*!
/(5)(-)+0! (0:! (.1 (15".<6-1*(8)07!)-1 -+ [+*CB)/(-1 (0:!-) 1 [+0.<¥)071 27(50(5:!
(0:1\)FA!I"IKMi! (66! (0:! e(66(/'Al "JI@4=! %&<.! 1)-&! -&' ,+/<.1 +,!-&).1 /&(C-'5! +0!
C5+:</-)+0!(0:!C5)/'15).8A11&)/&!(5'13(.":1+0!&).-+5)/(6!,(5*0/+*1:(-(16)8'6D! - +!
31.81%  Al/+<C6'11)-&!-&" ,(/-!-&1/+0.-5</-)+0! +,1 bl%cd! *+:'6!).15'6  (-);'6D!
6'..! -)*l /+0.<*)07! 3<-! +,,'5! (! 3'--'5! (6-'50(-);'! -+! +-&'5! 5).8! *+:'66)07!
(CC5+(/&'.Al-&"1bI%cd! (CC5+(/&!).1,+<0:1-+13')-1 +51C<5C+."1)0!-'5* 1+,1 (5]
6','6!5).8!*+:'66)07=!

5.2! Utility theory and income-risk trade-offs

Ic..<¥)07!(66!,'(.)36',(5*! C6(0.C5+:</' +5!D)'6:!-&'1.(*'! 'FC'/-:10/+*'
+'51-)*Al(15).8 q;'5.1,(5%5!1)66!."8! -+! (:+C-1-&'! ,(5*! C6(0! -&(-! *)0)*).".!
/(5)(0/'125).8417);'0!-&'I'FC'/-:1)0/+*'12_(j'66AI"IK"4=!l  %&'I<-)6)-D!,<0/-)+0!+,!(!
5).89;'5.'1:').)+0  F@5!'&(!(07(-);"5  (-"1+,1/&(07'+,1*(57)0(6!<-)6)-D! 1)-&!
5'.C/-1-+11'(6-&' 1&'5'(.1,+5!(15).8  D'<-5(6!:/).)+0 9 (8'5AI-&'15(-'1+,1/&(07'1+,!
*(57)0(6!<-)6)-D!).!j'5+12c55+1AI"I$Nil_(5:(8'5!"#$AEP " NA=1%&).))*C6)".1-&(-!,+5!(!
5).89;'5.'1,(5*5A! 'FC'/-:! <-)6)-D!1)66!:'/5(."1 (.!-&'16"'6!+,! C(D+,,1)0/5'(.".!
2_(5:(8'5! "#$%&P " NU=

*(5)(0/1 2 41 66! /(0! 3'1 C(S5(*-'5)."2! ~+! 7'0'5(-"l (..+/)(-":! 'FC/-":!
)O/+*12U416'6.11)-&! (..+/)(-":1 " h.l-+1:'5):"1", )/)'0-1 -1 +,1U 91,(5*1C6(0.!,+5!

?IIII !



-&'15).89;'5.",(5%'5=1%& ' IC(5-1+,!-&:'5);:1U 91 5+0-)5! (-1 1&)/&!-&'1 &) 7&".-!
6';'6!+,1)0/+*1).1(--()0":!15'C5".'0-.1-&",(5*!C6(0! (-1 1&)/&! - & *(F)*<*I C5+,)-!
'F).-.1(0:!+06D!+0'!,(5*!1C6(0!/(0!' 7'0'5(-"-&(-!  'FC'/-! )0/+*'=!d),,'5'0-!6";'6.!
+,1 Ul /(0! 31 7'0'5(-":! 3D! 3),,'5'0-! ,(5*! C6(0.! 1)- & (.+)(-! 1 676.= |
X(5(*-'5).(-)+0! +,1U 91 C()5.1).1/+0.):'5"1 (.1 (1 *+5'l (CC5+C5)(-" (CC5+(/&! -+!
LS)*(-1-&'1C+.)36')*C(/-.1+,15).8  95"1'0;)5+0*'0-(6! C+6)/)".11)-&!5".C'/-I-+!
&),-N0I-&1",))/)'0-1U 91.-12_+C'1(0:!f)07(5:Al"JJ?4=!1_+1"'5AI-&'I( CC6)/(-)+0!
+,! -&).! (CC5+(/&! -+! (0(6D."! C+-'0-)(6! C+6)/D! )*C(/-.! /5)-)/(66D! :'C'0:.! +0!
80+16':7' +,! 1&'5'l +0! -&(-! C+5-,+6)+! +,1 91", )/)'0-! ,(5*! C6(0.! -&' ,(5*'5!).!
/<55'0-6D! C5+:</)07=!1U.-)*(-)07!-&).! C+)0-! +0! -&'AY,5+0-)'5! /(01 6'(:! -+ *+5'!
/+0;)0)07 ':')).)+0.15'7(5:)07!-&" .<//'..!+,! </&! C+6)/).=!1c7()0A!80+16"7' +,!
-&'1,(5*1C6(011&)/&!*(F)*).".1-&'1<-)6)-D!:'5);":1 5+*1;(5D)07!U  91C()5.1(66+1.!(!
3'--'5! (..".*0-! +,! 5).8! *)0)*).)07! -'/&0)O<".! 1)-&)0! ,(5* %';'6! C6(00)07!
C5+36™. Al -&5+<7&! /+*C(5).0! 1)-&! +3.'5;":! ,(5*! C6(0.! 2f)0! !"# $%R&"IK@i!
176'-&+5C'Al"JINi]5)-6'5! "#$%AI?P4a)!

C75090;)5+0%0-(6! C+6)/).! (.+N(-2! 1)-& .<.-00(36" (75)/<6-<5'l
0+5%(66D! )0;+6;'1 )5'-! C(D*0-.! -+! ,(5¥5.1 +5! -&' 7'0'5(-)+0! +,! C+.)-);"!
'F-'50(6)-).1:'5):1-  &5+<7&!-&'1(:+C-)+0!+,16'..1)0-'0.):"1 ,(5*1C6(0.123(.:1+0!
-&'1gC5+;):'5! 7'-.1 C+6)/DhA! _(06'D# $8A! "JJJ4=!1>(5%5.15'/);)07! :)5'/-1)0/+*
C(D*0-.1%(0!-&(-! (1/'5-()0! C5+C+5-)+0! +,1-&")5!)0/+*1).1 7'0'5(-"21", '/-)'6 D!
y5).85"y1(0:1)0-5+:</-)+01+,1- &).11+<6:!(:G<.-1-&'1.&(C'1+,1-&'1U 91,5+0-)'5=11%&!
)*C6)/(-)+0! 1+<6:1 3'1 -&'I C+6)/D! &(;)07! :),,'5'0-! )*C(/-.! ,+5! 3),,'5'0-1 ,(5*'5.1
1'C'0:)07! +0! 1&'5'1 -&'D! C+.)-)+0":1 +0!1 -&'1U 91 5+0-)'5! 3(."1 -+1-&)5! 6';'6! +,!
5).89'5.)+0=!%&).!).1 }66<.-5(-1 )OB) 7<5'INP1&'5' -&'1)0/6<.)+0! +,! (1 g5).895"h!
+C-)+0!(;()6(36',+5!6'..1)0-'0.);'AIC5+,)-9<3+C-)*(6!,(5*!C6(0.1g-)6-":1+<-h!-&'I9!
' ))'0-1,(5*1IC6(0.!, 5+HIPXI-+1U.X=! |

%&'15).8(;'5.'1 ,(5*'5! 1)66! 5(-)+0(66D! C5+:</1 (- 1-&!C+)0-! 1&'5'l &'5S&,).!
<-)6)-D!,+5! (01) C()5!).1 *(F)*)."=! %&).1 5'C5".'0-.1 -&'1 C+)0-1 (-1 1&)/&! -&1U 9!
5+0-)'51 6)'.1 -(07'0-! -+! -&")5! &)7&".-! (-()0(36'1 ).+ %K-)6)-D! /<5;'Al&)/&! )O! -<50!
'C'0: . 1+01-&'16''61+,1-&'1 (5*'5h.15).81(;'5.)+0=!E,!-&' C5+:</' 51:).C6(D"! (0!
).+9<-)6)-D1/<5;'1(.1:"./5)3"13DIE goM-&'0!-&'1.&),-1)01-&'1U 91 5+0-)'5!1+<6:1&(;'
6)--6'1+510+!",,'/-1+01-&'1,(5*1C6(0! (:+C-"13D!-&1,(5%'5  Al)*C6D)07!-&(&'5).89
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5" (75) 90;)5+0*0-1 +C-)+0! 1+<6:! 0+-1 3'1 (:+C-"=!1_+1''5A1),1-&1C5+ :</'5!
).C6(D":1(0!).+ 9%-)6)-DI/<5;'1(.1:"./5)3 13DIE = gm-&'01-&'1.&),-))01-&'1U9!,5+0-)'5!
S5+ IPXI-+1U. X1 1+<6:1/(<.'1(1/&(071)0!-&'1,(5*1C6(01(0:!(-16'(.-IC(5-!+,!1-&'1(75) 9
'0;)5+0%'0-1+C-)+0!1+<6:131(:+C-"= |

>)7<5'IN®Q![&),-1)0!(0!8!,5+0-)'5!3D!1)0/+5C+5(-)+0!+,1(15)§5"!' 0-'5C5).' !

EO!+5:'51-+1.)*<6(-'1-&).1C&'0+*'0+0!+, 1*(F)*).":1<-)6)-DAI-&'5'1).1-&'10":!
+15'/5'(-1-&'15).8D! C+5-,+6)+! +,1,(5*1C6(0.!,(/)07! (! ,(5*'5! (0:1 .)*<6-(0'+<.6D!
'~(36). & &+11-&' (55! 1)66!.'6'/-! ,5+*1 -&+.'1 C6(0.! (//+5:)07! -+! &'5S5&).1 5).8!
C5','5'0/'1+5!5).8!(;'5.)+016';'6=11%&).15'0<)5".1-&I' -)*(-)+01+,,(5*  QC'),)/!U 9!
5+0-)'5.1 (0:! .<3.'0<'0-6D! -&'1 '.-)*(-)+0! +,15).8  ;'5.)+0! C+)0-.! +0! -&+."1 U 9!
5+0-)'5.=106&1".-J*(-)+0! +,15).8 ;'5.)+0! C+)0-.1+0!U 9! ,5+0-)'5.1/(0! 3" (/&)';":!

?"M



3D!1)-&'51-&1:)5'/-1(0:!C5)*(5D1'6)/)-(-)+0!+,1,(5*5  QC'/),)/!<-)6)-D!,<0/-)+0.12=7=!
176'-&+5C'Al "JINA +5! -&5+<7&1)0:)5'/-1 *+:'66)07! (CC5+(/&'.1 2'=7=! _(]'68"# $A&
"J#MilUB(*)0! (0:! R+7'5.A1"JJ?4=1 E0!-&'1)0:)5'/-1 (CCH+(/& Al (1*+:'61 /(C(36'1 +,!
7'0'5(-)07!",))'0-1U  91C()5.1).1/(6)35(-"1-+15'C5".'0-1 (1 C(5-)/<6(5! .)-<(-)+0! (O:!
):'0-),D11&)/&!5).8 4;'5.)+0! C(5(*'-'5!3".-I'0(36".1-&'1*+:'61-+1*+ -1 (//<5(-'6D!
*(-/&1+3.5;16(0:1<.)  =1%85).81(;'5.)+0IC(5(*-'5!  ).I.'0-)(66D!".-)*(-2!  3D!
*(8)071)0,'5'0/".1, 5+*1+3.'5:":1'/+0+*)/13'&(;)+<5! 2f)'0A! 2PP24= 196&).1)0:)5'/-!
(CC5+(/&1).1-&<.I(:+C-"1)0 1-&).1&(C-'5=1c6-8+<7&!-&'IgC(5'0-h!*+:'6!2[c>bld4!).!
*/5)31)0IT&(C-'5!  MAY-)+0IN=M'FC6()Q -&'1:';'6+C*0-1+,]  -&THF: 90-'7'5!
bl%cd!*+:'6  1(I(1.-(0: 96+0"1*+:'6! /(C(36'!+,17'0'5(-)07!",,)/)'0-1U  91C()5.!-+!
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-&'1U9! 5+0-)5! (51 C5.'0-11 - +! .&+11-&"1 .C(-)(6! :),,'5'0/.1)0! 6(0:! <.'1)O!
5'.C+0."1 -+! :(5)(-)+0! )0! /5+C! C5)/.1 /(<.":! 3D! C+6)/D! /&(07'= ! %&" 5'.'(5/&!
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(AN ((0-(7'Al -&1 (CC5+(/&! (CCB):! )O! -&).! .-<:D! ).! 5'6(-);'6D! 0+-!
J+*CB)I(-" (0:! O+-! (..+/)(-"! 1)-&! (OD! ,)0(0/)(6! /+0.-5()0-.=! %&'! (CC5+(/&!
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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 &=0.303 !"=0.669 Observed "=0 @=0.540 !"=0.814* Observed "=0 ®=0.144 !"=0.482 Observed
Cropping Cropping Cropping
(ha) (ha) (ha)
Farm Income, # (£) 62,049 50,351 7,241 -- 204,984 153,447 19,247 -- 90,871 86,970 26,653 -
$N&'(E)" 44,956 32,069 15,232 -- 102,756 47,890 19,331 -- 46,923 41,943 25,376 -
"E" 62,995 44,936 21,344 -- 143,986 67,106 27,087 -- 65,751 58,772 35,558 -
("(£? 109)" 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 -
K 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 50.7 171 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
. 10%" 0.43 0.56 0.03 0.13 0.84 -0.32 0.38 0.62 0.11

1For 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, ,*,

premium, $%# = Mean absolute error, *$-# = Root mean square error, . /0% = Modified Willmott’s index of agreement.
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5.4.2 Risk aversion behaviour across regions
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5.4.3 Use of the model to illustrate policy application
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5+'01/7+.)14))-2(+1&4!F(1%! 1%&)#l51)!&) 1 (0+1&4!6M! 1%&!0-4&7!+'&!) %1567 &!
>B>!

$%&!'&)871)! +'&! (.18(1(,&! (.1 1%+1! 1%&!'&48?1(-.! (1 /'(?&)G!-1%&" 1%(.9)! 6&(.9
&A8+7G!0&+.)!1%+1!/&"14-77+G!&+?%!5+'0&'1()! &O/-)&4!1-10-'&!"()*; 11 $%&! 0-B!'()*
+,&")&!5+'0&' F-874!1 1%&'&5-'&! 6&! &0/&?1&4!1-1%+,&! +! 0-'&! 4'+0+1(?!'&)/-.) &! 1-!
1%&!0+*&117%+.9&;!1$%&! @+)1!-5!@.97+.410-4&7!/'&4(?1)!+1'&48?1(-.! (.1 1%&! +'&+)!-!
)V'((9'F%&+11+.41)89+'16&&1IF(1%!(.?'&+)&! (.1 1%&! +'&+!-516+'7&M!/'-48?1(-.;11$%()!()!
((\1&'&)1(.9! (.1 1%+1!1%()")% (51! ()! +??-0/+.(&4!6M! +.1 (.1&.)(5(?+1(-.!-5'K"_15&'1(7()&'!
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8)&G! F%(?%! ()! +! 6+4!-81?7-0&! 5-' HR!(("-.0&.1+7! -6a&?1(,&)! +.41 ()! 7+8)&4! 6M!
+11&0/1)! 1-1)&?8'&! )(0(7+'! 7&,&7)! -5! &0O/&?1&4! (.?-0&! 1%'-89%! 5+'0! /7+.)! F(1%!
'&7+1(,&7TM! 9'&+1&'1 '(FU.! 1%&! ?+)&! -5! L&)1! -5! @.97+.4G! 1%&! ?%+.9&)! +'&! 7&))!
4'+0+1(?G!681!5-77-FI+1)(0(7+1/+11&" 1F(1%!'&48721(-.! (|1 +'&+)!-5I F(.1&'| F%&+11+.4!
(.?'&+)&!(1+'&+1-51)/'(.916+7&M;!Ib-F&,&'G!1%&!(.1&.)(IM!I-51K"_15&'1(7()&'18)&!4-&)!
~112%+.9&;11 $%()! )%-F)G! %-F&B! 1%&! 6&.&5(?(+7! 8)&! -5! 1%&! 0-4&7! (.! 0+*&1! -l
[-7(?M!+.+7M)E) 1%&!)+08&! /-7(?M! F(77! %+,&! 4(55&'&.1! -817-0&)! 4&/&.4&.1! -.! 1%&!
78,&7!-5"()*1+,&)(-.;!1$%&!5-'087+1(-.!-5!1%&! 0-4& 7! 0&+.) F(1%! 1%&! +,+(7+6(7(1M!-5!
4+1+! 1-1 2+7(6'+1&! (1! 1-! '&/'&)&.1! 4(55&' &ANBAB+1(-.)G! (1! ?+.! 6&! +//7(&4! 1-!
&)1(0+1&! 1%&! '()*! '&5&'&.?&! +.4! 81(7(1IM! 0+O(0()(.9! 5+'0! /7+.)! 5-'1 + M! 5+'0&'!
'&/'&)&.1+1(,&!9'-8/1+.411&)1! 1%&! (0/+21!-5!+1?%+.9&! (.1 0+*&1!-"1/-7(?M!-.11%+1!
9-8/; |

$+67&IBJI+0Y/7+.)1+))-2(+1&4IF(1%!12'-/1/'(?&)" &48?1(-.)!

d+.411)&!2%+3

@+)1-5!@.974.4 L&)1!-5!@.97+.4
Ao+ 9&I(IN-/1'(28) ! Ao+ Q&I(IN-/1(2&) !

B:P | 0%  PI"%+.98& B:P | 0% P1N%6+.98&)
L(.1&'IF%&+1 <SX:# 119.1 <WP c":=l 74.9 BWP
R/'(.9IF%&+1 | 45.9 B:P | | 0 B
L(.1&'16+'7&M c<" 40.7 >P =C;2 45 SP!
R/'(.916+'7&M ><;d 28.9 WWP =" 34.8 "SP |
[&+.) ! "WiX 26.4 >p1 <a 16 P
L+'&!/-1+1-&) ! >X;@ 50.7 <CP! =" 40.3 CP!
L(.1&'ZRT! c<:M 62.1 BP! =>.9 45 <P
R89+'168&&1 e 47.3 B-SP! | 0 B
K 1(.1&.)(1IMI2*9e%+3 =<C;W 404.9 SP! ="S:a 424.3 P

5.5 Discussion and conclusion

U.! 1%(R%+/18G! F&! %+,&! +//7(&4! +! O(@&U&I&" fZ$DQ! 0-4&7! +.4! 4+1+!
5-011%&!]_!+'0![8)(.&))!'R8",&M!2I[R3!1-!(.,&)1(9+1&! +.41 &)1(0+1&!5+'0&""'()*!
+&)(-! (1 @.97+.4;! $%&! '&)871)! )%-F! 1%+1! +'+67&! BHO(.! @.97+.4! +'&!'()* B
+,&)&;! $%&! '&/'&)&.1+1(,&! +6)-781&! '()*! +,&)(-.! ?-&55(?(&.1! &)1(0+1&)! F&'&!
sun<'GloinnC=l +.40 ! '&)I&?1(,&TM! 5-T K-'1%G! @+)1! +.4! L&)
@.97+.4;'U.1&+?%!'&9(-.G! . +'(+1(-)' (.1'()*! +,&") (-1 (.578&.?&4! ?'-//(.91 [+11&'".)!
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+419%8.28! ?'-1/(.914&2()(-.);! D7)-G!'&)871)1)%-F1 1%+1! (.1 +1)(18+1(-.1 -5! +1/-))(67&!
2%+.9&!(1/-7(?MGI5+'0&)10+M!'&+?111-1-'16&!+55& ?1&414(55& '&. 1 7TM!4&/&.4(.9!-.11%&
7&,&7)1-5"()BF,&)(-.;! !

fZ$DQ! 0-4&7)! %+,&! 6&&.! 8)&4! &O1&.)(,&7M! 1-1 0-4&7!"()*! +1! 190&P849;!
b+g&77G! <#W<h!D4&)(.+!+.41Z8+11+'+G!"..:hI A-HBOG! <S5 Z)+*(1 +.4! [+1+7%+G!
"i<= 3;1fZ$DQ!%+)!16&&.1?'(1(?()&4!+)!.-116&(.9!+67&!1-19&.&'+1&! &55(?(&.1!)-781(-.)!
T GI)1-2%+)1(?!/'-9'+00(.912R 31" 1%&!4('&?1!0+0(0()+1(-.!-5!&0/&?1&4181(7 (1M
2Qf@]3! +//'-+?%&) ! 2b+'4+*&" -.' #/0G! ":<>81%-F&,&'G4&)/(1&! 1%&! 7(0(1+1(F1G!
?-.1(.8&)!1-16&!8)&4!(.I5+'0!/7+..(.910-4&7!1-1&0O/7(?(L7TM!I0-4&7!" () §%()! ()1 48&! 1-!
1%&! 4'+F6+7*1+))-?(+1&4!F(1%! T G!R 1 +.4!Qf @] +//'-+?%&) ;! $%&! T +//'-+?%!
+))80&)!A8+4'+1(?81(7(1M!58.?21(-.G!+.1+))80/1(-.!"&9+'4&4!+)!8.+??&/1+67&h! (1!+7)-!
+))80&)! .-'0+7! 4()1'(681(-.! -5! 5+'0! '&,&.8&)G! F%(?%! +'&! .-0+77M! )*&F&4!
2b+'4+*&' - ' #/0G!":<>3R1-2%+)1(29'+00(.9! +71%-89%! ()! 5-8.41 1-1 6&! )8/&'(-" !
LT 1 +.41 fZ$DQ! ()! 2-0/7(?+1&4! (! 1% +1!/-6+6(7(1M! 4()1'(681(-.! -5! +77! 0-4&7!
(1&0)!+))-2(+1&4! F(1%!'+.4-0! +'(+1(-.! .&&4)! 1-16&! &) 1(0+1&4! 2[+'.+'4! +.41 K(OG!
<#HWS3;!$%&! Qf@]! +//'-+?9R2d+06&'1! +.4! {27+ TG <#XHB)! +7)-1?-.) (4&'&4! 1-16&!
)8/&'(-'11-11%&! +5-'&0&. 1 (- &4! +//'-+2%8&)! %-F&, &' G 1! 2+.| & +//7(&4! - TMI F%&..!
+.1(.4(,(48+714&2()(-. BD+*&'Y)I81(7(IMI58.21(-.1()!+,+(7+67&!2b+4+*RIOG!": <>31!

D.-1%&'1'&+)-.15-119%&1)8(1+6(7(1M!+.417-.1(.8-8)1+11'+?1(,&.&))!-5!1fZ$DQ!1-!
5+'01'()* 0-4&77&")! ()! 1%&/-))(6(7(1M! -5!)-7,(.9! Z$DQ! /'-67&0)! 8)(.9! 7 (.&+'!
[-9'+00(.9!  2d 3479-'(1%0)G!F%(?%! ()! 1%&!0-)11?-00-.7M!8)&4! + 4| GBYE . !
0+1%&0+1(2+7! /-9'+00(.9! +//-+?%! 2R1-11!-' #/0G! ":S3 'l 2-0/81+1(-.+7!
2-.,8.(&.2812D+4+*&') - #IOG!":<>3+ 41 (1+1)(18+1(-. F%& &! (110+M!6&!(0/-))(67&!
“14(55(?871H -614.1 +1)8(1+67&! )-7,&15-'1 +1iT"1-'1)-7,&)! 5-'1iT"| 0+M! .-1! 6&!
'&HA(TMI+,+(7+67&GTZ$SDQ! F(77!6&!+! & M!9--41+7 L&IF I %&! 0&+.1 +6)-7818&!
4&,(+1(-.1([fZ$DQ!/&'5-'0)!6&11&11%+.11%8&1)+0/7&! +'(+.2&[ N T (1(.)1+.2&)!
F98'&!&.1&'['()&! (.2-0814()1'(681(-.)! +'&!)*&F &4 120+9&77!+.41K-"1-.G! <#)XIG! +.4!
F(19%!1%&14 (B8 (-.!1-5!+9'(?8718'&!(.?-0&)!.- 0+ 77TMI)*&F&AG!1%&!8)&!-51fZ$DQ!(.!
5+0!'()*1 0-4&77(.9! 2+.1 6&! )+(4! 1-! 6&! )1 (WT&,+.1! +.41 5(1! 5-'1 /8-)&;! DI+(.G!
[-4821(-1 +.41 [(2&!'()*)! +'&! 2-00-.1 F(1%! +'+  67&! 5+'0(.9! )M)1&0)! +.4! F(1%!
fZ$DQ! 6&(.9! -.&! -5! 1%8&! 0-)1! F(4&7M! 8)&4! 0&1%-4)! 5-'1 +.+7M)(.9! )82%! '()*)
7 ".&'G!":C 3GI1%EY(?+1(-. -51Z$DQ!(.11%()!)184M!?2+.168#(4!1-16&E.7 &, +. 1!
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Q+F(.9!-.11%&!)1'&.91%) 1+4,+.1+9&)!-5!fZ$DQG! +!0(O&H189&'1fZ$DQ !
0-4&87!F+)! 4&,&7-/&4! +.41 +//7(&4) 1-1 &)1(0+1&! +6)-781&!'()*! +,&)(-.1 ?-&55(?(&.1)!
5-1 4(55&'&.111M/-7-9(&)!-5!5+'08&. 41 2'-//(.91482()(-.  ;!$%&! +4-/1&A!+//'~+?%! ()!
+.14+4,+.2808&.11-5! 1%8&!+//'-+7%&)!8)&416M!b+g& FO2<#XS3G! @7+0(.!1+.41 T-9&)!
2<##"31 (1 1% 11 1%&) ()*1+,&") (-.1/+'+08&18&")16+)&4!-.|F%(?%! +6)-781&!"()*1+,&")(-.!
2-&55(?(&.1)! +'&! &)1(0+1&4! +.4! &55(?(BAIS@L(&" 4&,&7-1&4 +'&! '+.4-07TM!
9&.&'+18&4: D71%-89%! 4(&?1! &7(?(1+1(-.! +/['-+?2%&)! 1-1 4&'(,(.9! 'O0* +&)(-.!
[+'+0&18&")! 0+M! %+ &! 1%&('! +4,+ 9&) GI%&IHM! 6&! &O/&.)(,&! 1(0&! ?-.)80(.9!
+.414))-2(+ 184! F(1%! 6(+)&$%E&M! +7)-1 04BA (-1 4+ 2%6(&, &1 &. 4&41/8'/-) &1 +.41 (!
)82%!(.)1+.78)! 1%6&&'(,+1(-.!-5!" () +,&)(-.//[+'+0&1&")!  0+M!%+ &l-16&!1%'-89%)!
[+'+081&'()+1(-.! -5! 19%&! 0-4&7! +)! F+)! 1%&! 2+)&! Bj1.&' 2"::C3;! $%8) &.! 1%()!
)184M! 1%&! 0-48FH08&1&' ()+1(-. +//'-+2%! F+)! +4-/1&4! 681! 1%'-89%! '+.4-07M!
9&.&'+1&4!'(*! +,&)(-.! [+'+0&18&") 11-1 (.,&)1(9+1&! '()*! 6&%+,(-8" +.4! 2'-//(.9!
4&72()(-.)!-5! ++67&!1 5+0&"):1 $%()! +//'-+2%! F+)15-8.41 1-1 6&17&))! 1(0&! ?-.)80(.9!
+.41 11 4)-2(+184! F(1%! 5(.+.2(+7! 2-)1'+(11-1 68'4&.) GB(+)&)! 2.-0+77M!
+))-?2(+1&41F(1%!4('&?1108&1%-4)311%8)5(1!5-'1/8'/-)& 1(.11%()!)184M;

$%&!+6)-781&!"()*!+,&")(-.! 2-&55(?(&.1!&)1(0+1&)! (O/7TM! 1%+1! +'+67&! 5+'0&")! (.!
@.97+.41 2+.1 6&! )+(4! 1-1 6&(0)* Br,&")&;! $%&! &)1(0+1&)! -5! 1%&! /'-/-'1(-.+7! '()*!
/'&0(80!)899&)1! 1%+1!5-"1 +'+67&! 5+'0&')! (! @.97+.4G! .-11 +! 6(99&'"! /'-/-'1(-.! -5!
1%&(" (.?-0&! F-874! 6&! )+?'(5(2&(.! '()*! /'&0(80! (.! -'4&' 1-! +?%(&,&! '()*!
&55(?(&.?M;! $%()! ()! +!'&57&?1(-.! -5!'()*! +,&') (- +23*&'G! ":::h! b+4+*&'] -.' #/0G!
"<>3;1U.11&'0)!-51?'-//(.9G! 1%&!+'&+)!-5!?'-))8?%!+))/'(.9!F%&+1!1+.4)89+'16 & &1 !
F&'&!5-8.411-1(.?'&+)&! F%&.! 1%&! 7&,&7! -5IB)&)(-.! (.?'&+)&4G! (.4(?+1(.9! 1%+1!
)82%!172'-/)I0+M!6&!+))-2(+1&4!F(1%! 7-F!'()*12b+g&7#EG ! <#XS3:1$%()!)899&) 1) 1%+1!
+1I'()*1.&81'+71+'+67&!5+'0&"10+M!.-11)&7&?11)89+'16&&1!+)!/+'11-51%&'e%()! ?'-/1/7+.;]
$%8&! +'&+)! -51 2'-/)1)82%! +)1 )/'(.9! 6+ 7&M! +.4! [-1+1-&)! F&'&! %-F&,&'! 5-8.4! 1-!
'&48?2&! H)I'()*Br,&") (-1 (.?'&+)&4!0&+.(.9'1%+1! 1%& (" '&,&.8&)! 0+M! &! +))-?(+1&4!
F(1%! 7+'9&! ,+'(+.7&)! 2b+g&7#/0G! <#XS3;! $%&!'&,&.8&)! -5! ?'-/)1)8?%! +)! F(.1&'!
F%&+1G!F(.1&'16+'7&MG!F+'&!/-1+1-&)!+.41 F(.1&'1-(7)&&AV +/&! ?-"&7+1&41/-) (1(,&7M!
F(1%! 0-)1!-1%8&"1 ?'-/)! +.41 +22-'4(.9! 1-! b+g&7 7. #/0 2<#XS3G!)8?%! ?'-/)! 1&.4! 1-!
%+,&!7-F&'1-81/81)!8.4&"'()* B-,&")&! 6&%+,(-8";!D1! &01'&0&!"'()*! +,&")(-.! 7&,&7)!
)-0&! %&?1+'&)! -5! 7+.41 F&'&! .-1! 81(7()&4! 8.4&" @+)1! @.97+.4G! F%(?%! %+4!
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?2-0/+'+1(,&7M! 6(99&" +,&+9&! 5+'0! +'&+);$%&! (0/7(?+1(-.! OQL! ()! /-))(67&!
4818&.4(.9!-11%&!/'&,+(7(.91?" -/I['(?&)! 1%+1&O1'&0&7TM!'(B,&')&!5+'0&' 1 F(1%!
6(99&'15+'01+'&+10+M!.-1181(7()&!+77'%&'e%()!5+'Q7+.4;

$U&+//'-+2%F&H+4-/1841(.11%()!) 184M11%8)!/'&)&.2)5'+0&F-"*G!F%(?%!?+.!
&)1(0+1&!1%&!4(55&'&.11"()*1/'&5&'&.?&)!-514(55&'&. 11 1M/-7-9(&)!-5)3-&DRA(.9! -.!
1%&! 6&)1! 5(1! -5! 0-4&7! '&)871)! 1-! 1%&("! &ONIGR' &4! 7+.41 8)&;! | $%&!
'&/'8)&.1+1(,&! 5+'08&")1 +'&! 27+))(5(&4! 6M!'&9(~+71%-89BHM/-7-9(&)! -5! 5+'0! IM/&G!
)(Q&G! -1 (.?-0&! 9'-8/! 2-874! %+ &! )(O(7+7M! 6&&..! 8)&H)! 4-.&! 6M! 2 &%6*%+!' #/0G!
"> 3NL%+11()?'82(+T()! 1%+111%&'&! () .-F1+1)M) 1&0! F%&'&6M! 1%&! (0/+7?1!-.15+0!
J7+)! =51+ M! 0+*&1! -'1 [-7(?M! )%(51)! 2+.! 6&! &)1(0+1&4! +?"-))! 1%-)&! 1M/-749(&)
1%'-89%!1%&!8)&!-5!fZ$DQ10&1%-4-7-OMG!F%(?%!()!6+)&41-.1d 1+//'-+7%! 218 &!6&) 1
* -F.1 0+1%&0+1(?2+7! [-9'+ 00(.9! +//'-+2%3 ! 1UL! %-+)! 688%-F.! 1%+1! (5G! 5-'
&O+0/78&G! 1%&'&! F+)8AB?1(-.! (! F%-7&)+7&! ['(?&)! 5-'1 +771 2'-/)! 2+8)&4! 6M! +!
28"&.2M! 4&,+78+1(-.G! 1%8&! (0/+?1! -5! 1%()! -.! 1%&! 4(55&'&.1! 1M/&)! -5! 5+'0)! F(19
4(55&'&.1! '()* +,&)(-.! 2%++21&'()1(?)! ?-8741 6&! 8O&4;! ! $%()! ()! +! ,+78+67&!
5&+18'B5-"1 +.M! 0-4&7G! F%(?%! 0+M! .&&4! 1-! ?-)(4&'! &(1%&" 1%8&! (0/+?1)! -5!
'&9(-.+7()&4H+9'(?8718'+7! [{PM! -1 1%&! (0/+21)! -5! +1(-.+7!-"1 (1&' . +1(-.+T-7(?M!
- 14(55&'&.1'&9(-.);!!

D71%-89%!()!+?*.-F7&49&4!1%+1!11%&!+?78'+ PRI })871)! 0+M!6&! +55&?1&4!
6M! 1%&! 7(0(1+1(-.)! -5! 1%8&! +/-+?%! +4-/1&4! (.! 1%()! )184M! 1%'-89%! 0-4&7!
)&2(5(2+1(-.1+.411%&17(0(1+)(-5!fZ$DQG!1%&!'&)871)14-19(,&!(.) (9%1!(.1- I F%&1%&'!
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++7M)()G1)82%! +!/-7(?M!0(9%1! %+,&!9'&+1&'1&55&7?21! (5! (0/7&0&.1&4! (1 1%&! @+)1!"
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?-.2&/18+7G!0&1%-4-7-9(?+7!+.41&0/((?+7'5'+0&F-"*G!F%(?%!6'(49&)! +.1(0/-'1+.1!
9+/1(11%&!7(1&'+18'&!+.41+4,+.2&)10-4&77(.9!?+/+6(T (1 M;
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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.”

g &1T-)&.5&74



6 GENERAL DISCUSSION

6.1 Introduction
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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.I 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?

4.1 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?

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)

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.

SAFMOD Model consisting of:

1.! Mixed-integer profit
model

2.I Mixed-integer nitrate
leaching model

3.! Mixed-integer risk
(MOTAD) model

4.! Mixed-integer weighted
goal-programming model

Variations in:

1.! Farm Profit

2.I Risk (standard
deviation in income)

3.I Crop complexity

Estimation of:

1.! Farm profit

2.I Risk (mean absolute
deviation & standard
deviation in income)

3.I Nitrate leaching

4.! Crop plan (crop areas)

5.! Farm Costs
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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?

4.1 What are the effects of controlling black-grass with spring
cropping on farm 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?
2.1 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)

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

SAFMOD module 3:

Mixed-integer risk (MOTAD)
Programming model

Estimation and

comparison of aggregate:

1.! Farm profits

2.I Risks (standard
deviations in income)

3. Crop areas

4.! Fertiliser costs

5.1 Seed costs

6.! Herbicide costs

7.1 Fixed costs

Estimation of:

1.! Farm profits

2.! Risk (mean absolute
deviation and variance)

3.I Crop plans

4! Risk aversion
parameters/absolute
risk aversion

Development of an E-V
frontier
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6.2! Comparison of SAFMOD and models identified in UK
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J/,E135% 5/4.34'+'3-&/5: @h&'15/4.34'3-&/5:1)0V-4/2'1-3510'1'414)  IL'.)135%14 &'l
(¥ +1)+2413,13167. 1QX%SPI)*+  @6))2'.-)(  14&",/5:+'1)0\-4/2'1+/(/434/)5!
):' bZ! 366.)3-&! 3,1 9'++1 3,1 )('1);1 4&"1 +/(/434/)5,!  +/5'3.1 6.):.3((/5:! 03,"!
OF+,135%1&'5-"1  4&1()*+, 130)2' 11319':84'1:)3+ [B.):.3((/5:!)*'+=;)7.4&!
O*7+B 1=B6+/*1 /51 J&364".1 #B 93,1 *'2'+)6™1 4)1)64/(/," 4&' 4&." )O\-4/2" ]
J(7+435')7,+8108!,'44/5:1:)3+143.:'4,135*13443-&/5:19'/:&A@'%&/,| ) +1/,1/;:".'541
:)(10)4&!>HSTQXP!35*:3.(TV/5!14&341/41/,131:)34B.):.3((/  5:10*+@!!

06&'1-)(63./,)5!):14&'1>SHQXP14)14&'1;3.(T!35*1>HSTQXP!3.', 7((3./,"*!
/5! 4&1%30+AD 1 0'+)9! 35*! /41 -35! 0'1)0,".2'*! 4&34! 363.41 ;.)(! ,)(! );! 4&"
x5 ) &) &+ &A™ 30)2' 481 >SHQXP! );;'.,1)4&'.1)64/)5 1 4&341;3.(T! 35*!
SHSTQXP!3.17530+'1)::'. 1/514&'.1-7..'541 434'@Y5!4'.(,!);) (3-&/5'1 35+ +30)7.!
57(0".,1! >SSHQXP!/,1 30+'1 4)! '+'-41 /54';".| (3-&/5' 35*! +30)7.1 57(0".1! 9&/-&!
:3.(TI35*1>HSTQXP!3.17530+'14)@! %& 74K -)54/57/4813,,7(64/)5!/5!0Z!/,! (7-&!
+3< *1 /51 >SSHQXPA&35! /5! 481)4&' 1 (*+,@! /A& 48" 486');! )/+! [:5/:/-3541 /5
3.30+'1:3.(/5:1,8,4'(, 11 75+/E"14&1)4&" 1 ()*+,11/51>SHQXP!4& )/+1486' [, 1+/5E™*!
4)14&'1.)((5**1:".4/+1,'.1.34' 1);1-.)6,108!P":.3@! IY514".(,1);1/5-).6).34/)5!);]
6)+/-81! 4&'| SHQXP!/5-).6).34',1 4&'1 ,70,/*81 638('54! 03,1 )5! 4&"1 ,/5:+'1:3.(!
638('54!,-&'(135*14&7,1(3E",1/41'3,81:).1:747.176%34/5:1):1>SHQXP14)1-3647."!
48'15'9+8!/54.)*7-*103,/-1;3.(1638('54@! S+,)1! 4&'1-.)616.)6).4/)5! ()*'++/5:1 /5!
>SHQXP! 75+/E'l 4&'1)4&'. ()*+,! -3 647.' 4&'! JSZO,! ¢.."5/5:0! .7+ ;).! -.)6!
*/2'. [:/-34/)5119&/-&!'5,7.' 14&34! 341+'3 414&'."(7,410'149)1-.)6,!/5!.)434/)5!35*!
4&3415)1)5'1-.)61-35143E'1 ()."14&35! $Nd!);1 4&'1-.)66/5:13.'3@!  %&'1 366.)3-&!4)!
(*'++/5:1-)6!.)434/)5!-3510'103,*1)5! 30,)+74'1-)  6!3.'3,1).16.)6).4/)5! =,"I
13.53.4135*1 /<11 2M$CB! 35*1 4&'I >SSHQXP!)::'.,! 4&'1)64/)5,! 4)! -&)),"1 0'49"5!
366.)3-&',@!

%&7,! &.)7:&! 4&" >SHQXP! */;;'.'541 3,,7(64/)5,! 3."! 366+/*1 35*1 ;'2".3+!
(34&'(34/-3+16.):.3((/5:! 366.)3-&',! 3.1 -)(0/5™*1 4)! -.'34'1 3! .)07,4! 3.3 0+'!
3.0 +2'+H )+ 1B&/-&!);,Y ;)7.123./354,1);13.30+ ;3.(1 +'2'+! (34&'(34/-3+!
6.):.3((/5:1()*'+, 19&/-&!3.1-3630+'1):10'/5:1366+/*14)13-&/ '2'14&).)7:&!35*!
*"613,,',,('54!1()."4&35!358!)5");14&";'913.30+';3.(1+'2'+!()*'+,1103,"*1)5!
(34&'(34/-3+! 6 .):.3((/5:! /*'54L,/*1 51 4&"TUV@ ! %&7,! 4&" :36! /*'54/;/*1 9/4&!

"HM !



S,6'-414)1()*'+1-3630/+/48! 75*.1>'-4/)5!  ?@#@BA!0',3/*14)1&32'10"5! ;/++"™*).!
63.4+8!;/++8/4&!*'2'+)6('54!);!4&'>SHQXP@!

%30+AD W1J)(63./,)5!);14&1>SHQXP!35*I>HSTQXPI35*:3.(TI()*'+, !

%0, '
!Il#$%ll#&l()lll!)*+&II#,)_
123.45 ;3.(T ! >HSTQXR
SER)*'++/5:1S66.)3-&', !
1.! Mixed-integer programming 6' 6' 7
2.1 Risk (MOTAD) programming 6' 6' 7
3. Weighted goal-programming 6' 7 7
!
1@Q)*7+', !
1.! Standalone pure profit model 6' 7 7
2.1 Standalone pure nitrate leaching model 6' 7 7
3.1 Standalone MOTAD model with income deviation 6 7 2
matrix as constraint
4.! Standalone weighted goal programming model 6' 7 7
!
J@X0\'-4/2'1)64/(/,*! !
1.! Farm profit 6' 6' 6'
2.1 Risk (Deviation in income) 6' 6' 7
3. Nitrate leaching 6' 7 6'
!
P@&'+'-4/)5!);1/54""'.1(3-&/5"35*1+30)7.157(0".,! ! 6' 7 7
F@'4'.(/534/)5!);1;".4/+/,'.1.34'1);1-.)6,108!,)/+!
. 6 7 7
486'!
H@R)*'++/5:1);1,/5:+':3.(1638('54!=>HZB ! 6' 7 7
e@)*'++/5:1);!-.)616.)6).4/)5,14)!.";+'-41JSZ70,! 6 7 2
e."b/5:L7+'@ !
K@&X64/)5!;).1.755/5:1()*'+1)).1()5) D.)66/5:!
: 6 7 7
-'53.0) !
Y@/;;'.'541)64/)5,!;).1()*'++/5:1-.)6!.)434/)5 ! 6' 7 7
f@X64/)5!;).1,'44/5:1./ EI43.:'41/51./ EI()*'+ | 6' 7 7
V@ /4.34'1+'3-&/5:1()*'+103,*)5! _  103+35-"! 5 2 2
366.)3-&!!!
b@Y5-+7,/)5!);!5/4.34'1+'3-&/5:1(/5/(/,34/)5! . . .

)O\-4/2'1=-)5,4.3/54BY/5!./ EI()*'+ |

Z+7,1=gB1,/:51('35,14&'1()*'+17,' 14&'1(34&' (34/-3+()*'++/5:1366.)3-&1!)64/(/,''351)0\'-4 ).1&3,!
4&'1-3630/+/4814)16".;).(1,7-&!;75-4/)5 19&'. '3,(/57,!= B!,/:5!('35,)4&'.9/'@ !

"IN !



6.3! Assessment of levels of interaction of SAFMOD
S, /5 14&1>SHQXPI75* 1+'2'+,1);1/54' 3-4/)511/41-3510'1,3/*14);3++175% 148."!
);14&'1+'2'+,1);1/54" 3-4/)5!,&)95!75*.1>"-4/)5!  ?@85*!/5!%30+AT@!

%30+ADDW!D'2'+,1);1/54".3-4/)51);14&1>SHQXP

Q*+! %86 b'2'+,1);1Y54'.3-4/)5 |
Z)+/-8n S:./-T+47.3+! b35*!7," h J+/(34'h
b35*1U,'b'2'+! | F52/)5('541b'2'+! S:./-7+47.3+1b35*!
=7ZbB =HFB U,"b'2'+1=] DB

>SHQXRP J)(63.34/2'1,434/- |

=P853(/-,!/,!

[54.)%7-"*1/54)14&1 ,

O*+14&.)7:&! 6 6 6

%/ -.'4'19/4&/518'3.!

6'./)*B !

)AWI%&'16+7,1=gB!('35,14&"1()*'+!;3++,175*.14&34!+'2'+1);1/54".3-4/)5@

US*.1 48" 1 6)+/-8h 3:./-7+47.3+ +35% 7,1 [54'.3-4/)5! +'2'+1! 4&'! ()*'+! -35!
6.%/-41).1 J(7+34'-8&35:" 1 /51 3:./-T+47.3+1 +35* 7,1 *7'1 4)1 -&35:",1 /5! 6)+/-8@! Y5!
4'.(,1):;1;3.(1638('54!6)+/-8114&' ()*+!-3647.*14&" /5:+'1:3.(1638('54 16)+/-8!
= /<11"N?#B! 35*1 4&'1 6.)6).4/)5).1 4&'1 +/(/434/)5,! 6741)5! -.)6! 3.'3,! .;+'-41 48]
C.."5/5:0!1.7+',1=P";.311"N?#B!3,163.4!):14&'1:3.(1638('54!6)+/-8@! J&35:",1/5!:3.(!
638('54,1=6)+/-8B!-3510' /(7+34™*1 ).163.3(4'./,*1  4)0,'.2'1-&35:",!/5!-.)6!
6+35,1).1 +35*1 7,'@! %&'1 |, 7+4,1:'5'.34'*1 4&.) 7:&! ()*'+! 366+/-34/)5! =J&364".! #B!
3+,)16.)2/*'1/5%/-34/)51);16),,/0+'1;3.(1638('5414)!/5-'54/2/,'13*)64/)5!);!,6./5:]
-.)66/5:13,1310+3-ED.3,,1-)54.)+!('3,7.'@!S:3/511/51J&364".! [ 14&'1QX%SP!()*7+'
93, 1366+/'*14)1/++7,4.34'16)+/-8! 366-+/-34/)5! =>'-4/[@H#@\D8! +))E/5:13414&1';;'-4!
.'</41 )51 4&') 4'.+/5:1 35*! 41 70,]7'541 ;-41 )51 :3.(.,0! *-/,))51! 344/47*"
4)93.*,! /135 *I +35* 7'@! %&7,! >SSHQXP! -35! 0"l 7,"*1 4)! /(7+34'! -&35:",! /5!
-.)66/5:1=+35*17 'BI*7'14)1-&35:",1/5!6)+/-8@ !

Y5! 4'.(,1 );! +35%1 7, h '52/.)5(54! /54'.3-4/)5! +2'+1! 4&' >SHQXP! -35!
J(7+34 &)9! -&35:,! /5! +35% 7,1 3:-41 4&' '52/.)5(54@! H).! '<3(6+'1!
63.3(4'./,/5 :14&" 141+, 13()754,! [5+7'5- 1 -.)66/5:1! 9&/-&! /5! 47.5! -35!
©4' (/5" 4&'1+'2'+1):15/4.34'  B-'3-&/5:1/54)1 75*.:)75*1934".@! U5*.1-+/(34'  h
3:./-7+47.3+! +35*1 7,1 [54'.3-4/)5! +2'+1! >SHQXP! -35! ,&)9! &)9! 23./30/+/48! /5!
+/(3413;;-41+35%1 7' @!>SHQXP!/5-)6).34'",1.3/5;3++14)!" 4/(34'19).E30+'1&) 7., @!

a3./34/)5!/5!.3/5:3++1-3510'1,/(7+34*14)1)0,".2'1-&35:",1/5!-.)6!6+35,! '+'-4'*108!
"2 !



481 ()*'+ =+35*1 7,'B1! (‘35/5:1 4&341 >SHQXP!/,!1-3630+');! ,/(7+34/5:1 -&35:',! /5!
+35%17,1%7'14)1-&35:" 1 /5! -+/(34'@! S+4&)7:&14&13."1 ) (1*/;:".'5-" 11>SHQXP!

&3, 1 J(1+3.0 +2'+,1):1 [54'.3-4/)5! 9/4&! ()*'+,1 ,7-&! 3,]  QXPSQ! =i35*.1 35*1
Vj-&'+'1! 2MMMBHSTQXP! =S55'44,! 35*1 S7* +'81! "NNB1+SZ! =K)9/44! et al.1!
"N?NB35* H>>Y QB 7&/-&/let al.1!"N?N@B:3/51/51UV1-)54'<411>SHQXP!3*, 148!
"9l ()*'+,1198/-& 1-3510'1366+/'*14)1-3..81)741 -'53./)1 )*'++/5:19/4&) " 6'-414)!
48'1+'2'+,1);1/54'.3-4/)5,130)2' @!

6.4! Factors influencing UK arable farming

S.30+";3.(/5:1,8,4'(,! 3. 3;;-4™1 08! 3! 23./'48! ); 1,3-4)., h /5674! 35*1)746741!
:3.(1,6'-/;/-135%1  '52/.)5('543+!;3-4).,135*16)+/-8!=K3.9))*! et al.1!?MMMR!'5!
35*11/5*/1I"NN"RI\5'-135*1b344.7;;'11"N?CR!1.)95! et al.1!"N?CR!{355)7.8t al.1!
"N?#B@bH&',";3-4).,15"*14)10'/52',4/:34*14)13,,",,'4&'[.1/(63-4 @!'Y5!J&364".1"1!
'5,/14/2/481353+8,/,£E2355'++ 11 ?MBE3, |-)5*7-4'*14)1/52' 4/:34'1/(63-41);1,) (1);!
48&''1;3-4).,! )516.);/41!./ E135*(353:'('54!-)(6+'</48  13.30+'1;3.(,1)6'.34/5:1/5!
_14.34' a7+5'.30+'1)5',! =_ai,B! 35*! ."-'/2/5:1 4&'1 >/5:+'| H3.(! Z38('54! =>HZB@!
%&/,193,1%)5'175%.14&" 3,,7(64/)5'4&34!; 3.(.,!&32"0"5! :/2'514&'1)64/)5!);!
).14/5:14& >H Z135%1366+8/5:!_I:.4/+/,'.130)2" 14&6.",-./0"13()754,!=_(3<B@ !
T',7+4,1,&)9*14&341:3.(".,|-)7+*1)043/5! &/:&'.18/'+*,  108!366+8/5:130)2' _(3<!
&)9'2'.1 1).;'14/5:14&1SHZIQ)T+*1." T+41/5! *7-4/)5,1/5!;  3.(1/5-)(135*!/5-.'3,'!

/511, E@! %&'1>HZ!193,!1;)75%14)13-41 BB8('54! :).14&')66).475/48!1-),4 14)!1;3.(.,!
;).10" /5:1-)5,4.3/5*108!4&" _/4.34"P [.'-4/2" '= PBEFUL1!"N?AB&.)7:&!4&" _ai!
7+'14)1366+8!_(3<@!%&'1/(6+/-34/)5!/,14&3414&" _P!/5;+7'524/+/,". /567417 1!
9&/-&!/5147.5!/5;+7'5-"1-)6!,'+'-4/)5119&".'3,14&'| >HZ!638,!;).1 4&'1)66).475/48!
-),41*7'14)14&'1-)5,4.3/54@!%&7,10)4&! P!35*1>HZ!=6)+/-/',B!-35!0",3/*14)!/5;+7'5-"!
&)9! 35*1 9&34! 4)! 6.)*7-"1 =S5:7,! et all! "NNMBM@&! .',6'-4! 4)! 4&'! 366.)3-&!
3*)64*114&";3.(/5:1)0\-4/2',114&"1>HZ!35*! _ai,1!5)!,47*8193,!;)75*1&32"7,"*!
J(1+3.1366.)3-&@! H).!'<3(6+'119/4&! .',6'-41 4)| 4&'| >SHZ1147*/' | 4&341 +/5E! /41 4)!1 4&"]
/54'.3-4/)5,135*123./34/)5,!/5!;3-4).,1,7-&!3,1.3/5;3++135*1,)/+1486' 93,!;) 75*14)! 0'
+3-E/5@0%&/,! :36! /,! 4&7,! ;/[++'F 4&.)7:&! 4&' 366.)3-&! 3*)64* | 35% &'5-'l
-)54./074/)5!4)IE5)9+*' @



6.5! Implications of SAFMOD results on farming and policy decisions
H3.(10*+,13.1  ','B4/3++8*2'+)6™*14)! (/(/-.'3+!;3.(/5:1,8,4'(,! = T)0".4,)5!
et al1!"N?'BI 35*1 )(* 1%+, 3.1 %2'4)6™1 4)1 /5:).(! ;3.(/5:! *-1,/)5, 35*!
)A&'.,116)+/-8!*-/ )5, 1=f35,'5 135*1235!Y44'.,7(1"NN$RIT)0".4,)5! et al.1!"N?'B@!
H).I310)*+14)16".;).(1/4,1/54'5**1:75-4/)511 E'8,!3,6'-4,!);14&'1 '3+ 8, 4'(,13."
-3647. 11355 ()" ++*  @b&'149)1()*7+ ' );! >SSHQXP!9'.'14&7, 1366+/'*14)135,9'.!
''3.-&1]7",4/)5,1/510&364".,!  #135%1[ @!

6.5.1! 18,$&#-&90%" %%/ *&-8&;%*%-$' $"&$%;#%, 'H-'&"&90%'(&"#:;

e 11)(6'4'19/4&1-.)6,1;) 1574./'54,135%1 75+/:&4135*1."*7-'18/"+*16)4'54/3+1);]
-)6,1= 13+/:3. let al 1!"NNB@!%&'19"*1-)54.)+!('3,7."19&/-&! &3,10"5!1 7,"*1)2".!
4818'3.,1/,14817,"1);1&'.0/-/*1&)9'2". 119" 1 7-&13,10+3-E D.3,,!-)54/57'14)!
©2'4)6! .'/,435-1 4) 481 -&'(/-3+! 9 &/-&! /(63-4! 5':34/2'+8! )5! 4&'
'52/)5('54@! %&'.' 1,1 4&7,1 4&'1 5"1;).15)5  D&'(/-3+!-)54.)+! ('3,7.",1 4)! &'+6!
7-1-8(/-3+1/567417,  14)5*135*1e.75*81I"NN?RIT3,EI35%IV./,4);;".'511"NN$ BQ!
X5'1);1,7-&15)5 D&'(I-3+!,4.34"/'! 93,1 [52'4/:34'%1/51)&364'.] #@!%&'19'/:&4™!
D)3+0B.):.3((/5:! ()*7+'193,1366+/*1 4)!",4/(34'1 3::.:34'1 -),41 );1 -)54.)++/5:!
0+3-0.3,,19/4&! ,6./5:!-.)6!.)434/)5@! %& ' 7+4,1-35!/5;).(1:3.(/5:1*'-1,/)5! /5!
4'.(,1);15-41);1481,4.34':81)51:3.  (/5:1-),4,135*10'5",/4,1/514".(,1);! *7-4/)5,)
/510+3-B.3,,! /5;,434/)5! /5! 4&'1 +)5:1 .75 @! %&'! 3:.:34'1 -),41 ", 4/(34',1)5! 6'.!
&'-43.103,/,1:/2'/5%/-34/)51):16),,/0+'1;3.(1638('54!4)! /5-'54/2/,'1 4&'| 3+)64/)5!
):1,6./5:1-.)66/5:1=63.4/-7+3.+81,6./5:103.+'8 B!4)!(353:"10+3-ED.3,,!/5!UV!3.30+'!
3.(5: @6&/,! ,A7*81/,1315)2'+1-)54./074/)5! 4)! +/4'.347 "1 [51 4'.(,1);! 7,/5:1 +/5'3.]
6.):.3((/5:103,1  =-)(63.34/2'1,434/-BI()*+14)!/52',4/:34'1 4&";;-41);! 6./5:]
-)66/5: 11,6'-/;/-3++819/54'.19&'34h ,6./5:103.+'8!).1,6 ./5:10'35,!.)434/)5 13,13!
0+3-.3,,1-)54.)+! (3,7.1)5!;3.(1."2'57",@! S+4&)7:&! /41,1 3-E5)9+"*:"*1 48341
48&'1(3810',)('10/3,',//S1A&  ()*+1', 4/(34' 1/5;+T7'5-"*1081()*'+1;).(7+34/)5!
35%14&'1;3.(1*34317,*114&'). 7+4,1);14&'1, 47*816.)2/*1/5,:&41/54)16)  4'54/3+1,&).4!
35%1+)5:14".(10'5";/4,1);1,6./5:1-.)66/5:13,1310+3-E  D.3,,1-)54.)+!(3,7.'@ !



6.5.2! <#,='&>%" #)-'#-'&"&90%' (& *#-;"

T/,E!-)5,/%.34/)5!/,1 1:5/;-3541/5!3.30+'1 ;3.(/5:!/5!4&34!/5;).(34/)51)5!:3.(".,O!
JE[32'.,/)5!&3,10"5!;)75*14)l/5:+7'5-"1  +35*17,'135*14&7,12/43+1;).10)4&):3.(135*!
6)+/-816+355/5:1K3.*3E".! et al.1!"N?B@+,)1!/5-).6).34/5:1./,E!/51;3.(1()*+&3,!
0"5!;)75*14)1/(6.)2'16."%/-4/216)9".1):1 ()*'+1=J))E'l et dl@1!"N?OB@&364'.!
[ 11481 - A1);13.(.1LE  [32'./)5!)51-.)66/5:16344' 5,  I=K3L'++t al.1!?MGE35*!
&'5-14&'1/54'5,/481);1/567417, 113.1,&)95@!J'.43/51-.)6, 13.'l,'+'-4'*103,*1)514&'|
:3.(.0,1+2+)LLE [32'./)5 135%14&'Ic./E/5',,013,,)-/34'*19/4&14&'1-)6,1*7'14)!
4&'123./30/+48! 4&'/.18/'+* 13551 6./-', |=K3L'++t al.1l ?MGC1! S* /53! 35 X73443.31!
"NNNBD! Y++7,4.34/)5! );! 6)+/-8! 366+/-34/)5! );! 4&'1 ./ E! ()*7+'1 ,&¥9!&)9! 3.30+']
3.(.,19  )7+*1.'3-414)16)+/-81-&35:'l *6'5%/5:1)514&'/.1+'2'+):1 [ E  [32'.,/)5!).!
9&'.148'813.'1c,340!)5!4&1;;/-'54] FIAl;.)54/.@!%&",1:/5%/5:,1-351/5;).(1;3.(/5:!

[ )5,13,1;3.13,1-.)6! "+-4/)5! [, -)5-" 5*@! Y5! 4'.(,1 );! 6)+/-81! 4&') !, 7+4,!

&)9 '* 16)+/-81353+8,/,1."+'235-"1 ) :14&'1()*'+135*  4&'15"*1;).1."1/)53+/,*16)+/-8!
J5-13.(0 B HE+814)L! 3-414)1-&35: 1/516)+/-81%/:;' '54+81*'6'5%/5:1)514&] !
+2'+1):1./ EB2'.,)5 1!/5;+7'5-*10819&".14&'813."1+)-34"*  @358!366.)3-&',1&32'!
0"5!1 366+ /5! '+/-/4/5:1;3.(.,1 30,)+74' ./, E 32'. /)51! &)9'2".1! 5)! ,47*81 93!
)75%14)1&32'17,1.35%)(+8!:'5'.34'* 1./,E132".,)5!63.3('4".,! 35*1 QX%SP! 4)!
“2'+)61354IF [l;.)54/'.13,19'++13,1' 4/(34'130,)+74' ./, EI32". /)5 -):i/-I'54,1 ).
%[+ 541 "N)5,1 /5] F5:+35*@! %&/,! A7*8! 4&7,! ;/++*1 4&/,! :36! 35* 4&'I 5)2'+!
1)54./074/)514)IE5)9+*:'1+/" 1/514&'1(48)*)+):8@ !

6.6! Limitations identified in the study

S,163.41);14&" (3/5!.",'3.-&! 3/(1! 35! 3.30+";3.(1 +'2'+! &3,' 0"5! -.'34'*1! 9&/-&!
);:1:)7.123./354,1);19&)+'13.30+'1:3.(1 ()*'+,1-3630+');10'/5:1 36.6:+/"*! 4)!1-3..8!
)74148&).)7:&!3,,",,(54!3,1;3.13,1:3.(1,8,4'(,! 353+8,/,1/,1 -)5- 5@ S+4&)7:&!
S THA) U534 *4&)T:&) 4&" ()*'+! 366+/-34/)5! 03,*1 )5! 3,,7(64/)5,! ,'41!
(34&'(34/-3+16.):.3((/5:135*1*343!7,"*1-35!,".2"13,1:7/*' 1/51*'-/ )5 OH3E/5!:!
/513.30+';3.(/5:1! 3,1 9/4&! 3++1 (34&'(34/-3+!6.):.3((/5:! )*'+,1! 4&'8! -355)4!1 0'!
“2)*1 )l +/(/434/)5,! ). *.390  3-E,@! Y4! B-E5)9+*:'*1 4&34! (34&'(34/-3+!
6.):.3((/5:1()*'+,103,*1)5!-)(63.34/2',434/-1366.)3-&!(38!;3/+14)!-3647 "1 4&'!

*853(/-15347.'1):1,)("13,6'-4,1):14&'13.30+'1:3.(/5:1,8,4' @'Y5!,7-&!/5,435-",!
"[# !



*853(/-1.'-7.,/2'1 )1 4)-&3,4/-! 6.):.3((/5:! 366.)3- &101 (01, 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,"*1)51351hZ!()*+1:).131 /5:+'18'3.19/4&1%/ - '4'19/4&/5!8'3.16"./)* 1=3,1/51 4&!
-3,1):1>SHQXPB!-35!:'5".34'1.'3,)530+').!,34/,:3-4).81.. 7+4,1:/41:).167.6),'/5!

:3.( 1,8,4(,!353+8,/,@'

Y51J&364". 141481 9'/:&4'1 )3+ [B.):.3((/5: ()*'+1/,1 366+/*14)1-3..81)74!
351")5)(-13,,",,('54!);!,6./5:1-.)66/5:1 3,1 0+3-E D.3,!(353:(54!,4.34'8@ |
S+4&)7:&! 4&' AT*8! !\ 7+4,! 6.)2/*'! [5%/-34/)5! 30)74! 4&' 6),/0+'1 -)5)(/-!
)74-)(1);! 3%)64/5:14&,4.34"811)("1+/(/434/)5,13.13-E5)9+**@  IH/.,4+8119/4&!
6./5:1-.)66/5:1-3630+1);1.*7-/5:10+3-E  D.3,,16)67+34/)5114&'1/(6+/-34/)5!/,14&34!
4&'11-351010'55/4,1  [514.(1);14)5:14%(  1);1/(6.)2'(541).1/5-.3,'1 /51 8/'+*]
=35*1&'5-1;3.(1.'2  '57'B! /5!,70,]7'5418'3.,=,B@! %&'!-)5,/*.34/)5!);!,7-&! +)5:!
4'.(10'5";/4113+48&)7:&!/,)TA1);14&'1 -)6'1);14&1 4T*81*7'14)1;)-7,1)51-)(63./,)5!
):14&1-),470'5"/4,1);149)1-.)66/5:16+35, 11'+/(/534/)5!);!, 7-&1+)5:14".(10'5";/41/,
3-E5)0+'*:*13,131+/(/434/) 5!/5!4&'1353+8,/,135* &'5-'131 +/(/434/)5!);1 48 ,47*8@!
>'-)5%+811/510+3-B.3,,1(353:'('54114&'1*'-/ [)5!43E'5!/51)5'18'3.1(38!/5;+7'5-']
¥/ N5 D3E/5:! /5! 35)4&.! 8'3.@! %&/,! ('35, 4&' /5-).6).34/)5! );! 0+3-E D.3,)!
6)67+34/)5!*853(/-,14&.)7:&1*853(/-16.):.3  ((/5:1366.)3-&',1-35!0'12".812/43+!
35%14&7,1/:5)./5:!, 7-&1*853(/-15347.");14&'16.)0+'(1-) 7+*13;;-414&1.)07 45', !

)1 48" ! 7+4,1 35%1&'5-'13-E5)0+%:'*13,135)4&".]  +/(/434/)5@! %&/.*+FL1-.)6,!
9'1,+'-4"1:) 148" 47*81=9/54' 198'3411,6./5:103.+'81!,  6./5:10'35,135%19/54" !
)+, .36'B! (‘35/5:1 4&341)4&".1-)6,1);1 -)5)(/-! /(6).435-"1 ,7-&! 3,1 9/54".!
03.+'813."1+/(/534'*135*14&7,1-)7+*13;;-4148'13--7.3-81):14&13::.:34'1" 4/(34", @!
H/53++811:34'10/3,1/,1)5'):14&16.)0+'(,|/5!bZ1366.)3-&!=I7-E9"++  135*IK3L'++1!
2MS$ BIF T4/ 15 1/51-83.3-4" 1,41-13()5:1;3.("., @!%&7,19/4&17,');1*3431);]

3.0, )14 541 L 11 3+48)7:&1 48 ()F+1 93,1751 :).1'3-&1:3.(1 03,1 )5! /4,
)951%3431148&'.'1-35!,4/++10''</,4'5-1);16),,/0+'13::.:34/)5!"..).135*14&/,!- 3510'!
"513,135)4&".1+/(/434/)5!);14&'1 3::.:34/)5!366.)3-&! 35+1 &'5-'1+/(/434/)5!); 148
AT*8@

Y5!J&364".1 [1! 3! (/<™ D54"".)  QX%SP! ()*+! 93,1 366+/'*! 4)! '23+734' ./ E!
32'.,/)5163.3('4".,1);13.30+'1;3.("., |1 75*" 1 4&'IF 2u!;.3('9).E@!b/(/434/)5!);14&"
AT7*81 1,1 3-E5)9+*:%1 4&.)7:&! 48 +/(/434/)5,! 3,,)-134™1 9/4&! 48" QX%SP!

"Il !



366.)3-&!=K3.*3E".! et al@1!"N2B-4&)7:&! QX%SPB+,19/4&!14&" /5:+'1)0\-4/2']
+(/4340)5! ):! +/5'3.1 6.):.3((/5:@ ! X5 );! 4&' 9'++ [E5)95! 366.)3-&',! /5! ./,E!
6.):.3((/5:! /,! 173*.34/-! 6.):.3((/5:! =kTB! 9/4&! ,)(! 3*235-'! /5! ./,E!
6.):.3((/5:!366.)3-&',1 4&.)7:&! 4&'1 7,1);! 4)-&3,4/-1 35+ 481 (3</(/,34/)5!);!

*['-4 174/+/4816.):.3((/5:1366.)3-&'|1=K3.*3E".] et al@1!"N?[B@!S+4&)7:&!4&""13.

J(/+3.14]' 10'49"514&" '1366.)3-&', 1355 QX%SP!/5!4".(,1);14&", 4.7-47.1);148"
4'-85/-3+! -)5,4.3/54,1 35+ 3.'1 3+ )1 3, )-/34'*1 9/4&! +/(/434/)5,1! 4&'8! &32'! 0"5!
)75%1 4)1 '5'.34' (). J,E! ';:/-'541 -.)6! 6+35,1 4&35! QX%SP  1=K3.*3E".! et al@1!

"N?[B@+&'! (‘35!30,)+74'1%'2/34/)5 1/5!QX%SP!&3,10"5!;)75%14)1)746".;).(14&'!

3(6+' 123./35-'1 /5 KT! /5! /5,435-",1 9&'.'1 4&'1 */,4./074/)5! ):! :3.(! /5-)("! /,!

E'9*1 =K 3L'++!35% ).4)511 ?MGAB! &)9'2".1! -&)),/5:! QX%SP!)2".! 366.)3-&",!
7-&13,1,4)-&3,4/-1,/(7+341)5!6.):.3((/5:! ('35,!/:5)./5:1 4&'1 .35%)(123./34/)5!

/51,)! (358! ;3-4).,! 9&/-&! [5:+7'5-"1  4&'13.30+'135*1 3.'1 3,)-/34'*1 9/4&! .35%)(!
23./34)5@! %&7,! 4&/,! +/(/4341)5! ):! 4&'T QX%SP! 366.)3-&! (38! 4.35,+34'l /54)! 4&!
+/(/434/)5!);14&", 47*8@

6.7! Future work in sustainable arable farming systems modelling

6.7.1! 2%, $#@#/% " *#-#*#,&$H#)-'&-'(8"PA%"-#$"&$%'0% & ANF00#-; '
_"34/2''<4' . 53+/4/',13."13,,)-/34*19/4&!3.30+';3.(/5:! *T'14)148&'/54'5,/2'17,')

);! .[,E D*7-/5:1/5674,! ,7-&! 3,! ;".4/+/,".! 35*1 6", 4/-/*')! = >E'23,! 35*! b35,/5E1!
"N?#B®+48&)7:&! 4&'1>SHQXP!)64/(/,',!5/4.34'B'3-&/5:17,/5:103,'1",4/(34" 1) !

-)6 ,1! 9/4&! 4&'" 323/+30/+/48! );! *34311 ;747."1 76*34/5:! );! 4&"1 ()*'+! 4B /54)!
-)5,/%.34/)5! 5/4.34' DB'3-&/5:! 9/4&! 64! 4)! :3.(! )6'.34/)5! 35%1 )434/)5 !
']7'5-',!  =S55'44,135*1S7* +'81!"NN"B!-)7+*1+'3*14)1().".)07,4!5/4.34'1+'3-&/5:!
L4/(34',@!S+,)119/4&14K;;'-41);16',41)513.30+'1;3.(/5:16.)*7-4/2/48!= >/5*'5! et al.1!
"NN#R! Z)66ét al1l! "N?@®1!-)76+*19/4&! 3.30+'";3.(.,! 0'/5:! /*54/;/*1 3,1.[,ED
32'.,'1=J&364".! [ B!35*13.""+/E'+8!4)!366+8!6',4/-/*'14)!,3;":73.*18/ '+*11/419/++! 0"
/(6'.34/2' [51 ;747 .1 4)1 76*341 A& ()*'+!  4)1/5-).6).34'16',4/-/*' (/5/(/,34/)5!
)JOV-4/2'! ' 6'-/3++8! 9/4&! .'6-4! 4)! 0+3-E D.3,! 6)67+34/)5! *853(/-,! 35*
(353:'('54@! %&/,1-)7+*13/*1 /51 4&'1 6.'*/-4/)5!);1 )07 ,41)64/(3+!-.)67;3.(16+35, |
19" (353:'(54 @



6.7.2! 38"$A%">&O0HI&$H)- HA" "% #)-&0")" @)8-$B'0%>%60'/&$&

%&'1 23+/*34/)5!=J&364'AB! 35* ()*'+1 366+/-34/)51 =J&364".![ B! ,&)91 4&'1";;-41);!
/5-).6).34/5:1 /,E!/ 514&'16.%-4/2'16)9'1);l)*+,!=  K3L'++t al1ll ?M@E@D! e)/5:!
).93.¥11()*+1-3510'1-3+/0.34"L;).1%/;;'.'541-) 754/ /5148 1UV/14)16."*/-41)64/(3+!
-)6,16+35,13,19'++13,1/52" 4/:34'14&1";;"-41);16)+/-81-&35:'1)5!;3.(,| /5! */;;".'54!
MN5N). )7547,1%6  5¥/5:)514&'/.11E 32./)51+2'+@!

6.7.3! C->#")-*%-$&0'&-/'%@)-)*#@")&0,'$"&/% 7)((*)/%00#-; '

%&' 4.3+ D) /5! ,7,43/530+'1 3.30+1 ;3.(/5:! ,8,4'(!  /,! 6./(3./+8! 0'49"5!
'52/.)5('543+! 35*1 )5)(/-! JO\-4/2",! =%/+(35! et alll "NN"B@! %&7,! 4&'1 )3+
6.):.3((/5:! ¥+l -35! 0" -3+/0.34'*1 4)! '5'.34'1 4.3* D);;,! 0'49"5! 4&','
)ON-4/2' 175 15/;;" '541'52/.)5('543+135*1'-)5)(/-1,-'53./),14)!,'+'-41)64/(3+!

:3.(16+35, 14)1/5:).(1;3.(/5:1%"-1,/)5, @!S+,)5!/4/2/1481353+8,/,1);13++1:3.(1/56 74!
35%1)74674 116)+/-811:3.(135*1'52/.)5('543+163.3('4".,14)1/52' 4/:34'14&'].1";;'-41
)51-.)61,'+-4/)51/51).%".14)10'44" .1/5;).(:3.(/5:*'-/.)5@! !

6.7.4! D#>%,$)@B'$%* *)/%00#-; '

%&'1+/2',4)-E! -4).1-)54./074' 1 /(('5,+8!4)!]  4)43-3:./-7+47.34)74674/5!4&"1UV!
=96&).54)51! "N?NR¥;.31! "N?[ B@! $#,4&'! +/2',4)-E! ,-4).! -)54./074'! 4)! 4&!
5':34/2'1'<4' 53+/4]'1;.)(13:./-7+47. 1= Q-Q/-&3'+let al.1I"NN$R!€3.5'4411"NNMR! e/++!
et al1!"N?B4)! 48'1'52/)5(54 @! %&7,1!:)/5:1;).93.511 /41 9/++! O' /(6'.34/2'! 4)!
'<4'5*1 4&'I >SSHQXP! 4)! [5-+7%1+/2' 4)-E1;3.(1+'2' +()*++/5:@! /4&! 4&/13!0'44' !

3., (541 );l 9&)++8! +/2' 4)-E! :3.(/5:1 ). (I<*! :3.(/5! ,8,4'(,! -35! 0'l

BET-4%1 A) -4[2'+8) [5;).(1 ;3.(/5:) 35*! 6)+/-8! *-/,[)5,@! %&.)7:&! 4&'!
[5-+7,/)51);1+/2',4)-E!,8,4'(,1!;3.(1(357."1353+8,/,1-35!0'1/5-).6).34'*1/54)! 48!
>SHQXP@

6.7.5! 5B-&*#@E,$)@A&,$#@"™)/%00#-;"
/4&1*853(/-15347.1);1,)(13,6'-41);13.30+'1;3.(/5:1,8,4'(,13,19'++13,1.35%)(!
23./34/)5!3,)-134'*1 4&'1;3-4).,! , 7-&! 3,1 9'34&" 11 6./-'11 9&/-&! [5;+7'5-"1*-/,/)5!
(3E/5:! /5! 3.30+'1 ;3.(/5:1! ;747." 76*34/5:! );! 4&') >SHQ XP! 4)! -3647."1 ,7-&!
*853(/-,1-3510'1 2/43+! /51 4&'1 ()*+0,!6.'%/-4/2'1 6)9'.@! S+,) 1! -)(0/5/5:! >SHQXP!
9/4&! 0+3-B.3,,! 6)67+34/)5! *853(/-,!  -35!:)! 31 +)5:1 938! /5! '5'.34/5:1 .)07,4!
! 7+4,119&/-&1-351"::-4/2'+81/5:).(10+3-E D.3,,1(353:('541*-/,/)5,1/513.30+'

"[$ !



:3.(/5:@'Y514".(,1);1./,EN)*++/5:11,4)-&3,4/-16.):.3((/5:13+4&)7:&!-) (6+/-34'*1!
-3510"1366+/*14)1*2'+)613L./, EI()*+1().1-3630+'1):1-3647./5:1.35%)(123./34/)5!
3,,)-134'*19/4&13.30+1:3.(/5::3-4).,1044'. @ !

6.8! Conclusion

Q34&'(34/-3+!6.):.3((/5:' )*'+,! &32 "14&'-3630/+/4/',! 4)!-3647.' (358! );! 4&"
-)(6+'< /415! 3.30+';3.(/5:! ,8,4'(,@! Y5!4&/,!.'3. -&1135! 3.30+' ;3.(! +'2'+!
O*+119&/-&!-)5,/,4,1);1))7.1 )*7+',1  1&3,10"5! *2'+)6*1 35*1 23+/*34*  @! %&'!
O*+ 13**1:)7.123./354,1);13.30+'1;3.(1()*'+,14)1 4&'1;'O! :3.(1()*+,1/*'54[:[ !

/5! 4&'1 UM 08! *.39/5:1 )5! 4&'1 [ 4.'5:4&,! );! */:;'.'541 (34&'(34/-3+! ()*'++/5:!
366.)3-&', @b&"'()*'+14&7,");;".,!  35!'5,'(0+");!13.30+';3.(1+'2'+!(34&'(34/-3+!
6.):.3((/5:! ()*'++/5:! 4))+ ,1! 9&/-&! -35! 0"l 7,"*1 4)! -3..81 )74l 4&).)7:&!
3,,,(54  1/513.30+'1;3.(/5:1,8,4'(14&35!358!)5');14& | ()*'+1/*'BA[:[*1-) 7+*1%)]

' 6'-/3++8!/514&'1UV!-)54'<4@8.) 7:&!4&/,!)*'+114&'13::.":34'1-),41);10+3-E  D.3,,!
-)54.)+! 9/4&! ,6./5:! -.)66/5:! &3, 0"5!  [/52',4/:34*1 35*1 ' 4/(34*! ;). 4&" UV!
3.30+'1;3.(/5:1,-4).@! % &' 6'.1&"-43."l ',4/(34' ,1:/2' 1/5*/-34/)5!);!6),,/0+'1;3.(!
638('54,14)1/5-'54/2/,13%)64/)5!);!,6./5:1-.)66/5:13,1310+3-E  D.3,,!(353:'('54!
4.34:8@!S:3/5!14&.)7:&!4&' ()*+1!3!.35%)(+8!:'5'.34'*1 [ E  [32'.,/)5!63.3('4".!
(4&)*1&3,10"51366+/*14)!" 4/(34'130  )+74'1./,E [32".,/)5!-);:/-/'541 75+ 1 4&]
F@&!;.3('9).E 1).13.30+';3.(.,!/5!F5:+35*@!!Z2)+/-8!366+/-34/)5!/++7,4.34/)5!);14&'"!
O*+! ,&)9,! 4&"1 '+'235-1):1 4&"1 ()*'+! /5! 6)+/-8! 353+8,/,! 35*1 4&'1 5" :).!

D53 HG)+H-I',  143/+).114)1 [ E132'../)5 @5!4&/4&'/,11/41&3,10"51%'()5,4.34"
48&341(348&'(34/-3+! ()*++/5:1366.)3-&!-35!0'1 366+/*14)1353+8,'1*/:;'.'5413,6'-4,!
);113,19'++13,1/55)234/)5,1/5!13.30+'1;3.(/5:! ,8,4'(,@! S+4&)7:&!";;-4/2'5',,1);1 3!
O*+!1+/'1/51/4,1,6'-/;-34/)5135*14&"1]73+/481);1*34317,"* 19 /4&!323/+30/+/48!);!*343!
35*1 -)54/57)7,! 23+/*34/)51 );! 4&'1 ()*'+11 '\ 7+4,! I'5'.34'*1 08! 4&'1 ()*'+! -35!

" 4)2'+81/5;).(1;3.(/5:1 35*! 6)+/-8! *'-/ /)5, 14)! '5&35-"1 4&'1 *'2'+)6('54! ;!
)07,4135%1,7,43/530+'13.30+':3.(/5:1,8,4'(,!  ;).N(7+4/6+10'5";/4,] 4)I'5,7 .'I;))*!
,-7.148 135*1.3;"73.*14&" '52/.)5(54 @!
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