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MATERIALS AND METHODS section
A user graphical interface was developed using Visual Basic programming language within Microsoft Excel® (Figure 2). 
Cow module (e-Cow model)
The e-Cow model includes equations to predict herbage DM intake for ryegrass-based pasture when allowance is expressed 4cm above ground level (common in Europe), for ryegrass-based pastures with allowance expressed at ground level (common in Australia and New Zealand), and for lucerne-based pasture when allowance is expressed 4cm above ground level (common in Chile and Argentina). 
In the e-Cow model (included in e-Dairy), potential milk yield is calculated using a mathematical mammary gland model (Vetharaniam et al., 2003), in which the amount of ME required to achieve the potential milk yield (ME Potential Milk Yield) of a cow is calculated with Equation (1). 
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  (1)

where S is the maximum milk secretion rate of active alveoli, t is the time after calving (days), E is the energy status at day t (set to 1 to calculate ME Potential milk yield, no nutritional limitations), L is a genetic parameter that governs the response of milk yield to nutrition (constant for each genotype, see Table 1), and d, k2, l6, w6, l7, w7 are parameters related to the alveolar dynamic, i.e., number of active, quiescent and senescent alveoli (Table 1). Detailed explanation about the latter parameters and the alveolar dynamic can be found in Vetharaniam et al. (2003). As shown in Equation 2, Kl is a coefficient accounting for the efficiency of utilisation of ME for milk synthesis.
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                                                    (2)

where MEdiet is the weighted average energy content of feeds consumed (MJ ME/kg DM).

In the e-Cow model, ME Potential milk yield is estimated using the parameters reported by Vetharaniam et al. (2003) for first lactation cows of both New Zealand (NZ) Holstein-Friesian (HF) and North American (NA) HF strains offered total mixed ration (TMR) diets (no nutritional limitations). The constant S was re-parameterised for mature cows offered TMR diets, based on results reported by Kolver et al. (2002). Further details are given in the description of the e-Cow model (Baudracco et al., 2012).

The default potential milk yield for mature cows (in a 305-day lactation period) are 11 247 and 8 011 kg milk per cow, with 836 and 679 kg milksolids (MS; fat plus protein) per cow for NA and NZ Holstein-Friesian (HF) strains, respectively. These are default values internally stored in the model. When the input potential milk yield (Figure 2c, tab ‘cows’, option ‘genetic merit of the cow’) differs from the internally stored values cited above, an iterative procedure is used to find the value of the parameter S (Equation 1) that produces a lactation curve with the new potential milk yield (kg milk for 305 days).

Paddocks, pasture, crops and supplements

Paddocks with pasture. A production factor between 0 and 1 can be given to each paddock, in order to account for differences in potential production due to the type and fertility level of soils. This production factor affects a general net herbage accumulation rate curve (monthly values given as input). A value of 1 indicates that the net herbage growth rate of the paddock equals the value set as input, common to all paddocks. By default, all paddocks have a production factor equal to 1. 
Figure 1 show examples of the individual simulation of paddocks and cows. Graphs show curves with the evolution of the average paddock or cow, together with the cow or the paddock with minimum and maximum value. Figure 1a gives an example of the grazing events across the simulation. In Figures 1b, 1c and 1d, the uniqueness of each randomly generated cow is depicted through its milk yield, milk fat concentration and BCS patterns, respectively.
Paddocks with crops. Within ‘whole year crop’ (Figure 2a), it is assumed that the same area is used for winter and summer crops. When the option ‘seasonal crop’ is selected, dates of initial and final land used for either summer or winter crop need to be defined. Under this option, the period of time without crop is assumed to be with pasture. 
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Figure 1   Simulation showing results for individual paddocks and individual cows. Herbage mass (a) in the paddock with minimum (—), maximum (….) and average (- - -) herbage mass (HM) across a 365-day period. Milk yield (b) and milk fat percentages (c) for cows with minimum (—), maximum  (….) and average value across lactation (- - -). Body condition score (d) at the end of lactation (dry-off) as a function of body condition score (BCS) at calving for each simulated cow.
Herbage mass, herbage accumulation and grazing dates. To simulate HM and HM accumulation, the type of pasture (ryegrass-based or lucerne-based) must first be defined in the input screen (Figure 2b, tab ‘pastures’). Before the simulation of the day 1 (within the 365-days period), an initial grazing date named ‘previous grazing date’ is allocated randomly to each paddock with pasture, by defining, as input, a ‘previous rotation length’ (Figure 2e, tab ‘management’). This is to represent a real farm, in which paddocks have different grazing dates and subsequently different HM. Herbage mass will accumulate from ‘previous grazing date’ until ‘next grazing date’ (Figure 2 in the manuscript).  
Herbage mass (HM) accumulates from ‘previous grazing date’ until ‘next grazing date’, starting with an amount of which depends on the type of pasture used. For ryegrass-based pastures, the starting amount of HM depends on the post-grazing residual, which is set with an input called ‘target post-grazing HM’ (Figure 2e, tab ‘management’). For lucerne-based pastures, HM is set at zero, because it is assumed that no post-grazing residual HM is available for next grazing (Basigalup and Ustarroz, 2007). 

Herbage allowance, kg DM herbage offered/cow per day, can also be set to behave stochastically, that is, randomised using a normal distribution with the mean herbage allowance of the period and an input s.d. 
Pasture budget. The pasture budget sub-routine represents what happens in real life, when a ‘pasture walk’ or a ‘consultant visit’ is performed periodically to define the use of paddocks for a future period of time. The pasture budget is a process of internal calculation within the model, for which the user only need to set inputs in tab ‘pasture’ and tab ‘management’ (Figure 1b,e).
The target pasture allowance (kg DM/cow/day) is an input defined with one value per month for each herd, i.e., lactating cows and dry cows (Figure1e, tab ‘management’). Once the ‘planned pasture allowance’ and the ‘expected pasture offer’ for the period have been calculated, the following criteria are followed:

1. If the ‘expected pasture offer’ is greater than the ‘planned pasture allowance’ (Figure 3 in the manuscript), then paddocks will be allocated for hay or silage until planned allowance is less than ‘expected pasture offer’ for the ‘pasture budget’ period.  

2. Conversely, if the ‘expected pasture offer’ is less than the ‘planned pasture allowance’, then the allowance is recalculated because not enough pasture is available and therefore, the target pasture allowance cannot be met. In this case, cows will graze down to the target post-grazing HM set as input and therefore, intake may be restricted, thus, representing what happens in these cases at grazing (Hodgson and White, 2000). If paddocks are used in advance to their optimum grazing date, rotation length will be shorter than the optimum and a dialogue box will appear to allow for extra supplementation (see ‘simulation of grazing’ section below). 

Thus, the pasture budget sub-routine matches in advance, approximately, the amount of pasture available with the amount of pasture required.

Simulation of grazing. If more than one paddock is available on the same day, then, paddocks not selected will be kept available for grazing for a number of days, which is defined with an input called ‘make hay or silage if days away from optimum is greater than’ (Figure 2e, tab ‘management’). The calculation of ‘days away from optimum’ is illustrated in Figure 2 (in the manuscript). If no paddock is available on the day of simulation, the paddock with the ‘optimum grazing date’ closest to the day of simulation will be used prematurely and therefore, the pre-grazing HM of this paddock will not reached the ‘target pre-grazing HM’.  
If the ‘grazing time’ of a paddock is less than one day, then, the next paddock available is grazed the same day, and so on. If the ‘grazing time’ of a paddock is more than one day, then, the residual of the day will be available for the next day.
When paddocks are used in advance for a number of days greater than a pre set input named ‘ask if paddock used in advance more than (days)’ (Figure 2e, tab ‘management), a dialogue box appears while simulating, which gives the user the opportunity for inclusion of extra supplements, to reduce the anticipated use of pasture. This extra supplementation will be maintained until the last day of the ‘pasture budget’ period. 
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Figure 2 Visual Basic interface screens of e-Dairy model used to define (a) ‘farm inputs’, (b) ’pasture inputs’, (c) ‘cows inputs’, (d) ‘economic inputs’, (e)  ‘management strategies’, (f) run the ‘simulation’, (g) visualize ‘outputs’.

Hay and silage. The efficiency of harvesting as hay or silage is defined as input (Figure 2e, tab ‘management’, option ‘hay making policy’). Additionally, an input table is available to define any month of the year in which all paddocks are allocated to grazing, that is, no paddock is available to make hay or silage.

Main sub-routines of e-Dairy

Visual Basic programming language was used to create the e-Dairy sub-routines. As shown in Figure 3, the simulation starts by reading inputs (Sub read inputs); then paddocks are generated (Sub generate paddocks) as explained in the section ‘paddocks, crops and supplements’ above and in the manuscript. Subsequently, individual cows of the herd are randomly generated (Sub generate cows) as detailed in the ‘herd’ section of the manuscript. After this, a group of sub-routines are used to run daily simulations: Sub get management rules (see ‘management’ section in the manuscript), Sub simulate paddocks dynamic (see ‘herbage mass, herbage accumulation, and grazing dates’ and ‘simulation of grazing’ sections in the manuscript), Sub simulate herd dynamic (see ‘herd’ section in the manuscript), Sub pasture budget and Sub run animal model (see ‘cow module’ section in the manuscript). Finally, economic calculations are performed (Sub economics) and outputs are shown (Sub print outputs).
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Figure 3  Schematic representation of the main sub-routines of the e-Dairy model.

Simulation
If the aim is to simulate different farms in the same year, genetic merit of the cows must be randomised in every run to represent a different farm in each simulation (Figure 2f, tab ‘simulation’, option ‘randomise cows’). If the aim is to simulate different pasture production or different market prices scenarios for the same farm in the same year, the genetic merit of cows can be kept constant. 

Outputs

An output table with a summary of the annual performance of the system can be accessed (Figure 1g, tab ‘outputs’) using the graphical interface. Additionally, daily data can be plotted by customising a chart, selecting the output variables to be plotted on each axis. In addition to the chart, a table is shown with the daily values of the selected variable, either for all the cows or for all the paddocks of the farm.
Model validation

The concordance correlation coefficient (CCC) is calculated as: CCC = ρ×Cb, with ρ the Pearson correlation coefficient and Cb the bias correction factor, which is calculated as: 

Cb=2 σAσP/( σ2A + σ2P+ (μA- μP) 2)                                                                                  (6)
where σA, μA, σP and μP are the s.d. and mean of the actual and predicted values, respectively. The Pearson correlation coefficient reflects precision, that is, the degree to which the predicted against actual values cluster about the regression line. The bias correction factor reflects accuracy, that is, degree to which the regression line adheres to the 45° line through the origin.
Herds were simulated in e-Dairy to validate the model against experimental data. Herds were randomly generated, with the lower triangular matrix (L) obtained by Cholesky decomposition of the phenotypic (co)variance matrix between the traits, calculated from data reported in Macdonald et al. (2008) and Baudracco et al. (2011) for the New Zealand and Argentine experiments, respectively. The vector m used to validate the model against the Argentine experiment had the a potential milk yield of 9 267 kg, values of 3.01, 2.82, 0.00451, 2.97, 1.1 and 0.0035 for the a, b and c parameters of the Wilmink (1987) function (Equation 1 in the manuscript,) for milk fat and milk protein, respectively and an average LW at calving of 465 kg for the argentine experiment, while to validate the New Zealand experiment, values of the vector m were those  reported in the e-Cow model for NZ HF cows (Baudracco et al., 2012).
RESULTS section
Model validation
Figure 4 shows the results reported in Table 1 of the manuscript.
Model simulation
For the simulation performed in the manuscript, a dry-off policy was implemented so that cows were dried-off individually at 280 days in milk if milk yield was less than 8 kg/cow/day or at 250 days in milk if BCS was less than 4 in the New Zealand scale, 1-10, or 60 days before next calving. 
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Figure 4   The relationship between predicted and actual values averaged per farmlet for (a) annual pasture utilisation (pasture consumed/pasture grown), (b) annual milk yield (kg/cow/day), (c) annual milksolids yield (kg/cow/day), and (d) LW (kg/cow/day) at day 365-day of simulation. Actual values (●) obtained from two farmlet system trials: one evaluating 5 farmlets over 3 years using ryegrass-based pastures  (Macdonald et al., 2008) and the other evaluating 3 farmlets over 2 years using lucerne-based pastures (Baudracco et al., 2011).
DISCUSSION section
Management strategies can be implemented in the e-Dairy model through decision rules expressed in the form of “if condition, then action”. Examples of these decision rules are the grazing management options, the hay making policy and the cow dry-off policy, all explained in the methodology section of the manuscript. 

Model simulation
Further analysis could be done for dairy systems which import more supplements than that used in the example simulation of the manuscript, by setting not only pasture grown and milk price to behave stochastically, but also supplement price, and comparing the relative weight of both supplement price and milk price on operating profit. 

Model limitations and potential

Prediction of milk yield depends on parameters that shape the potential milk yield and the target BCS curve (see ‘cow module’ section above). Parameters for HF cows of North American and New Zealand genetics are included in the model for both potential milk yield and target BCS curves. However, for cows of different genetic background, such as Jersey cows, parameters and correlations for potential milk yield and target BCS curves will need to be obtained from experimental datasets.

Even though pasture utilisation was accurately predicted in the validation tests of this study, the fate of pasture not utilised at grazing, i.e., wasted or used to make silage or hay, was not validated. The automatic procedure implemented in the model to make hay or silage from pastures may over estimate the amount of hay or silage made to the detriment of the estimated amount of pasture wasted, since in real farms it is not realistic to think that hay or silage would be made in each paddock exactly after ‘certain amount of days away from optimum grazing date’, as it occurs in the model. The ability to account for stochasticity makes the model robust to predict economic return, accounting for the risk associated with the main input variables. 

In many temperate regions, heat stress can have detrimental effects on milk yield (Kendall et al., 2006) and reproductive performance of dairy cows (De Rensis and Scaramuzzi, 2003). Experimental data reporting a wide range of results of the effect of heat stress on cows of differing levels of milk yield may provide the parameters required to include this effect in the model. 

Three important features of the e-Dairy model are its ability to simulate, randomly, individual cows with internally correlated variables, its ability to account for genetic differences between cows and its ability to account for genotype × environment interactions. These three features are the basis for future work on ‘simulated progeny tests’ of bulls under different selection objectives and selection schemes, to explore whether  different selection indices can differ in their long-term results when applied to different ‘feeding environments’. If this is to be implemented, the model will need to run consecutively for several years (currently simulating only a 365-day period) and a sire selection and allocation module will need to be included. The model currently simulates the performance of each cow in response to the simulated feeding environment, therefore, a selection module could be implemented to select cows to be culled based on a selection index, after every simulation, thus, allowing a genetic improvement programme to be implemented.  
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