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ABSTRACT8

9
Two multiple criteria decision making (MCDM) techniques, compromise programming (CP)
and weighted goal programming (WGP), have been applied to a Waikato dairy farm to
reconcile economic goals (maximizing milksolids (MS) production per ha; maximizing profit
margin over feed cost; and maximizing metabolizable energy (ME) for milk production) with
an environmental goal (minimizing nitrogen leaching per ha) and a resource management
goal (minimizing water use). The models are based on Tier 2 methodology, developed
specifically for New Zealand, for determining the energy requirements of cattle. The models
also include estimation of the methane and nitrous oxide emissions from the agricultural
sector. For defining the ideal values for various goals, five Linear Programming (LP) models
are also developed, each having one of the goals as the objective function. The models are
first applied with the current farm management practices to analyse the performance of the
farm in meeting the two specific objectives of: (i) attaining the production target of 1320 kg
MS ha-1 year-1, set by the farm management for maximizing profit, and (ii) keeping the
nitrogen leaching limit to 26 kg N ha-1 year-1, as calculated by the agricultural management
model OVERSEER nutrient budget. Model results show that with the existing management
practices, it is not possible to meet the MS production and nitrogen leaching targets
simultaneously. The production target of 1320 kg MS ha-1 year-1 results in nitrogen leaching
loss of 29 kg N ha-1 year-1 whereas the nitrogen leaching target limits the production to 1195
kg MS ha-1 year-1. The management options of: (i) deciding the number of cows calving in
two seasons, i.e., spring and autumn; (ii) selecting the most appropriate forage/crop
production and supplement purchase strategy to meet the cattle needs, and (iii) combining
(i) and (ii) together, are subsequently evaluated. Model results show that by keeping the
number of cows calving in autumn within 150 – 200, and by putting an optimum area under
the maize crop, it is possible to meet the twin objectives of minimizing the nitrogen leaching
and maximizing the profit margins, though the production target has to be lowered
significantly.
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1. INTRODUCTION15
16

Dairy farming systems throughout the world are facing numerous environmental, technical17
and economic challenges. This is especially true for countries like New Zealand (NZ) whose18
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export economy depends on dairying. The dairy industry in the country is continuously1
evolving with increased dairy conversions and intensification. In the last ten years (2001-022
to 2010-11), the total effective dairy farming area has increased by 16.6% whilst the number3
of cows has gone up by 22.6 %, with a corresponding 27.4% increase in the total processed4
milk (LIC, 2011). This remarkable economic development, however, has been achieved at5
an environmental cost as increasing use of nitrogen fertilizers has given rise to nitrate6
leaching (Di and Cameron, 2002). The increased number of cows and increasing use of7
nitrogen fertilizers have also raised the risk of increased methane and nitrous oxide8
emissions, thus compromising New Zealand’s commitment under the Kyoto protocol (MfE,9
2008).10

11
The NZ dairy industry, therefore, has to make trade-off among the potentially conflicting12
economic and environmental goals, and tackle them simultaneously.  In this context, multiple13
criteria decision making (MCDM) models are most appropriate and may play a useful role in14
decision making. MCDM models have been widely used for strategic planning purposes in15
agricultural systems (Romero and Rehman, 1989; Sarker and Quaddus, 2002), dairy farming16
systems (Val-Arreola et al., 2006; van Calker et al., 2008), regional farm level modelling17
(Fleskens and de Graaff, 2010), livestock feed blend optimization (Babic and Peric, 2011)18
and in environmental sciences (Huang et al., 2011). MCDM models have also been applied19
to dairy farming systems in conjunction with bio-economic or simulation models (Groot et al.,20
2012; Herrero et al., 1999; van de Ven and van Keulen, 2007).Though several simulation21
models have been developed for pasture-based dairy farming systems in NZ (Beukes et al.,22
2008; Bryant et al., 2010; Johnson et al., 2008; Macdonald et al., 2010), the application of23
optimization techniques has mostly remained limited to Linear Programming (LP) models24
(Anderson & Ridler, 2010; McCall et al., 1999; Ridler et al., 2001; Ridler et al., 2010) with the25
exception of the  Integrated Dairy Enterprise Analysis (IDEA) framework which is based on26
nonlinear programming (Doole et al., 2012). However, simulation models are usually27
complex and require detailed information that may not be readily available whereas LP28
models can only deal with a single objective.29
In this study, two MCDM techniques, Compromise Programming (CP) and Weighted Goal30
Programming (WGP) have been applied to a Waikato dairy farm to reconcile economic goals31
(maximizing milksolids (MS; fat + protein) production per ha; maximizing profit margin over32
purchased feed cost (MoFC); maximizing metabolizable energy (ME) for milk production)33
with environmental (minimizing nitrogen leaching per ha) and resources management34
(minimizing water use) goals. The developed models are based on NZ-specific Tier 235
methodology for determining the energy requirements of cattle, and estimation of the36
methane and nitrous oxide emissions from the agricultural sector (Pickering, 2011), and may37
be categorized as a ‘support modelling’ tool for making ‘tactical/strategic’ decisions at the38
farm level (Le Gal et al., 2011). The models are first applied with the current farm39
management practices, and subsequently the management options of: (i) deciding the40
number of cows calving in two seasons, i.e., spring and autumn; (ii) selecting the most41
appropriate forage/crop production and feed purchase strategy to meet the cattle needs, and42
(iii) combining (i) and (ii) together, are evaluated.43

44
The paper is structured as follows: in Section 2 we present the methodology including the45
details of the case study farm. In Section 3, the results of the optimization are presented.46
This is followed by a discussion (Section 4) and conclusions (Section 5).47

48
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2. METHODOLOGY5
6

2.1 Case study farm7
8

A 345 ha pasture-based dairy farm located in the prime dairying area of the Waikato region9
is selected for the case study. The Waikato region has fertile volcanic ash derived soils, and10
it contributes about 30% to the NZ milk production. In the selected farm, perennial pastures11
and annual crops are grown over 296 ha. The perennial pastures include mixed pasture12
(85% perennial ryegrass + 15% white clover), tall fescue, chicory and ryegrass, whereas13
annual crops include maize and turnip. Maize is grown during October - March and fed14
during April – September, while turnip is grown during October - December and fed during15
January – February. The farm database, maintained at a monthly time step, shows that16
mixed pasture accounts for a minimum of 190 ha whereas annual crops are limited to a17
maximum of 50 ha. The area under maize is further limited to 21 ha. The home-grown feed18
is supplemented by purchased feeds like meal concentrate, palm kernel extracts (PKE),19
molasses and kibbled maize to meet the animal nutritional requirements. The farm has a20
maximum annual budget of NZ $ 500000 for purchasing feed.21
The animal herd at the farm includes milking and dry cows of Friesian-Jersey breed. The22
cows milk over 305 days and dry-off for two months. Two categories of calves, less than one23
year old and in between one and two year old, are maintained at the farm, and their number24
is kept at about 50% of the cows. Bulls (limited to one bull for eighty cows) are typically25
brought to the farm for a three-month period during November – January.  In the Waikato26
region, cows are generally calved in early spring (late July - August) to match the high feed27
demand near the beginning of lactation with the period of greatest pasture growth, however,28
a few farms are now adopting a new management practice of calving a small number of29
cows in the autumn (March – April) (Beukes et al., 2008). The case study farm adopts this30
new management practice and has cows calving in both seasons, with autumn calving31
maintained at around 150.32

33
The farm has a bore well to meet the water requirements. The upper limit on the34
groundwater use from this well is 250 m3 during a day and 40000 m3 during a year (1 June -35
31 May). Surface water, however, is available to supplement the groundwater supply.36
Though water supply is free now, it is expected to be levied soon as several district/regional37
councils in the neighbourhood have already started the practice.38

39
The farm management has set a production target of 1320 kg MS ha-1 year-1 while40
demonstrating the industrial responsibility of keeping the nitrogen leaching losses within the41
desirable limit of 26 kg N ha-1 year-1. The desirable limit on the nitrogen leaching is estimated42
by the OVERSEER nutrient budget model (Ledgard et al., 1999; Wheeler et al., 2006), which43
is the standard tool adopted by NZ agricultural industry for estimating the nutrient losses.44

45
2.2 Technical coefficients46

47
The monthly data related to number and category of animals maintained, milk and MS48
production, pasture and crop production, water use, and fertilizer application were taken49
from the farm database for the 2010-11 season. The available information, however, was50
further supplemented using the existing literature, especially for the average pasture51
production in the study region, crop yield, feed requirement of animals, and ME content of52
various feeds (DairyNZ, 2012a, b, 2010).The milk price for 2010-11 ($7360 t−1 MS) was53
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taken from DairyNZ (2012c). All monetary values, throughout the paper, are stated in New1
Zealand dollars.2

3
The energy requirements and dry matter intake (DMI) of cattle, and subsequently the4
methane (CH4) and nitrous oxide (N2O) emissions were calculated using the Tier 25
methodology developed specifically for New Zealand (Pickering, 2011). This Inventory model6
(Clark et al., 2003) uses the Australian Feeding Standards algorithms for freely grazing7
ruminants (Freer et al., 2007), and calculates ME requirement for animal weight8
maintenance, milk production, conception/gestation, live weight gain and grazing. The9
amount of CH4 released includes methane from dairy cattle and from manure management10
(both pasture and storage), whereas N2O emission includes N2O from direct sources11
(fertiliser, animal waste, nitrogen fixing crops, and urine and faeces deposited during12
grazing) and indirect sources (nitrogen volatilisation from soils and nitrogen leached from13
soils). The methane and nitrous oxide emission are converted into the carbon dioxide14
equivalents (CO2-e) by using the conversion factors of 25 for CH4, and 298 for N2O  (IPCC,15
2007). The CO2 emission is neglected here due to non-availability of relevant information.16
The N-leaching estimation depends on the amount of nitrogen fertiliser applied to soils,17
nitrogen excreted by animals and nitrogen from atmospheric deposition (assumed here as 218
kg N ha-1 year-1; Ledgard et al., 1997). A value of 0.07 is used to represent the fraction of19
nitrogen input to soils that is lost through leaching and runoff (Thomas et al., 2005).20

21
2.3 Mathematical Model22

23
The mathematical model is developed based on the basic information described above. The24
model involves five animal categories, and ten home-grown pasture/crop and purchased25
feeds. A monthly time step is used with June representing the beginning of the annual26
farming cycle. The decision variables include tactical choices of the areas under different27
pastures/crops, quantities of purchased feeds, and number of cows calving in spring and28
autumn. A total of five objectives are considered: maximization of milksolids production29
(Max_MSP), minimization of nitrogen leaching (Min_N_leach), maximization of30
metabolizable energy for milk production (Max_MEP), maximization of margin over31
purchased feed cost (Max_MoFC), and minimization of annual water use (Min_AWU). The32
constraints represent ME and DM requirements of animals and their availability through33
home-grown and purchased feeds, area available for cultivation, maximum and minimum34
limits on land allocation to individual pasture or crops, budget available for purchasing feed35
and daily limits on the water use. Appendix A presents the model description.36

37
38

2.4 MCDM Techniques39
40

There are numerous techniques that are available for handling MCDM problems, with41
varying suitability in different decision situations. Multi-Objective Programming (MOP) and42
Compromise Programming (CP) are suitable when only the direction of improvement of the43
decision attributes relevant to the decision situation at hand is known, whereas Weighted44
Goal programming (WGP) is recommended when the target values for the relevant decision45
attributes are known a priori. Further, when the number of objectives considered is more46
than two, CP is preferred over MOP (El-Gayar and Leung, 2001).  Both CP and WGP are47
considered to be robust methods of analysing decision-making problems in complex48
environments such as agricultural systems (Rehman and Romero, 1993).49

50
2.4.1 Compromise Programming (CP)51

52
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Compromise programming seeks to obtain a solution representing the best compromise1
amongst the different objectives rather than optimizing only one of them. It seeks a solution2
as close as possible to the ideal point (vector) comprising of the ideal values for all the3
relevant objectives. A distance function, minimizing the distance between the solutions and4
the ideal point, is introduced into the analysis. Two metrics are usually considered: L15
representing the longest distance geometrically, and L∞, the largest deviation from among6
the individual deviations (Piech and Rehman, 1993).7

8
The first metric, L1 is minimized by solving the following LP problem (Cohon, 1978):9

10
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where d∞ is the largest deviation. In this study, Wg is taken as one for both metrics.25

26
2.4.2 Weighted Goal Programming (WGP)27

28
WGP considers all the goals simultaneously by using a composite objective function. The29
objectives are converted into goals and incorporated into the model in the form of30
approximate equalities. Positive (pg) and negative (ng) deviational variables, indicating over-31
achievement or under-achievement, are introduced in the objectives, with the right hand side32
values representing  the targets set by planner that may or may not be satisfied. The33
composite objective function minimizes the deviations between achievement of the goals34
and their targets (Romero and Rehman, 1989). In WGP, goal satisfaction may be traded-off35
using relative weights on deviations from the targets in the objective function.36
Mathematically, the WGP problem is expressed as follows:37
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where Gg is the objective target for the goal g. If all the goals have the same importance,1
then Wg is taken as one, which is the case here.  The objective function includes ng or pg2
depending on whether the Gg is to be underachieved or overachieved. A normalization3
constant, Gg/100, is used here to overcome the incommensurability (Tamiz et al., 1998).4

5
2.5 Pay-off matrix6

7
The application of CP involves definition of ideal )( *

gZ and anti-ideal )( *gZ values, and8
WGP definition of target (Gg) values, for each objective. These values were obtained by9
solving the conventional LP problems for each objective (Piech and Rehman, 1993). A pay-10
off matrix was prepared by maximizing or minimizing the five objectives defined by (A1) –11
(A5) (Appendix A). However, to reflect the existing farm management practice of maintaining12
150 milking cows during the winter season, an additional constraint was included in the13
model to keep the number of cows calving in March-April fixed at 150.14

15
2.6 Modelling scenarios and management options16

17
The CP and WGP models are first applied to the case study with the existing farm18
management practices. Based on the results, the WGP model is then applied to evaluate the19
performance of the farm with the two specific objectives of: (i) meeting the production target20
of 1320 kg MS ha-1 year-1 and (ii) keeping the nitrogen leaching losses within the desirable21
limit of 26 kg N ha-1 year-1. In these two model runs, goals reflecting maximization of MSP22
and minimization of N_leach, (A1) and (A2) (Appendix A), are treated as rigid constraints23
and assigned fixed objective targets (Gg) of 1320 and 26 respectively.24

25
The WGP model is further applied to evaluate the management options of: (i) deciding the26
number of cows calving in two seasons, i.e., spring and autumn; (ii) selecting the most27
appropriate forage/crop production and feed purchase strategy to meet the cattle needs, and28
(iii) combining (i) and (ii) together. This is because with the growing focus on N-leaching and29
GHG emissions, there has been increased interest in alternative forages and feeding30
strategies to supplement the traditional perennial ryegrass-white clover feed-base in pasture-31
based dairy farms (Gregorini et al., 2010; Jacobs and Woodward, 2010). These alternative32
feeding strategies may also alter the herd structure, especially the number of cows calving in33
the two seasons, to match the nutrient availability (Anderson and Riddler, 2010; Kolver et al.,34
2001). To analyze the management option (i), the number of cows calving in the autumn is35
varied around 150, i.e., 100, 200, 250 and 300, and the WGP model is run for each case.36
For the management option (ii), the WGP model is run without constraints on individual37
pastures/crops, i.e., by eliminating constraints (A9) – (A12) (Appendix A). The effectiveness38
of the different management options is compared in terms of attributes like MSP, N-leaching,39
MEP, MoFC, feed cost and the resultant GHG emissions in terms of CO2-e.40

41
2.7 Validation of model results42

43
Though it is difficult to validate the results of an optimization model, an attempt is made here44
to validate the N-leaching values obtained from the WGP model runs by setting up the45
OVERSEER nutrient budget model for select cases.  The OVERSEER model has been46
chosen because it is extensively validated for leaching load estimation from NZ farming47
systems (Thomas et al., 2005), and thus could be used as a validation tool. The key outputs48
of the optimization model, i.e., number of animals of different categories, quantity of milk49
produced, area under different forages/crops and quantity of supplements purchased are50
used as input while setting up the OVERSEER model, along with the farm specific data on51
climate, soil characteristics, nitrogen fertiliser use and effluent application. The N-leaching52
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loads determined from the OVERSEER model runs are used to validate the optimization1
results.2

3
3. RESULTS4

5
3.1 Pay-off matrix6

7
Table 1 presents the pay-off matrix obtained by optimizing each objective separately using8
LP. Each row of Table 1 shows the optimal objective function value (underlined) along with9
the corresponding values of the other objectives. For example, the first row of Table 1 shows10
that the optimal milksolids production (MSP) is 1428 kg MS ha-1 year-1, which corresponds to11
nitrogen leaching (N_leach) of 31 kg N ha-1 year-1, metabolizable energy for milk production12
(MEP) of 23790597 MJ, margin over feed cost (MoFC) of 2.149 M$ and annual water use13
(AWU) of 50515 m3.14

15
Table 1. The pay-off matrix

Objective
Objective Optimised

Max_MSP
(kg MS ha-1 year-

1)

Min_N_leach
(kg N ha-1 year-

1)

Max_MEP
(MJ)

Max_MoF
C (M $)

Min_AWU
(m3)

Max_MSP 1428 31 23790597 2.149 50515
Min_N_leac
h

1200 26 20003291 1.874 42322

Max_MEP 1428 31 23790597 2.149 50515
Max_MoFC 1428 31 23790597 2.149 50515
Min_AWU 1200 26 20003291 1.779 42322

16
The pay-off matrix clearly reflects the wide range that each objective can attain. It shows that17
objectives Max_MSP, Max_MEP and Max_MoFC are complementary to each other. It18
further shows that objectives Max_MSP and Min_N_leach or Min_AWU are at opposite19
extremes, which implies the need for compromise between these. Such results can be20
explained by the fact that maximizing MSP entails larger number of milking cows which in21
turn results in higher N-leaching or necessitates higher amount of water consumption. A22
careful examination of the payoff matrix leads to an important conclusion that the production23
target of 1320 kg MS ha-1 year-1 set by the farm management cannot be attained while24
keeping the nitrogen leaching losses within the desirable limit of 26 kg N ha-1 year-1.25

26
The best value of each objective in Table 1 was further used to define the ideal values )( *

gZ27
in CP and to set the target values (Gg) in WGP, whereas the worst value of each objective28
defined the anti-ideal values )( *gZ in CP.29

30
3.2 Compromise and Weighted Goal Programming31

32
Table 2 presents the most efficient compromise set obtained by the CP model for the two33
metrics L1 and L∞, and goal values attained by the WGP model with the existing farm34
management practices.  As evident, the compromise solution obtained by CP corresponding35
to metric L1, and WGP solution are exactly the same, showing about 99% achievement of36
the ideal values for milksolids production, ME for milk production and margin over feed cost.37
The ideal values for N-leaching and annual water use are, however, overachieved by about38
19%. It further emphasizes the conflict between the objectives of milksolids production and39
N-leaching.40

41
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1
2

Table 2. Most efficient compromise set (CP model) and attained values of goals (WGP
model) for the case study farm

Compromise programming (CP) Weighted Goal programming
(WGP)Objective function Metrics

L1 L∞
Max_MSP
(kg MS ha-1 year-1)

1426 1200 1426

Min_N_leach
(kg N ha-1 year-1)

31 26 31

Max_MEP  (MJ) 23785547 20016594 23785547
Max_MoFC  (M$) 2.144 1.726 2.144
Min_AWU  (m3) 50246 42322 50246

3
Table 3 presents the herd structure, land allocated to different pastures/crops and cost of4
purchased feed obtained by CP and WGP models. The major difference between the5
solutions obtained by CP model corresponding to metric L1 and WGP model, and CP model6
corresponding to metric L∞ lies in the number of cows calving in spring (and the resultant7
reduction in the number of calves due to model assumption). This explains the reduced8
milksolids production and N-leaching obtained in the L∞ solution, as number of cows drives9
the milksolids production whereas total animals at the farm govern the N-leaching losses. In10
all three solutions, the entire 296 ha area was cultivated and the entire budget available for11
purchasing feed was invested.  All three models assigned maximum possible area to the12
annual crops, maize and turnip, indicating a possibility of increasing the cultivable area13
under these crops from the present limit of 50 ha. Among the pastures, models preferred14
mixed pasture and chicory (WGP and L1 metric of CP). GHG emissions (sum of CH4 and15
N2O emissions converted into CO2-e) is estimated at 3466 tonnes CO2-e for the solution16
corresponding to metric L1 of CP model and WGP model, and 2943 tonnes CO2-e for17
solution corresponding to metric L∞ of CP model. In terms of per litre of milk, the estimated18
GHG emissions are about 0.8 kg CO2-e l-1 of milk. This value is similar to those reported for19
dairy farms in New Zealand, UK and other European countries (Del Prado et al., 2011;20
Fonterra, 2009).21

22
Table 3. Herd structure, land allocation and feed cost obtained from compromise and23
goal programming models24

Compromise programming
(CP)

Weighted Goal
programming

(WGP)Attributes Metrics
L1 L∞

Herd structure
Cows calving in spring (July-August) 570 460 570

Cows calving in autumn (March-April) 150 150 150
Bulls 9 8 9
Calves 360 305 360

Land allocation (ha)
Mixed pasture 190 246 190
Chicory 56 0 56
Maize 21 21 21
Turnip 29 29 29

Feed cost (NZ $) 500000 500000 500000
GHG emission (tonnes CO2-e) 3466 2943 3466
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1
Table 4 presents the WGP model results for farm specific objectives of meeting the2
production target of 1320 kg MS ha-1 year-1 (MSP_1320) and keeping the nitrogen leaching3
losses within the desirable limit of 26 kg N ha-1 year-1 (N_leaching_26). Results reiterate that4
the production target of 1320 kg MS ha-1 year-1 set by the farm management cannot be5
attained while keeping the nitrogen leaching losses within the desirable limit of 26 kg N ha-16
year-1. This is because MSP of 1320 kg MS ha-1 year-1 results in N-leaching loss of 29 kg N7
ha-1 year-1 whereas N-leaching loss of 26 kg N ha-1 year-1 limits MSP to 1195 kg MS ha-18
year-1 (Table 4). Thus, within the existing constraints, farm management has to compromise9
on either of the two targets.  The production target of 1320 kg MS ha-1 year-1 requires 66610
cows (516 calving in spring) resulting in MoFC of 2 M$ compared to 604 cows (454 calving11
in spring) with MoFC of 1.949 M$ for the N-leaching target of 26 kg N ha-1 year-1. GHG12
emissions are estimated at 3222 tonnes CO2-e for MSP_1320, and 2932 tonnes CO2-e for13
N_leaching_26. Results further show that the annual water requirement exceeds the 4000014
m3 of groundwater available at the farm in all cases (Tables 2 and 4), thus necessitating15
reliance on surface water.  Since the water supply in the near future may be on payment16
basis, farm management may have to keep a check on this additional expenditure.17

18
Table 4. Weighted goal programming results in meeting farm specific milksolids19
production and Nitrogen-leaching targets20

21

Attributes MSP_1320* N_leaching_26†

Max_MSP  (kg MS ha-1 year-1) 1320 1195
Min_N_leach  (kg N ha-1 year-1) 29 26
Max_MEP  (MJ) 22022243 19935479
Max_MoFC  (M$) 2.000 1.949
Min_AWU  (m3) 46539 42151
Herd structure

Cows calving in spring (July-August) 516 454
Cows calving in autumn (March-April) 150 150
Bulls 8 8
Calves 333 302

Land allocation (ha)
Mixed pasture 234 234
Chicory 12 12
Maize 19 21
Turnip 31 29

Feed cost (NZ $) 448230 267471
GHG emission (tonnes CO2-e) 3222 2932

* Fixed production target of 1320 kg MS ha-1 year-122
† Fixed nitrogen leaching target of 26 kg N ha-1 year-123

24
3.2.1 Validation of model results25

26
The WGP model runs corresponding to the farm specific objectives of meeting the27
production target of 1320 kg MS ha-1 year-1 (MSP_1320) and keeping the nitrogen leaching28
losses within the desirable limit of 26 kg N ha-1 year-1 (N_leaching_26) were randomly29
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selected for validating the N-leaching losses estimated by the optimization model. The key30
outputs of these runs were extracted at monthly time step (Table 4 presents the consolidated31
results), and used to set up the OVERSEER nutrient budget models. Additional data on32
climate, soil characteristics, nitrogen fertiliser use and effluent application were taken from33
the farm database. The OVERSEER model resulted in a nitrogen leaching loss of 28.5 kg N34
ha-1 year-1 with MSP_1320 inputs, and 27 kg N ha-1 year-1 with N_leaching_26 inputs. The35
corresponding N-leaching losses estimated by the optimization model are 29 kg N ha-1 year-136
and 26 kg N ha-1 year-1 (Table 4), and hence, the optimization model results may be treated37
as quantitatively validated..  The minor difference in the results by two approaches may be38
attributed to the fact that OVERSEER is a comprehensive model that takes into account the39
farm climate and soil characteristics whereas Tier 2 methodology used in the optimization40
model is based on empirical relationships.41

42
3.3 Analysis of the management options43

44
3.3.1 Number of cows calving in two seasons45

46
Fig. 1 presents the effect of varying the number of cows calving in autumn on MSP, N-47
leaching, MoFC, GHG emissions, and annual water use. As evident, the total number of48
cows maintained at the farm and N-leaching loss remain almost the same in all cases;49
however, reducing the number of calving in the autumn from 150 to 100, or increasing it to50
250 or 300, decreases the milksolids production and the margin over feed cost slightly. It is51
seen that increasing the number of autumn calving to 200 produces almost the same results52
as with the existing 150 calving, though there is a minor increase in MoFC. The results show53
that the existing farm management practice of 150 calving in autumn is near optimal.54
Therefore, the farm should maintain around 720 cows, with 150 or 200 cows calving in55
autumn.56
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57
Fig. 1. Effect of number of calving in autumn on (a) total number of cow, (b)58

milksolids production, (c) N-leaching, (d) margin over feed cost, (e)59
GHG emissions and (f) annual water use60

61
3.3.2 Forage/crop production and feed purchase strategy62

63
Since both 150 and 200 cows calving in autumn produce similar results, management option64
(ii) and (iii), i.e., selecting the most appropriate forage/crop production and feed purchase65
strategy, and combination of autumn calving and selecting the most appropriate forage/crop66
production and feed purchase strategy are taken together. The management option (ii) is67
considered with 150 calving in autumn and option (iii) with 200 calving; WGP models68
corresponding to these options are then run without constraints on individual pastures/crops.69
Table 5 presents the results. The exclusion of constraints on individual forage or crop leads70
to abundant supply of metabolizable energy for milk production, and increases the number of71
cows that could be maintained at the farm to 788. This leads to a considerably  higher MSP72

UNDER PEER REVIEW



of  1561 kg MS ha-1 year-1 and 1559 kg MS ha-1 year-1 for options (ii) and (iii), with73
corresponding margin over feed cost of 2.541 M$ and 2.539 M$. This may be because land74
allocation to forage/crops changes completely, with chicory replacing the mixed pasture and75
maize being assigned a higher area of 94 ha in both options. The preference for chicory is76
because of its high ME content, and for maize because of its high DM yield. The superior77
economic achievements under these two management options, however, has a negative78
aspect as N-leaching shoots to 34 kg N ha-1 year-1 in both cases, with GHG emissions of79
3772 tonnes CO2-e and 3771 tonnes CO2-e for options (ii) and (iii).80

81
Table 5. Effect of the forage/crop production strategy on the selected attributes82

83

Attributes Option (ii)* Option (iii)†

Total number of cows 788 788
MSP  (kg MS ha-1 year-1) 1561 1559
N-leaching  (kg N ha-1 year-1) 34 34
MEP (MJ) 26046324 26009279
MoFC (M$) 2.541 2.539
Feed cost (NZ $) 354142 353556
GHG emission (tonnes CO2-e) 3772 3771
Land allocation (ha)

Chicory 202 202
Maize 94 94

84
* 150 calving in autumn with no constraints on individual forage/crops85
† 200 calving in autumn with no constraints on individual forage/crops86

87
To tackle this unwarranted situation, WGP model runs were repeated with N-leaching fixed88
at 26 kg N ha-1 year-1 (similar to the N_leaching_26 case), and the results are presented in89
Table 6. It is seen that though the number of cows, MSP and GHG emissions are similar to90
N_leaching_26 model run (Table 4), exclusion of constraints on individual forage or crop91
area leads to sharp reduction in purchased feed cost and results in higher margin over feed92
cost. The MoFC for management options (ii) and (iii) are 2.107 M$ and 2.162 M$, with both93
surpassing even the MoFC of 2.0 M$ obtained in MSP_1320 case (the other farm objective94
of meeting the production target of 1320 kg MS ha-1 year-1; Table 4).  Therefore, both options95
(ii) and (iii), when considered in conjunction with the fixed N-leaching loss of 26 kg N ha-196
year-1, meet the twin targets set by the farm management, one directly (N-leaching) and97
other indirectly (MSP, in terms of MoFC). Fig. 2 presents the land allocation to pasture or98
crops for management options (ii) and (iii) with  N-leaching  fixed at 26 kg N ha-1 year-1 along99
with those for N_leaching_26 case. It is seen that with no constraints on the individual100
forage/crop area, the model allocates higher area to maize: 60 ha in option (ii) and 104 ha in101
option (iii) compared to the constrained 21 ha in N_leaching_26 case. This appears to be the102
major reason behind the sharp reduction in purchased feed cost in options (ii) and (iii). PKE103
is the only feed purchased in all three cases (data not shown here), though its quantity104
varies from 148 tonnes in option (iii) to 777 tonnes in N_leaching_26 case.105

106
107
108
109
110
111
112
113
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Table 6. Results of options (ii) and (iii) runs with N-leaching fixed at 26 kg N ha-1 year-1114

Attributes Option (ii)* Option (iii)†

Total number of cows 604 604
MSP  (kg MS ha-1 year-1) 1195 1193
N-leaching  (kg N ha-1 year-1) 26 26
MEP (MJ) 19935479 19891454
MoFC (M$) 2.107 2.162
Feed cost (NZ $) 109751 51044
GHG emission (tonnes CO2-e) 2928 2919

115
* 150 calving in autumn with no constraints on individual forage/crops + N_leaching target  fixed116

at 26 kg N ha-1 year-1117
† 200 calving in autumn with no constraints on individual forage/crops + N_leaching target fixed118

at 26 kg N ha-1 year-1119
120

121

Fig. 2. Land allocated to pasture or crops for weighted goal programming model122
runs corresponding to management option (ii) with nitrogen leaching fixed at 26123
kg N ha-1 year-1 (Option_ii_26), management option (iii) with nitrogen leaching124
fixed at 26 kg N ha-1 year-1 (Option_iii_26) and existing farm management practice125
with nitrogen leaching fixed at 26 kg N ha-1 year-1 (N_leaching_26)126

127

4. DISCUSSION128
129

This study focused on formulation of MCDM models, incorporating NZ specific Tier 2130
methodology, to tackle potentially conflicting multiple goals facing the dairy industry, and to131
analyze the management options that may lead to improved farm performance.132

133
We chose two MCDM techniques: compromise programming (CP), which defines the ‘best’134
based on distance function, and weighted goal programming (WGP), which is based on the135
Simonian philosophy of ‘Satisfying’ (Rehman and Romero, 1993). Though CP is considered136
to be the best option amongst MCDM techniques (El-Gayar and Leung, 2001; Piech and137
Rehman, 1993), in our case, the compromise solution obtained by CP corresponding to138
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metric L1, and WGP solution were exactly the same. Similar results were also reported by139
Val-Arreola et al. (2006). WGP model was particularly useful in analysing two specific targets140
set for the case study farm, i.e., production target of 1320 kg MS ha-1 year-1 and N-leaching141
target of  26 kg N ha-1 year-1. The comparison of results obtained by WGP in N_leaching_26142
case (Table 4) and LP in Min_N_leach case (Table 2) clearly established the advantage of143
WGP because in spite of slightly lower level of milksolids production, it brought considerable144
improvement in the margin over feed cost. Fleskens and de Graaff (2010) also found WGP145
to be flexible and efficient in performing scenario analysis. WGP also has an added146
advantage as it offers the decision maker with the option of assigning different weights to147
goals reflecting the preferences of the stakeholder. In this study, however, all goals were148
assigned equal weight.149

150
Model validation is usually recommended to address the question whether the model151
produces realistic and reliable results. Since the optimization methodology used here is152
based on empirical relationships included in Tier 2 methodology, we felt it necessary to153
validate the model outputs. We, therefore, used the OVERSEER nutrient budget model, as154
described in Section 2, to validate the N-leaching load component for two selected cases,155
thus bringing confidence in the estimations of ME requirement and GHG emissions (N-156
leaching estimation being an off-shoot of the N2O emission estimation, Section 2). There157
may still be uncertainties in the optimization outputs due to uncertainty in model inputs,158
however, evaluation of these could be possible only if algorithms that support multi-objective159
optimization under uncertainty are used (Crespo et al., 2010).160

161
We analyzed two management options dealing with the herd structure, in terms of number of162
cows calving in spring or autumn, and forage/crop production strategies. This is because in a163
recent review, Le Gal et al. (2011) highlighted the complexity of dairy farm production164
systems as majority of reviewed literature focused on balancing the feed inputs (farm165
produced and purchased) with herd demand. The selection of these management options166
was also motivated by the fact that NZ dairy farmers are slowly adopting the new167
management practice of calving a small number of cows in the autumn (March – April) and168
taking interest in alternative forages and feeding strategies (Beukes et al., 2008; Gregorini et169
al., 2010; Jacobs and Woodward, 2010). Our analysis for the case study farm showed that170
the number of cows calving in autumn should be within 150 – 200 for optimal adjustment171
between animals and feeds leading to maximum system output (Fig. 1).172

173
According to the solutions provided by the WGP model, chicory and maize were preferred174
under the most appropriate forage/crop production strategy (Table 5). These results are in175
agreement with earlier research promoting chicory as a prominent component of an176
alternative forage production strategy because of its high yield quality forage, micro nutrients177
content and deep tap root system that supports growth through dry conditions (Chapman et178
al., 2008; DairyNZ, 2012b; Jacobs and Woodward, 2010); and maize because of its high DM179
yield and nitrogen use efficiency (Kovler et al,. 2001; Williams et al., 2010). In our case,180
allocation of larger area to maize (Fig. 2) lowered the purchased feed cost and affected the181
margin over feed cost (Tables 4 and 6). The provision of higher land allocation to maize,182
however, needs further investigation as there are conflicting research findings regarding the183
effect of feeding maize on N-leaching and CH4 emissions. Maize has been reported to184
reduce urinary nitrogen and N-leaching loss (Aarts et al., 1999; Dijkstra et al., 2010;185
Gregorini et al., 2010; Ledgard, 2006; Williams et al., 2010), and reduce CH4 emission186
(Dijkstra et al., 2010). Conversely, maize has been reported to enhance N-leaching (van de187
Ven and van Keulen 2007) and CH4 emission (Gregorini et al., 2010).188

189
Although our results establish the utility of MCDM models in dairy farming system, we need190
to include cost of other inputs like fertilizer and labour for true representation of the profit191
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margins. Similarly, models could be strengthened by incorporating crop growth functions,192
reflecting the effect of fertilizer and effluent application on pasture/crop growth.  We also193
need to develop a user interface for ease of application of the model and its acceptance by194
the end-users.195

196
5. CONCLUSION197

198
The MCDM models proved to be effective in analyzing the environmental and economic199
performance of a Waikato dairy farm that was selected for this study. The models supported200
the evaluation of the existing farm management practices and analyzed the efficacy of the201
management options. Optimal calving in autumn and planting large area under maize202
appeared to be the key to attaining twin objectives of maximum milksolids production and203
minimum N-leaching. Desirable modifications of the models include development of a user204
interface, inclusion of crop growth functions and consideration of cost of inputs other than205
feed. We conclude that the application of MCDM techniques has a strong potential to206
support the decision-making processes in pasture-based dairy farms.207

208
209
210

REFERENCES211
212

Aarts, H.F.M., Habbekotte, B., Hilhorst, G.J., Koskamp, G.J., van der Schans, F.C., Vries,213
C.K. Efficient resource management in dairy farming on sandy soils. Netherlands Journal of214
Agricultural Science. 1999; 47, 153–167.215

216
Anderson, W.J., Ridler, B.J. The effect of increasing per cow production and changing herd217
structure on economic and environmental outcomes within a farm system using optimal218
resource allocation, in:  Edwards, G.R., Bryant, R.H. (Eds.), Meeting the Challenges for219
Pasture-based Dairying, Proceedings of the 4th Australasian Dairy Science Symposium;220
2010.221

222
Babic, Z., Peric, T. Optimization of livestock feed blend by use of goal programming.223
International Journal of Production Economics. 2011; 130, 218-223.224

225
Beukes, P.C., Palliser, C.C., Macdonald, K.A., Lancster, J.A.S., Levy, G., Thorrold, B.S.,226
Wastney, M.E. Evaluation of a whole-farm model for pasture-based dairy systems. Journal227
of Dairy Science. 2008; 91, 2353-2360.228

229
Bryant, J.R., Ogle, G., Marshall, P.R., Glassey, C.B., Lancaster, J.A.S., Garcia, S.C.,230
Holmes, C.W. Description and evaluation of the Farmax Dairy Pro decision support model.231
New Zealand Journal of Agricultural Research. 2010; 53, 13–28.232

233
Chapman, D.F., Kenny, S.N., Beca, D., Johnson, I.R. Pasture and forage crop systems for234
non-irrigated dairy farms in southern Australia. 1. Physical production and economic235
performance. Agricultural Systems. 2008; 97, 108-125.236

237
Clark, H., Brookes, I., Walcroft, A. Enteric methane emissions from New Zealand ruminants238
1990–2001 calculated using an IPCC Tier 2 approach. Ministry of Agriculture and Forestry,239
Wellington; 2003.240

241
Cohon, J. Multiobjective Programming and Planning. Academic Press, New York; 1978.242

UNDER PEER REVIEW



Crespo, O., Bergez, J., Garcia, F. Multiobjective optimization subject to uncertainty:243
application to irrigation strategy management. Computers and Electronics in Agriculture.244
2010; 74, 145–154.245

246
DairyNZ, 2012a. Average Pasture Growth Data for New Zealand Dairy Farms. DairyNZ,247
Hamilton. Accessed on 05 April 2012. Available:248
http://www.dairynz.co.nz/page/pageid/2145866515/Pasture#427249

250
DairyNZ, 2012b. Farmfacts. DairyNZ, Hamilton. Accessed on 05 April 2012. Available:251
http://www.dairynz.co.nz/page/pageid/2145861419/Farmfacts252

253
DairyNZ,  2012c. DairyNZ Economic Survey 2010–11. DairyNZ, Hamilton. Accessed on 05254
April 2012. Available:255
http://www.dairynz.co.nz/page/pageid/2145871201/DairyNZ_Economic_Survey#719256

257
DairyNZ. Facts and Figures for New Zealand Dairy Farmers. DairyNZ, Hamilton; 2010.258
Di, H.J., Cameron, K.C., 2002. Nitrate leaching in temperate agroecosystems: sources,259
factors, and mitigating strategies. Nutrient Cycling in Agroecosystems. 2002; 46, 237–256.260
Del Prado, A., Misselbrook, T., Chadwick, D., Hopkins, A., Dewhurst, R.J., Davison, P.,261
Butler, A., Schroder, J., Scholefield, D., 2011. SIMS(DAIRY): A modelling framework to262
identify sustainable dairy farms in the UK. Framework description and test for organic263
systems and N fertiliser optimisation. Science of the Total Environment. 2011; 409, 3993–264
4009.265

266
Dijkstra, J., France, J., Ellis, J.L., Kebreab, E., Lopez, S., Rejis, J., Bannink, A. Effects of267
nutritional strategies on N and methane losses in dairy cattle, in: Sauvant, D., van Milgen, J.,268
Faverdinand, P., Friggens N. (Eds.), Modelling Nutrient Digestion and Utilization in Farm269
Animals. Proceedings of the 7th international workshop MODNUT, Wageningen Academic270
Publishers, Wageningen; 2010.271

272
Doole, G.J., Romera, A.J., Adler, A.A. A mathematical optimization model of a New Zealand273
dairy farm: The Integrated Dairy Enterprise Analysis (IDEA) Framework. Working paper in274
Economics 01/12, Department of Economics, University of Waikato, Hamilton, New Zealand;275
2012.276

277
El-Gayar, O.F., Leung, P., 2001. A multiple criteria decision making framework for regional278
aquaculture development. European Journal of Operational Research. 2001; 133, 462–482.279

280
Fleskens, L., de Graaff, J. Conserving natural resources in olive orchards on sloping land:281
Alternative goal programming approaches towards effective design of cross-compliance and282
agri-environmental measures. Agricultural Systems. 2010; 103, 521–534.283

284
Freer, M., Dove, H., Nolan, J.V. (Eds.). Nutrient Requirements of Domesticated Ruminants.285
CSIRO Publishing, Victoria; 2007.286

287
Fonterra, 2009. Fonterra Sustainability Fact Sheet: Climate Change. Fonterra Cooperative288
Group Ltd., Auckland. Accessed on 02 April 2012. Available:289
http://www.fonterra.com//wps/wcm/connect/4c59510044921409b704f77cde4449c0/Fonterra290
+Climate.pdf?MOD=AJPERES291

292
Gregorini, P., Beukes, P.C., Bryant, R.H., Romera, A.J. A brief overview and simulation of293
the effects of some feeding strategies on nitrogen excretion and enteric methane emission294
from grazing dairy cows, in:  Edwards, G.R., Bryant, R.H. (Eds.), Meeting the Challenges for295

UNDER PEER REVIEW



Pasture-based Dairying, Proceedings of the 4th Australasian Dairy Science Symposium;296
2010.297

298
Groot, J.C.J., Oomen, G.J.M., Rossing, W.A.H. Multi-objective optimization and design of299
farming systems. Agricultural Systems. 2012; 110, 63-77.300

301
Herrero, M., Fawcett, R.H., Dent, J.B. Bio-economic evaluation of dairy farm management302
scenarios using integrated simulation and multiple-criteria models. Agricultural Systems.303
1999; 62, 169-188.304

305
Huang, I.V., Keisler, J., Linkov, I. Multi-criteria decision analysis in environmental sciences:306
Ten years of applications and trends. Science of the Total Environment. 2011; 409, 3578-307
3594.308

309
IPCC. Solomon, S., Qin, D., Manning, M., Chen, Z., Marquis, M., Averyt, K.B., Tignor, M.,310
Miller, H.L. (Eds.). Climate Change 2007: The Physical Science Basis. Contribution of311
Working Group I to the Fourth Assessment Report of the Intergovernmental Panel on312
Climate Change (IPCC). Cambridge University Press, New York; 2007.313

314
Jacobs, J.L., Woodward, S.L. Capturing the benefits of alternative forages for increased315
dairy farm profitability, in: Edwards, G.R., Bryant, R.H. (Eds.), Meeting the Challenges for316
Pasture-based Dairying, Proceedings of the 4th Australasian Dairy Science Symposium;317
2010.318

319
Johnson, I.R., Chapman, D.F., Snow, V.O., Eckard, R.J., Parsons, A.J., Lambert, M.G.,320
Cullen, B.R. DairyMod and EcoMod: biophysical pastoral simulation models for Australia and321
New Zealand. Australian Journal of Experimental Agriculture. 2008; 48, 621–631.322

323
Kolver, E.S., Roche, J.R., Miller, D., Densley, R. Maize silage for dairy cows. Proceedings of324
New Zealand Grasslands Association. 2001; 63, 195-201.325

326
Le Gal, P.Y., Dugue, P., Faure, G., Novak, S. How does research address the design of327
innovative agricultural production systems at the farm level? A review. Agricultural Systems.328
2001; 104, 714-728.329

330
Ledgard, S. F. Nitrogen management – why is it important and what can we do about it? in:331
Chapman, D.F., Clark, D.A., Macmillan, K.L., Nation, D.P. (Eds.), Meeting the Challenges for332
Pasture-based Dairying, Proceedings of the 3rd Dairy Science Symposium; 2006.333

334
Ledgard, S.F., Williams, P.H., Broom, F.D., Thorrold, B.S., Wheeler, D.M., Willis,V.J.335
OVERSEERTM—a nutrient budgeting model for pastoral farming, wheat, potatoes, apples336
and kiwifruit, in: Currie, L.D., Hedley, M.J., Horne, D.J., Loganathan, P. (Eds.), Best Soil337
Management Practices for Production. Massey University, Palmerston North; 1999.338

339
Ledgard, S.F., Penno, J.W., Sprosen, M.S. Nitrogen balances and losses on intensive dairy340
farms. Proceedings of New Zealand Grasslands Association. 1997; 59, 49-53.341

342
LIC, 2011. Dairy Statistics 2010–2011, Livestock Improvement Corporation Limited,343
Hamilton, New Zealand. Accessed 15 April 2012. Available:344
http://www.lic.co.nz/pdf/DAIRYSTATISTICS10-11-WEB.pdf.345

346
Macdonald, K.A., Penno, J.W., Beca, D., Lancaster, J.A.S., Roche, J.R. Evaluating the347
effectiveness of the UDDER simulation model as a decision support tool for farm348

UNDER PEER REVIEW



management, in:  Edwards, G.R., Bryant, R.H. (Eds.), Meeting the Challenges for Pasture-349
based Dairying, Proceedings of the 4th Australasian Dairy Science Symposium; 2010.350

351
McCall, D.G., Clark, D.A., Stachurski, L.J., Penno, J.W., Byrant, A.M., Ridler, B.J. Optimised352
dairy grazing systems in the Northeast United States and New Zealand. 1. Model description353
and evaluation. Journal of Dairy Science. 1999; 82, 1795–1807.354

355
MfE. Ministry for the Environment. New Zealand’s  Greenhouse Gas Inventory 1990-2006356
An Overview. ME 872, Wellington; 2008.357

358
Pickering, A. Detailed methodologies for agricultural greenhouse gas emission calculation.359
Technical Paper No. 2011/40, Ministry of Agriculture and Forestry, Wellington; 2011.360

361
Piech, B., Rehman, T. Application of multiple criteria decision-making methods to farm362
planning: A case study. Agricultural Systems. 1993; 41, 305–319.363

364
Rehman, T., Romero, C. The application of the MCDM paradigm to the management of the365
agricultural systems: some basic considerations. Agricultural Systems. 1993; 41, 239–255.366

367
Ridler, B.J., Anderson, W.J., Fraser, P. Milk, money, muck and metrics: inefficient resource368
allocation by New Zealand dairy farmers. 2010 Conference, August 26-27, 2010, Nelson,369
New Zealand 96492, New Zealand Agricultural and Resource Economics Society; 2010.370

371
Ridler, B.J., Rendel, J.M., Baker, A. Driving innovation: Application of linear programming to372
improving farm systems. Proceedings of New Zealand Grasslands Association. 2001; 63,373
295-298.374

375
Romero, C., Rehman, T. Multiple Criteria Analysis for Agricultural Decisions. Elsevier376
Science Publications, Amsterdam; 1989.377

378
Sarker, R.A., Quaddus, M.A. Modelling a nationwide crop planning problem using a multiple379
criteria decision making tool. Computers and Industrial Engineering. 2002; 42, 541-553.380

381
Tamiz, M., Jones, D., Romero, C. Goal programming for decision making: an overview of the382
current state-of-the-art. European Journal of Operational Research. 1998; 111, 569–581.383

384
Thomas, S.M., Ledgard, S.F., Francis, G.S. Improving estimates of nitrate leaching for385
quantifying New Zealand’s indirect nitrous oxide emissions. Nutrient Cycling in386
Agroecosystems. 2005; 73, 213–226.387

388
Val-Arreola, D., Kebreab, E., France, J. Modeling small-scale dairy farms in central Mexico389
using multi-criteria programming. Journal of Dairy Science. 2006; 89, 1662–1672.390

391
van Calker, K.J., Berensten, P.B.M., Giesen, G.W.J., Huirne, R.B.M. Maximizing392
sustainability of Dutch dairy farming systems for different stakeholders: A modelling393
approach. Ecological Economics. 2008; 65, 407-419.394

395
van de Ven, G.W.J., van Keulen, H. A mathematical approach to comparing environmental396
and economic goals in dairy farming: identifying strategic development options. Agricultural397
Systems.  2007; 94, 231–246.398

399
Wheeler, D.M., Ledgard, S.F., Monaghan, R.M., McDowell, R.W., de Klein, C.A.M.400
OVERSEER nutrient budget model—what it is, what it does, in: Currie, L.D., Hanly, J.A.401

UNDER PEER REVIEW



(Eds.), Implementing Sustainable Nutrient Management Strategies in Agriculture. Massey402
University, Palmerston North; 2006.403

404
Williams, I.D., Densley, R.J., Edmeades, G.O., Kleinmans, J.J. and Mccarter, S.B. Using405
maize silage to reduce the impact of dairy farm systems on water use and quality in New406
Zealand: A review, in:  Edwards, G.R., Bryant, R.H. (Eds.), Meeting the Challenges for407
Pasture-based Dairying, Proceedings of the 4th Australasian Dairy Science Symposium;408
2010.409

410
APPENDIX-A411

412
The model involves five animal categories, represented by set i (i = 1 for cows calving in413
spring, i.e., July-August; i = 2 for cows calving in autumn, i.e., March-April; i = 3 for calves414
less than one-year old; i = 4 for calves, one to two year old; i = 5 for bulls). A monthly time415
step, represented by set j, is used (j = 1 for June; j = 2 for July; j = 3 for August; j = 4 for416
September; j = 5 for October; j = 6 for November; j = 7 for December; j = 8 for January;417
j = 9 for February; j = 10 for March; j = 11 for April; j = 12 for May).  Set k represents the418
home-grown pasture/crop and purchased feed (k = 1 for mixed pasture; k = 2 for tall fescue;419
k = 3 for chicory; k = 4 for annual ryegrass; k = 5 for maize; k = 6 for turnip; k = 7 for meal420
concentrate; k = 8 for palm kernel extract (PKE); k = 9 for molasses; k = 10 for maize421
kibbled; with k = 1 to 6 representing home-grown pasture/crop and k = 7 to 10, purchased422
feed).423

424
A.1 Objectives425
The following five objectives are considered.426
A.1.1 Maximization of Milksolids Production (Max_MSP)427

428
429

(A1)430
431

where Xi j is the number of cow i in month j, and MSYi j is the MS yield of  cow i in432
month j, kg MS cow-1.433

434
A.1.2 Minimization of Nitrogen Leaching (Min_N_leach)435

436
437

(A2)438
439

where NDes is the desirable quantity of nitrogen that could leach, kg N ha-1 year-1,440
and Ajk is the area under pasture or crop, ha.441

442
A.1.3 Maximization of Metabolizable Energy for Milk Production (Max_MEP)443

444
(A3)445

446
where MEPi j is ME required by cow i in month j for “Milk Production”, MJ.447

448
A.1.4 Maximization of Margin over Purchased Feed Cost (Max_MoFC)449

450
(A4)451
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where PMS is the price of milksolids, NZ $ kg-1 MS, Yjk is the quantity of feed k in454
month j, kg, and Cjk is the unit price of purchased feed k in  month j, NZ $ kg-1.455

456
A.1.5 Minimization of Annual Water Use (Min_AWU)457

458
(A5)459

460
461
462

where
idrinkW is the water required by animal i for drinking, L day-1,

imp
W is the463

water required for milking procedure of animal i, L animal-1 day-1,
imanageFDMW _ is464

the water required for faecal dry management (FDM) of animal i, L animal-1 day-1,465
and

jdayN is the number of days in month j.466

467
APPENDIX-A2468

469
A.2 Constraints470
The above objectives are subject to the following constraints.471
A.2.1 ME requirement constraint472

473
(A6)474

475
476

where ijMEO is the ME required by animal i in month j for “Other than milk477

production”, MJ, and jkME is the ME content of feed k in  month j, MJ kg-1 DM478

(Dry Matter).479
480

The constraint states that the ME required by animals for milk production,481
maintenance, gestation, pregnancy, weight change and grazing must be met by482
the Diet.483

484
A.2.2 DM intake constraint485

486
(A7)487

488
489
490

where DMIij is the dry matter intake of animal i in  month j, kg DM.491
The constraint ensures that DM intake requirement is met by the feeds selected by492
the model.493

494
A.2.3 Area constraints495

496
(A8)497

498
499

where DMYjk is the dry matter yield of the home-grown feed k in month j, kg DM500
ha-1, and Acultivable is the farm area available for cultivation, ha.501
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502
(A9)503

504
(A10)505

506
507
508
509

(A11)510
511

(A12)512
513
514

Constraint (A8) states that the area available for home-grown feed is limited by the515
cultivable farm area, whereas (A9) ensures a minimum area of 190 ha under516
mixed pasture. Constraint (A10) limits the maximum area under perennial crops to517
246 ha and ensures that the annual crops are indeed grown, whereas (A11) limits518
the maximum area under annual crops, and (A12) under maize.519

520
A.2.4 Budget constraint521

522
(A13)523

524
525

where Ucap is the maximum fund available for purchasing feed in a year, NZ $.526
The constraint ensures that the limit on the maximum fund available for527
purchasing feed holds good.528

529
530
531
532

A.2.5 Daily water use constraint533
534
535
536

(A14)537
538
539

where Wlimit_daily is the maximum limit on the daily water use, L.540
541

The constraint states that the daily water limit restricts the daily water use.542
543
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