J B Daniel 
  
N C Friggens 
  
P Chapoutot 
  
H Van Laar 
  
D Sauvant 
  
  
  
Milk yield and milk composition responses to change in predicted net energy and metabolizable protein: A meta-analysis
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Using a meta-analysis of literature data, this study aimed to quantify: the dry-matter intake response to changes in diet composition, and milk responses (yield, milk component yields and milk composition) to changes in dietary net energy (NEL) and metabolizable protein (MP) in dairy cows. From all studies included in the database, 282 experiments (825 treatments) with experimentally induced changes in either NEL or MP content were kept for this analysis. These treatments covered a wide range of diet characteristics and therefore a large part of the plausible NEL and MP contents and supplies that can be expected in practical situations. The average MP and NEL contents were respectively (mean ± SD) 97 ± 12 g/kg DM and 6.71 ± 0.42 MJ/kg DM.

On a daily supply basis, there were high between-experiment correlations for MP and NEL above maintenance. Therefore, supplies of MP and NEL above maintenance were respectively centred on MP supply for which MP efficiency into milk protein is 0.67, and NEL above maintenance supply for which the ratio of NEL milk/NEL above maintenance is 1.00 (centred variables were called MP67 and NEL100). The majority of the selected studies used groups of multiparous Holstein-Friesian cows in mid-lactation, milked twice a day. Using a mixed model, between and within-experiment variation was split to estimate dry-matter intake and milk responses. The use of NEL100 and MP67 supplies substantially improved the accuracy of the prediction of milk yield and milk component yields responses with, on average, a 27% lower RMSE relative to using dietary NEL and MP contents as predictors. For milk composition (g/kg), the average RMSE was only 3% lower on a supply basis compared to a concentration basis. Effects of NEL and MP supplies on milk yield and milk component yields responses were additive.

Increasing NEL supply increases energy partitioning towards body reserve whereas increasing MP supply increases the partition of energy towards milk. On a nitrogen basis, the marginal efficiency decreases with increasing MP supply: from 0.34 at MP67 = -400 g/d to 0.07 at MP67 = 300 g/d. This difference in MP67 supply, assuming reference energy level of NEL100 = 0, equates to a global nitrogen efficiency decrease from 0.82 to 0.58. The equations accurately describe dry-matter intake response to change in dietary contents and milk responses to change in dietary supply and content of NEL and MP across a wide range of dietary compositions.

Introduction

Feed unit systems represent a major factor of progress in dairy production systems for calculating the most appropriate diets according to the type of animal. The traditional approach used to improve feed unit systems has been, until now, mainly focused on characterising the feedstuffs and determining animal requirements (with the aim of increasing accuracy in their estimations). This has allowed the formulation of rations to achieve a pre-defined production level. However, this approach cannot adapt to the increasing diversity of objectives of dairy production systems (e.g. feed efficiency, animal health, animal longevity, etc.). The reciprocal and complementary approach (see Figure 1) is therefore to better understand and quantify the animal's multiple responses to dietary changes [START_REF] Oldham | Prediction of responses to required nutrients in dairy cows[END_REF][START_REF] Sauvant | La modélisation systémique en nutrition[END_REF]Dijkstra et al., 2007).

Figure 1. The requirement and response approaches

However this task is currently difficult because there is a lack of robust and operational models to predict the responses in milk yield and composition of dairy cows to changes in feed composition. In particular, available equations to predict milk responses (Brun-Lafleur et al., 2010;Huhtanen and Nousiainen, 2012;Jensen et al., 2015) are characterized by a relatively poor ability to include animal effects. These limitations have been recently reviewed by Friggens et al. (2013). The most important ones are that they cannot accommodate differences in the milk production potential of different genotypes.

Furthermore these equations are static, and thus do not integrate the effects of physiological status (stage of lactation, parity…), which have important effects on milk and milk composition responses (Broster, 1972;Broster and Thomas, 1981;[START_REF] Kirkland | The effects of milk yield and stage of lactation on the partitioning of nutrients in lactating dairy cows[END_REF]. Response equations to changes in nutrition that integrate the effects of animal production potential and physiological status will, by construction, be more generic.

Effect of nutrition on milk yield and composition responses

Protein

As depicted in Figure 1, the requirements approach starts from a pre-defined production level to calculate the amount of nutrient required. For metabolizable protein (MP), this is done by multiplying the pre-defined milk protein yield with a fixed coefficient, which is the utilization efficiency of MP. The MP efficiency used by feed unit systems was 0.64 for INRA (Faverdin et al., 2007), 0.67 for NRC (2001) and CNCPS (Van Ambourgh et al., 2015) or 0.68 for AFRC (1993). On average, this approach was shown to be satisfactory for differentiating between animals of different production potential but was unable to predict for a given group of animals the milk protein yield response to change in MP supply [START_REF] Arriola Apelo | Invited review: Current representation and future trends of predicting amino acid utilization in the lactating dairy cow[END_REF]. This is because MP efficiency varies widely with the level of MP supply. It was shown that, when MP supply is increased from 25% below the estimated requirement to 25% above the estimated requirements, the efficiency of conversion of MP into milk protein decreases from 0.77 to 0.50 (Metcalf et al., 2008).

Recent meta-analysis have shown similar decreases: from 0.80 to 0.55 when the MP supply/net energy for lactation (NEL) supply increases from 13.5 to 19 g MP/MJ NEL (Volden, 2011) or from 0.83 to 0.54 when dietary MP content increases from 70 to 130 g MP/kg DM (Sauvant et al., 2015). For this reason, the Dutch protein system (DVE/OEB2010, [START_REF] Van Duinkerken | Update of the Dutch protein evaluation system for ruminants: The DVE/OEB2010 system[END_REF] proposed equations based on the work of Subnel et al. (1994) that predict a MP efficiency response to change in MP content in order to better estimate the MP requirement. Similarly, the NorFor system (Volden, 2011), and more recently the PDI system (Sauvant et al., 2015), also implemented such equations. Because of this significant variation in MP efficiency, the response approach (Figure 1) is needed to directly quantify the effect of protein supply on dry-matter intake, milk yield and milk composition. Responses for milk yield and milk protein content generally show a curvilinear relationship with respect to either crude protein (CP) content (Roffler and Wray, 1986) or MP content (Figure 2, Vérité and Delaby, 2000). In these studies, positive curvilinear effects of CP and MP content on dry-matter intake were also observed; explaining part of the milk yield response observed. As a consequence, the proportion of nitrogen not retained in milk increases with increasing MP content. As indicated by the linear relationship observed between urinary nitrogen and MP content (Figure 2), a great majority of this nitrogen is excreted in urine. 

Energy

With respect to energy, the metabolic efficiency, used to convert metabolizable energy (ME) to NEL is considered to vary depending on the ration. In contrast to nitrogen, dairy cows have a little ability to excrete extra energy (i.e. carbon chains) and consequently this energy is stored as body gain (essentially as lipid in adult dairy cows). However, feed unit systems do not attempt to predict the partition of NEL between milk and body, nor between the major milk components within milk. This observed shift in NEL partition from milk to body with increasing NEL supply (Broster and Thomas, 1981;Friggens et al., 2010) is mainly explained by the fact that the capacity of the mammary gland to produce milk has a limit (i.e. the animal approaches its potential milk production). An illustration of this shift is shown in Figure 3 where the net energy flows to milk fat, milk lactose, milk protein and the calculated energy balance are shown relative to total ME supply. In this metaanalysis, linear responses were observed for milk lactose and milk protein, whereas milk fat showed a clear curvilinear response. As fat represents, on average, about 50% of the energy secreted into milk, the total milk energy response to change in NEL supply is also curvilinear (Jensen et al., 2015). Such equations provide energy partitioning rules between major energy outflows in dairy cows. However, these equations don't consider the effect of protein. Equally, the equations of Vérité and Delaby (2000) for response to MP don't consider the effect of energy. However, it is known that energy influences the efficiency of conversion of MP into milk protein yield, and that protein also influences energy partitioning. Therefore, energy and protein supply need to be considered simultaneously in the same response equation.

Protein x energy

When the effects of MP supply and NEL supply are considered together, a problem of colinearity can arise simply because both independent variables are calculated using drymatter intake. Nonetheless, it is important to study if there are interactions between MP supply and NEL supply. Several experiments have been designed to investigate potential interactions (Broderick, 2003;Rius et al., 2010;Brun-Lafleur et al., 2010) but reveal divergent conclusions. The experiments of Broderick (2003) and Rius et al. (2010) did not find any interaction between dietary CP and NDF levels, and between MP and NEL supply, respectively, for any of the milk variables. In contrast, interactions were found for milk yield, milk protein yield and milk protein content between MP and NEL supply in the study of Brun-Lafleur et al (2010). The abundance of published papers, with reported milk yield and composition for different ration compositions provides an opportunity to summarize quantitatively the literature and establish response equations to change in both MP and NEL supply. This would also provide insight on the absence or presence of an interaction between MP supply and NEL supply. In this meta-analysis an important challenge would be to consider the effect of animal production potential and thereby to derive response equations equally applicable to low and to high producing animals.

Effect of animal potential on milk yield and composition responses

Static aspect: phenotypic potential

The accurate application of any response equation on-farm requires an estimation of the production potential (i.e. production at which marginal response is zero) of the cows in question. For example, on a farm where the observed production is 30 kg/d and the maximum production potential is also 30 kg/d, one expects zero response to an increase in feed quality. However, on a farm where the observed production is 30 kg/d but the maximum production potential is 50 kg/d one clearly expects a positive response to supplementation. Thus, there is a need to estimate the relative production level, that is, how far the animal is from its potential. The further away the animal is relative to its potential, the greater the expected response to extra nutrient will be. This has been recognized for a long time with the principle of diminishing return (Brody, 1945) and frequently modelled in mechanistic models with Michaelis-Menten equations (e.g. Baldwin et al., 1987a). An illustration of this principle is shown in Figure 4. The observation is the production (e.g. milk yield, milk component yield…) at current nutrient supply (e.g. NEL or MP supply). Depending of the production potential (POT 1 or POT 2) of the dairy cow in question, the expected response to a change in this nutrient supply would differ largely, with a much greater response for POT 1 as compared to POT 2. Therefore this notion of potential appears to be necessary to estimate if a given animal would respond (and to what degree) to a change in nutrient supply. However the notion of potential is more complex than this theoretical example. First in a situation where multiple responses (milk yield, milk component yields, body weight change) are to be predicted, there are a priori as many different potentials per animal as there are components to be estimated. Second, the response curve to a given component 2). Further, the linear responses to ME supply observed for milk protein and lactose yields indicate that maximum productions were not reached within the data. Thus relative to ME supply, potential milk fat yield and potential milk protein and lactose yields are not reached at the same ME supply. This indicates that different rations are needed to maximize milk fat yield on the one hand and milk protein and lactose yields on the other hand. When NEL supply and MP supply were considered together, it was shown that at fixed MP supply, milk yield and milk protein yield reached a plateau at 1.7 Mcal/day (expressed relative to a control treatment, Brun-Lafleur et al. 2010), indicating potential productions might be reached. However at this level of NEL, increasing MP supply increases both, milk yield and milk protein yield. All of this highlights the difficulty of having environmental conditions that allow the production potential to be expressed and therefore the difficulty of estimating it.

Another difficulty is that the animal potential is not static but dynamic. Even if a dairy cow is kept on the same ration throughout the whole lactation, milk component yields change with time. This is the result of homeorhesis (Bauman and currie, 1980) which controls the metabolism in support of growth and reproductive physiological processes, pregnancy and lactation. This immediately raises the question of potential existing interactions between responses to nutrition and physiological stage.

Dynamic aspect: physiological status

In order to predict dairy cow responses to nutrition over lactation, potential performance relative to lactation stage and parity are needed because they are the basis from which to develop rules for nutrient partitioning in all feeding situations. The first models to simulate whole lactation potential performance have focused on milk yield (Wood, 1967;Neal and Thornley, 1983). Within these models, we can distinguish two different modelling approaches, differing in their level of complexity and biological representation.

The model of Wood (1976) consists of a simple equation that describes the lactation curve with 3 parameters. Although each of these parameters have a meaning (time and size of the peak, persistency), this approach does not describe the underlying biological mechanisms that causes the lactation curves. Such biological description was the basis of models of Neal and Thornley (1983) and [START_REF] Dijkstra | A model to describe growth patterns of the mammary gland during pregnancy and lactation[END_REF], which simulate the lactation curves from the representation of secretory cells within the mammary gland. This type of model, categorized as mechanistic model (bottom-up approach, see review of Friggens et al., 2013), is by construction more complex than the former model (Wood, 1967). The utilization of these 2 models for a predictive purpose is nevertheless difficult because it either required historical data to define the parameters (Wood, 1967) or used inputs that are difficult to measure on-farm (Neal and Thornley, 1983). Furthermore, these models only simulate the lactation curve for milk yield. Other mechanistic models were built with the objective of increasing our understanding of nutrient partitioning (Baldwin et al., 1987a,b,c;Baldwin, 1995;Danfaer, 1990;Danfaer et al., 2005a,b;Martin and Sauvant, 2007) and represent a more complete description of the metabolism of the dairy cow.

Alternatively, Martin and Sauvant (2010a,b) developed a teleonomic model of lifetime partitioning, constructed on the basis of conceptual animal priority. All of these models simulate, among other things, milk yield, milk composition, body weight change and body composition change across lactation stage and parity. However the use of these models for prediction on-farm can be difficult due to their complexity as they require input parameters that are not easily available. Therefore first integrations of the consequence of homeorhesis on dairy cow performance by feed unit systems have favoured simpler empirical equations (Faverdin et al., 2007;Volden, 2011;[START_REF] Zom | Development of a model for the prediction of feed intake by dairy cows: 1. Prediction of feed intake[END_REF]. Until now, none of these systems have developed a full set of equations that predict the main dairy cow performance, i.e. body weight and composition change, milk yield and composition, dry-matter intake, along the lactation. Further, these equations, as the mechanistic models previously mentioned, still require information about animal potential and therefore the question of measuring it remains valid. For the estimation of animal potential, herd-test day models which include fixed effects (farm, gestation, length of dryperiod, calving month, etc.) and random effects (genetic and permanent environment) represent a valuable approach (Leclerc, 2008). However, such models assume that the differences in nutritional environment are adequately captured by the fixed effect of farm, and for prediction purposes require information from the previous lactation. An alternative approach that uses initial cow performance with initial plan of nutrition (i.e. available inputs on-farm) to estimate cow potential could facilitate the configuration of these models that generates whole-lactation curves of performance.

Conclusion

In order to move from a requirement-based approach to a response approach, feed unit systems require robust equations that predict dry-matter intake, milk yield and composition responses to changes in both, energy and protein content of the ration. The numerous published studies that have look at the relation between changes in nutrient supply and milk production represent a valuable source of information to develop such equations and investigate the absence or presence of interactions between energy supply and protein supply. A key point for the genericity of these response equations will be their compatibility with animals of different production potential. Further, as the production potential of a dairy cow varies with time, the model will need to accommodate the effect of physiological status (growth, lactation, pregnancy). Finally to be use for prediction, this response model should use only inputs that can be measured on-farm or estimated from available farm data.

Objective and outline of this thesis

The main objective of this thesis is to develop and evaluate a model to predict the responses in dry-matter intake, milk yield, milk component yields and contents to changes in dietary composition in dairy cows. A key element of this model would be its ability to be used across animals of different potential and physiological status. The model should therefore provide an approach to estimate the relative production level for the different milk components, that is, distances between observed productions and maximum potential productions. This would subsequently enable the estimation of the size of milk responses for the given observation at a given time. The ultimate ambition was that the model developed could be applied on-farm, that is, its predictive ability should be sufficiently accurate and input variables used to key in the model should be measurable or estimated from available data on-farm.

In Chapter 2, a meta-analysis of the literature was conducted to quantify dry-matter intake, milk yield and milk composition responses to change in NEL and MP content/supply. In Chapter 3, a method to estimate animal production potential is proposed in order to more accurately apply the response equations developed in Chapter 2. This method was evaluated against two independent datasets. In Chapter 4, a dynamic model was developed to predict the homeorhetic trajectories for milk component yields, body composition changes and dry-matter intake of dairy cows fed a favourable diet. As such, the effects of stage of lactation, stage of gestation and growth on milk and body composition were quantified. This model was calibrated across a large range of animal production potentials within the Holstein breed using a herd dataset where animals received the same ration. Further, the model structure was evaluated with another dataset of Holstein, Jersey and Danish Red breeds fed identical rations. Based on the same dataset, simple scaling factors were incorporated to simulate differences in trajectories between breeds. Finally, Chapter 5 presents the integration of the static response equations (Chapter 2) into the dynamic model (Chapter 4) using the approach proposed in Chapter 3 to estimate animal production potential. In this Chapter, the combined model, predicting the effect of nutrition, physiological status and genotype on dry-matter intake, milk yield, milk component yields, milk composition and body weight was evaluated using two independent datasets. In Chapter 6, a general discussion of the thesis is presented with focus on the methodology used to develop the model, the complementarity, and comparison, with feed unit systems, and the practical considerations regarding the model application on-farm.

Introduction

Adapting dairy cow rations to cope with feed and milk price volatility whilst taking into account environmental, animal health and welfare concerns represents a major challenge for dairy producers. There is a need to predict not only the nutritional requirements but also the response of animals to diet changes [START_REF] Oldham | Prediction of responses to required nutrients in dairy cows[END_REF][START_REF] Sauvant | La modélisation systémique en nutrition[END_REF]Dijkstra et al., 2007). In order to be able to predict responses, three key processes need to be quantified. Firstly, the prediction of dry-matter intake response to dietary changes, secondly rumen digestion and fermentation processes to obtain accurate estimates of nutrients available for absorption [START_REF] Van Duinkerken | Update of the Dutch protein evaluation system for ruminants: The DVE/OEB2010 system[END_REF]Volden, 2011;Sauvant and Nozière, 2016), and thirdly the partition of those absorbed nutrients between different life functions [START_REF] Bauman | Regulation of nutrient partitioning during lactation: Homeostasis and homeorhesis revisited[END_REF]Friggens et al., 2013). One aspect of nutrient partitioning, the relation between changes in nutrient supply and milk production and composition, has received a lot of attention. In particular, the effects of changes in either metabolizable protein (Vérité et al., 1987;Metcalf et al., 2008) or net energy [START_REF] Coulon | Variations in milk output and milk protein-content in response to the level of energy supply to the dairy cow -A review[END_REF] on milk outputs have been largely characterized. However, it is still unclear how to quantitatively combine the effects of changes in net energy and metabolizable protein, including possible interactions between them, for predicting milk yield and milk composition responses.

The divergent conclusions regarding the existence of net energy x metabolizable protein interaction on milk yield and milk protein yield found in recent studies (Broderick, 2003;Brun-Lafleur et al. 2010;Rius et al., 2010) highlight the need to quantitatively summarize the available studies. Given the large diversity of studies focused on the effect of dietary energy and protein content, meta-analysis represents a useful approach for quantifying milk production and milk composition responses to combined changes of net energy and metabolizable protein.

The objectives of this study were therefore to establish (1) average dry-matter intake response to dietary changes, (2) average milk yield and composition responses to net energy and metabolizable protein, both on a concentration and a supply basis, and to [START_REF] Andrew | Direct analysis of body composition of dairy cows at three physiological stages[END_REF] quantify any interactions between net energy and metabolizable protein contents and supplies on responses of milk yield and milk composition.

Material and methods

Database creation

A literature search was conducted using Scopus and ScienceDirect with the following key words: dairy cows, milk production, protein, energy, concentrate, forage, degradability. References included in the resulting papers were also checked. As a result, 261 publications (1316 treatments means) were considered for possible inclusion in the dataset. The minimum prerequisite for a published study to be included in the dataset was: that feed description in term of ingredients (% DM of the total diet), dietary CP content (g/kg DM), dry-matter intake (DMI, kg/d), milk yield (kg/d), milk fat and protein yields (g/d), and body weight (BW, kg) were reported or could be easily calculated, and that the animals were fed ad libitum. After selection, 237 publications, consisting of 1174 treatment means that satisfied the above criteria, were kept. The final list of publications used in the meta-analysis can be found in Annex 1.

Calculations

The digestibility of the organic matter (OMD), CP flows at duodenum, net energy for lactation (NEL) and metabolizable protein (MP) values were calculated for all diets in the dataset using the recently updated INRA Systali feed units system (Sauvant and Nozière, 2016). Briefly, this update consisted of quantifying the effect of digestive interactions on nutrient supplies, and subsequently on NEL and MP values (see Annex 2 for further details). The required inputs to calculate these values are: BW of the animals, DMI, the proportion of concentrate in the ration, the percentages of every ingredient included in the diet (DM basis) and their corresponding tabulated feed number code from the INRA feed library (Baumont et al., 2007). Forages and concentrate ingredients listed in the publications were matched with tabulated feeds on the basis of their CP and NDF contents. For each treatment, the CP and NDF concentrations of the total diet were calculated and compared with measured chemical characteristics in the publications. If several codes were available for one ingredient (e.g. forages, soybean meal) and that no analysis was reported for that ingredient, the code was chosen to minimize the differences between the estimated and measured CP and NDF of the total diet. For the set of studies where measured values were available, the slope of the within-study relationship between estimated and observed values of: OMD (number of treatment, Nt=474) and CP flow to the duodenum (Nt=115) was tested against one (=bisector) with an F-test. Root mean square error (RMSE) was used to assess the quality of the estimates.

Data coding

The full set of selected studies was coded. Unless several studies were reported within a publication, a study was equivalent to a publication. Data were coded at the level of experiments (Nexp), where an experiment is defined as a group of treatments (with a minimum of 2 treatments) relating to a particular objective within any given study.

These experiment codes were subsequently used to split the within-and betweenexperiment variation, as recommended in the meta-analysis review of [START_REF] St-Pierre Nr | Integrating quantitative findings from multiple studies using mixed model methodology[END_REF].

These codes also enabled the selection of subsets of experiments with the same objective as a means to avoid confounding factors [START_REF] Sauvant | Meta-analyses of experimental data in animal nutrition[END_REF]. The two experiment types coded for were MP level and NEL level experiments. The latter pooled experiments with various inclusion levels of concentrate or various starch: fibre ratios. The two columns of codes for ''energy'' and ''protein'' experiments were concatenated in a ''energy x protein'' column. For studies with a factorial arrangement of energy and protein levels, the code for study was used to concatenate. This increases the statistical power of the model to detect any significant interaction between MP and NEL. Experiments lacking within-experiment differences, for both variables dietary MP and NEL contents, were discarded (Nt=22). Experiments with lipids levels/sources as treatment were not selected as it was not our present objective (Nt=89). Other treatments in our database, which were not related with dietary energy or protein (Nt=238, particle size, silage hybrids, enzyme, feeding frequency, BST…) were also discarded. Consequently, from the 1174 treatments means that satisfied the original prerequisites for selection, a total of 825 treatments (Publication=168, Nexp=282) were kept (see Annex 1).

Statistical analysis

Statistical analyses were carried out using PROC MIXED of SAS (SAS Institute Inc., 2004). The first objective was to quantify, within-experiment, milk yield, milk component yields and milk composition responses to change in dietary NEL and MP contents. The model used for that purpose was Yij = μ + Si + e1.dE + p1.dP + e2.dE 2 + p2.dP 2 + a.dP* dE + εij, [1] where Yij is the milk yield, milk component yields or milk composition for experiment i and treatment j, dE and dP were the mean-centred concentrations of NEL (MJ/kg DM) and MP (g/kg DM). The values used to centre NEL and MP were 6.7 MJ/kg DM and 100 g/kg DM, respectively. These variables were centred to reduce the correlations between intercept and slope. μ is the centred intercept that gives directly the mean value of the Y variable; Si is the fixed effect of experiment i, e1 and e2 are the linear and quadratic coefficients of dE; p1 and p2 are the coefficients for the linear and quadratic effects of dP; a is the coefficient adjusting the response slope for the interaction between dP and dE; and εij the residual for experiment i and treatment j. As discussed by [START_REF] St-Pierre Nr | Integrating quantitative findings from multiple studies using mixed model methodology[END_REF], the underlying assumption for using an adjustment based on a random effect is that the observations in question are in fact a random sample from the wider population. In the present meta-analysis, the experiments selected were not picked at random. Only experiments that used dietary treatments related to amount or quality of protein and/or energy were selected. Among those experiments, we chose to discard those with dietary lipid levels/sources as treatment.

Also experiments lacking variation in dietary NEL and MP contents between treatments were not retained. For these reasons, we chose to include the experiment effect as a fixed effect. Further, when the experiment effect is assumed random the statistical distribution of the adjustments for experiment should generally follow a normal Gaussian law. This was not the case for the majority of dependent variables studied in our dataset. For completeness, a comparison of fixed and random model outputs is given in Annex 3 and 4. Treatment observations were not weighted according to their standard errors because there was no benefit of doing so (see Annex 5). The same model [1] was used to quantify the DMI response with the exception that dietary NEL was replaced by dietary forage NDF content (FNDF, g/kg). Forage NDF was mean centred, on 250 g/kg DM. The quadratic effect of FNDF and interactions of FNDF with MP were also tested but were not found to be significant.

The second objective was to quantify, within-experiment, milk yield, milk component yields and milk composition responses to changes in NEL and MP supplies above maintenance. These co-variables were preferred over total NEL and MP supplies to correct for different energy and protein maintenance requirements, i.e. to avoid biases due to different BW and DMI. The equations and method used for calculating MP and NEL maintenances are given in full detail in Annex 2. Because there was a strong interexperiment co-linearity between NEL supply and MP supply (by construction both contain DMI), it was necessary to centre these predictors on reference values that reduced this co-linearity (see figure 1). Centring on the global means does not achieve this. We chose to adjust MP supply by expressing it relative to the MP supply needed for an efficiency of 0.67. This efficiency was chosen because it is equivalent to an average dietary MP content of 100 g/kg DM (Sauvant et al., 2015), the reference value chosen in the concentration analysis. Moreover, the NRC (2001) also uses 0.67 as a constant MP efficiency. To centre the data, the slope (α) of the linear relation between MP above maintenance supply (Sij) and MP efficiency (Fij) was first determined (with experiments fitted as a fixed effect). The centred MP supply (=MP67) was then calculated as Sij -Si + α (Fi -0.67) where Si is the experiment mean MP above maintenance supply and Fi is the experiment mean MP efficiency. Similarly, the centred NEL supply (=NEL100) was calculated as Sij -Si + α (Fi -1.00) where Si is the experiment mean NEL above maintenance supply, Fi is the experiment mean milk NEL efficiency (=NEL in milk/NEL above maintenance) and α is the slope of the linear relation between NEL above maintenance supply (Sij) and milk NEL efficiency (Fij). The milk NEL efficiency of 1 was chosen because it is equivalent to a zero energy balance.

Finally, responses were estimated with model [1] where dE and dP are NEL100 and MP67.

Akaike's information criterion (AIC) was used to select the best model, with nonsignificant terms being progressively dropped. Differences in AIC greater than three between two models indicate that there is good evidence that the model with the smaller AIC is significantly better than the model with the larger AIC (Burnham and Anderson, 2002). Co-linearity between independent variables was assessed using their mutual correlations and the variance inflation factor (VIF) generated with PROC REG of SAS (SAS Institute Inc., 2004). In general, estimability is assumed acceptable when all VIF are below 10 (St- Pierre and Glamocic, 2000). Observations from model [1] were considered as outliers when their studentized residuals were higher than three [START_REF] Sauvant | Meta-analyses of experimental data in animal nutrition[END_REF]. In this case, they were removed stepwise until there were no such outliers left. For each analysis, the percentages of outliers removed are reported in the Results section together with the RMSE.

Results

Reliability of calculated nutritional values

The average calculated diet contents of CP, NDF, FNDF and starch were 172 (SD 22),349 (62),253 (71) and 234 (96) g/kg DM, respectively. The reliability of these calculated diet content was evaluated by regression of the analysed diet contents (dependant variables) on the calculated diet contents (independent variables). The slope of the global relationship between analysed and calculated CP was 0.98 (SE 0.01, number of treatment, Nt = 825, RMSE = 7) and was not different from 1 (P=0.148). Between analysed and calculated NDF the global slope was 0.86 (SE 0.02, Nt = 794, RMSE = 30) and significantly differs from 1 (P<0.001). However, for FNDF the global slope, 0.99 (SE 0.01, Nt = 691, RMSE=20), was not significantly different from 1 (P=0.361). For starch, the global slope of 0.98 (SE 0.02, Nt=373, RMSE=30) did not differ from 1 (P=0.214). The within-experiment slope between analysed and calculated OMD (mean ± SD, 69.0 ± 5.8%, Nt =474) was 0.97 (SE 0.05) and did not differ significantly from 1 (P = 0.548), with RMSE of 1.6 % units of OMD. For the 115 treatments that analysed CP flows at duodenum (mean ± SD, 3404 ± 756 g CP/d), the within-experiment slope between analysed and calculated value, 0.85 (SE 0.09) was not significantly different from 1 (P=0.119, RMSE=206).

General description of the dataset

The average year of publication was 2001 ± 8 (mean ± SD) and studies mainly originated from North America (64%) and Europe (34%). The experimental designs used were, Latin square (63.2%), randomized block design (26.4%) and change-over design (10.4%). The average number of animal used per treatments was 10 ± 7. In 74% of the treatments, animals were fed a total mixed ration, with the remaining 26% fed forage and concentrate separately. The principal diet ingredients are displayed in Annex 6. The most frequently used forages were maize silage and alfalfa silage, followed by grass silage. However the average inclusion of the latter, when present, was higher than that of maize and alfalfa silages (54 ± 20 vs 35 ± 16 and 29 ± 18 % of DM, respectively). Ground maize was the ingredient most frequently used as an energy source in the concentrate. With respect to protein sources, soybean meal (solvent extracted, expeller and extruded), followed by rapeseed meal were the most frequently used sources of rumen degradable protein (RDP). Sources of rumen undegradable protein (RUP) were mainly heat treated soybean meal, maize gluten meal, fish meal and blood meal.

Table 1 shows the animal characteristics and the milk production data. The predominant breed was Holstein-Friesian (90% of all cows) and 86% of the cows were multiparous. From the 819 treatments where stage of lactation was reported, no treatments were conducted with cows averaging under 50 days in milk (DIM) and only 64 treatments used groups of cows in late lactation (with an average >200 DIM). Thus 92% of treatments used cows in mid lactation (50<DIM<200). In most of the experiments (91%), cows were milked twice daily with the remaining 9% milked three times a day. The means of SEM reported in the publications for the dependent variables were (SD in parentheses): DMI = 0.62 kg/d (0.35, Nt = 763), milk yield = 1.07 kg/d (0.66, Nt = 794), milk fat yield = 56.9 g/d (34.5, Nt =687), milk protein yield = 38.4 g/d (30.9, Nt =695), milk lactose yield = 56.8 g/d (37.9, Nt = 411), milk fat content = 1.30 g/kg (0.63, Nt = 788), milk protein content = 0.55 g/kg (0.63, Nt = 794) and milk lactose content = 0.42 g/kg (0.29, Nt=522). 

Meta-designs in the database

Table 2 shows the measured and calculated chemical composition of the published treatments, and the calculated nutritional values with the INRA Systali model. The mean of MP67 was negative (-46 g/d). This is because the mean MP efficiency of this dataset (0.69) was higher than the reference MP efficiency (0.67) used to centre MP above maintenance supply. In contrast the reference for energy, NEL in milk/NEL above maintenance supply of 1, was very close to the mean of the dataset (0.99) which explains why the mean of NEL100 is close to 0. extract; NEL = Net energy for lactation; MP = Metabolizable protein, MP67 = MP above maintenance supply centred on supply for which MP efficiency is 0.67; NEL100 = NEL above maintenance supply centred on supply for which the ratio of NEL in milk/NEL above maintenance is 1.00; MP efficiency = Efficiency to convert MP above maintenance into milk protein.

Among the 282 experiments (Nt=825) selected to study the effect of NEL and MP interaction on milk responses, 47% compared two treatments, 26% compared three treatments and the remaining more than three treatments (from 4 to 12). Experiments were characterized according to three main types of treatments: those with treatments that varied mainly in dietary MP content (458 Nt), those with treatments that varied mainly in dietary NEL content (208 Nt), and experiments with treatments that varied in both dietary NEL and MP contents (159 Nt). For the 142 experiments with variation in NEL, the within-experiment relationship between calculated starch content and calculated NDF content (g/kg DM) was negative and linear: Starch = 684 (SE 12) -1.31 (0.03) NDF (RMSE = 21). For the 213 experiments with MP variation, a strong within-experiment relationship linked MP and RUP (g/kg DM) with MP = 44.0 (0.6) + 0.91 (0.01) RUP (RMSE = 1.8). The slope of 0.91 highlighted clearly that variation in MP are mainly the result of variation in dietary bypass protein.

Figure 1

Meta-designs showing the relations between (a) MP above maintenance supply (g/d) and NEL above maintenance supply (MJ/d) and (b) between MP67 supply (g/d) and NEL100 supply (MJ/d). MP67 = MP above maintenance supply centred on supply for which MP efficiency is 0.67; NEL100 = NEL above maintenance supply centred on supply for which the ratio NEL in milk/NEL above maintenance is 1.00. Each line represents one experiment group (Nexp=282) including 825 treatments (Nt).

The meta-design shown in Figure 1 (a) shows the relationship between NEL and MP above maintenance supplies before they are centred (NEL milk/NEL above maintenance=1.00, MP efficiency =0.67). Figure 1 (b) shows the relationship between daily NEL100 supply and daily MP67 supply after centring. The within-experiment correlation between NEL100 and MP67 supply was naturally unaffected by these adjustments (adjusted R 2 = 0.42, RMSE=91 g/d) but the global correlation, i.e. including both inter-and intra-experiment variation, was largely reduced (adjusted R² = 0.13 vs 0.59) as intended. Between MP and NEL contents, the global and withinexperiment correlations were low with an adjusted R 2 of 0.09 and 0.10, respectively.

For the prediction of DMI response, FNDF was used instead of NEL in the model. The within-experiment correlation between dietary FNDF content and MP had an adjusted R² of 0.11. For all analysis, there were no independent variables with a VIF>2 and therefore the estimability of coefficients was assumed acceptable. There was no significant interaction between MP and FNDF in this analysis. The simulated DMI response, shown in Figure 2, illustrates the magnitude of the response to changes in MP and FNDF contents.

Dry-matter intake response to change in forage NDF and metabolizable protein contents

Milk responses to change in net energy and metabolizable protein contents

The model coefficients obtained for milk yield, milk component yields and milk composition responses to change in dietary NEL and MP contents are presented in Table 3. These coefficients can be used to predict milk responses within the ranges of 5.9 -7.6 MJ/kg DM for NEL and 73 -121 g/kg DM for MP (means ± 2 SD), which reflect the current dataset. Milk yield and composition variables were all affected by NEL and MP contents, with the exception of milk lactose content which was not significantly influenced by dietary MP. example, for a level of energy of 6.7 MJ/kg DM, increasing MP content from 80 to 120 g/kg DM increases milk lactose yield, milk protein yield and milk fat yield by 244 g/d, 144 g/d and 114 g/d, respectively. The milk lactose yield response was associated with the greatest RMSE, followed by milk fat yield and milk protein yield (Table 3). The influence of MP and NEL content changes on milk lactose and protein yield responses was reflected in milk yield response. With respect to milk composition, milk fat content was the most influenced by changes in dietary NEL and MP. It decreases with increasing dietary NEL, as illustrated in Figure 4.

Figure 4

Prediction of average milk fat content response to change in NEL content (MJ/kg DM) and to change in MP content (g/kg DM). Protein effects are shown by the vertical displacement between the lines that are each for a MP content: -20 g/kg DM (solid line with Δ), -10 g/kg DM (solid line with ○), 0 g/kg DM (blank solid line), +10 g/kg DM (solid line with •), +20 g/kg DM (solid line with ▲). All variables are expressed relative to global mean values (6.7 MJ/kg DM, 100 g/kg DM) with average milk fat content of 36.8 g/kd. The RMSE is indicated by the double-headed arrow.

Not surprisingly, milk lactose content was the least influenced. The hierarchy of RMSE between milk component contents was consistent with the magnitude of the observed responses. The NEL x MP interaction was positive and significant (P<0.01) for milk yield (Figure 3), milk protein yield, milk lactose yield and milk protein content (Figure 3). Thus, the response to NEL content was more pronounced at higher MP contents and less pronounced at lower MP contents. In contrast, for milk fat yield and milk fat content (Figure 4) the effects of dietary NEL and MP contents were additive. Milk energy output was consistent with the responses found for milk component yields (Table 3). The negative influence of NEL on milk fat yield together with the positive relationship between NEL and yield of lactose and protein resulted in a quadratic milk energy response to dietary NEL. 

Milk responses to change in net energy and metabolizable protein above maintenance supplies

Table 4 shows the model coefficients obtained for milk yield, milk component yields and milk composition responses to change in NEL and MP above maintenance supplies. Predictions of average milk yield, milk fat yield, milk protein yield and milk lactose yield responses to change in NEL100 and MP67 supplies are illustrated in Figure 5. Yields of milk, milk protein and milk lactose were all increased curvilinearly with increasing MP67 supply. The relationships between milk yield and milk protein yield with NEL100 supply were also curvilinear whereas it was linear for milk lactose yield.

For milk fat yield, the response to changes in both MP67 and NEL100 supplies were curvilinear. There were no significant NEL100 x MP67 interactions for any of the variables studied (Figure 5). The RMSE of responses in yield were smaller (27% in average) when using dietary supply above maintenance in the models compared to models based only on dietary content. In contrast, the responses obtained for milk fat, protein and lactose contents were not notably improved (RMSE 3% lower in average). The global MP efficiency is defined as the ratio between milk protein yield and MP above maintenance supply, whereas the marginal MP efficiency is the slope of the relationship between milk protein yield and MP above maintenance supply (i.e. per unit extra MP supply). Assuming reference energy level of NEL100 = 0, the global MP efficiency decreased from 82%, 67% to 58% for levels of MP67 of -400, 0 and 300 g/d.

For the same levels of MP67, the marginal MP efficiency decreased linearly from 34%, 19% to 7%. In comparison the slope of the response was higher for milk lactose yield with marginal efficiency of 42%, 28% and 18% at MP67 of -400, 0 and 300 g/d. The slope coefficient for milk energy yield suggests that at NEL100=0, only 16.6% of extra NEL supply is partitioned into milk. This value is very consistent with the sum of the linear responses of fat, protein and lactose interpreted in term of energy. At NEL100 = 0 MJ/d, the marginal response (MJ/MJ, %) to NEL100 was largest for protein (7.5%), followed by lactose (6.9%) and fat (2.4%). The significant quadratic term for the effect of NEL100 supply on milk energy yield was mainly driven by the milk fat yield response.

The marginal energy efficiency (MJ/MJ, %) decreases from 23.8 to 9.4% when NEL100 change from -20 to 20 MJ/d. Milk fat and lactose contents were not affected by MP67

supply and are therefore only predicted by NEL100 supply. In the case of milk protein content, it was significantly increased in a curvilinear manner by MP67 supply (Table 4). maintenance=1), marginal EB response to change in NEL100 was 103%. This is six times greater than the marginal response of milk energy yield (17%). The sum of both marginal efficiency is different from 100% because of the different ME conversion used for NEL milk and NEL body reserves (see Annex 2 for further details). These coefficients indicate that extra energy is much more directed towards body reserves than it is exported into milk. Moreover, increasing NEL100 from -20 to 20 MJ/d increases the marginal EB efficiency from 94% to 111%. This is consistent with the decrease in marginal NEL efficiency for milk. With MP67, a negative curvilinear relationship is observed. Within the range of NEL100 (-20 to +20 MJ/d) and MP67 values (-400 to +300 g/d), the magnitude of the EB response with MP supply was much less than that with NEL supply (ca. 15 vs 41 MJ/d). Interaction between NEL100 and MP67 was not significant for any of the variables studied. Models were chosen based on AIC (see material and methods). All coefficients were significantly different from 0 at least at the level P<0.05.

Discussion

The objectives of this meta-analysis have been met, with the derivation of empirical equations for response in dry-matter intake to change in diet content, and responses in milk yield and composition to change in dietary NEL and MP, both on concentration basis and supply basis. The large set of published experiments used, with treatments focused on the changes in dietary energy and/or protein, enabled the development of equations with a satisfactory level of accuracy (Tables 3 and4). As can be seen from the metadesigns (Figure 1), this study was successful in collecting data that covered a wide range of diet characteristics and therefore a large part of the plausible ranges of NEL and MP supplies that can be expected in practical situations. However, these equations predict average milk responses of multiparous (only 14% of the data were from primiparous cows)

Holstein cows at mid lactation (50 to 200 DIM), milked twice a day. Accordingly, and in common with most of the published equations and models, the present equations should be used with caution outside of these conditions. The majority of the experiments (73.6%)

were conducted using Latin square or change-over designs with an average period length of 26 (± 12 SD) days. The rest of the experiments, using randomized block designs, had an average period length of 90 ± 56 days. However despite large differences in the duration of periods of the two main types of experimental design, no significant differences existed in SEM of independent variables. As an example, the average SEM for milk yield in Latin square and change-over designs was 1.08 ± 0.68 kg/d compared to 1.05 ± 0.59 kg/d in randomized block designs. Thus no major differences in responses between the designs are expected. Further, [START_REF] Huhtanen | Comparison of feed intake and milk production responses in continuous and change-over design dairy cow experiments[END_REF] concluded that production responses to change in supply of nutrients were generally similar in studies conducted using continuous and change-over designs. Another potential disadvantage of metaanalysis of various feeding trials relates to between study differences in determination of feed values. In the present study this effect was minimised by using a common digestive model to calculate standardized NEL and MP outputs from feed ingredients across all treatments. The within-experiment comparison between observed and predicted OMD, the major determinant of the energy value of feed and diets, showed no slope bias (for the subset reporting OMD). The same was true for CP flow to the duodenum. Thus, the common estimation method for NEL and MP did not bias the calculated milk responses.

Dry-matter intake response

The calculated DMI response quantified the impact of both physical regulation, through FNDF content, and metabolic regulation through MP content. Similar to the finding of the present study, decreasing DMI with NDF or FNDF content has been widely reported in the literature (Mertens, 1985;[START_REF] Allen | Effects of diet on short-term regulation of feed intake by lactating dairy cattle[END_REF]. The DMI response to increase in MP was positive and curvilinear with a diminishing marginal response with higher MP content (Figure 2). A very similar response was found by Vérité and Delaby (2000) who summarized results from five studies including more than 30 treatments that explored different dietary MP contents. Although the DMI response developed in the current metaanalysis was based on the dietary MP content, it cannot be a priori concluded that this response is strictly the result of a metabolic regulation. Because dietary CP and MP contents were positively related, this effect could also be partly explained through an improvement in rumen OMD [START_REF] Allen | Effects of diet on short-term regulation of feed intake by lactating dairy cattle[END_REF]. In the 91 experiments (Nt=247; MP = 96 ± 11 g/d) from the MP sub-dataset where measured OMD was relatively constant (<2% of absolute variation), the MP content relationship with DMI was still significantly positive (P<0.001, results not shown). This suggests that at least part of the positive DMI response to change in dietary MP occurs through metabolic effects. One hypothesis for this effect could be that the increase in milk yield generated by increasing MP content drives the increased DMI. Additionally, a stimulating effect of dietary protein at metabolic level on intake has been previously observed in a duodenal infusion study using soya protein isolate as protein source [START_REF] Faverdin | Effects of metabolizable protein on intake and milk production of dairy cows independent of effects on ruminal digestion[END_REF].

Milk responses

The curvilinear milk protein yield response found to change in either protein content or supply has also been found in other quantitative studies (Vérité and Delaby, 2000;Brun-Lafleur et al., 2010;Huhtanen and Nousiainen, 2012). At MP67=0 g/d, the marginal milk protein yield response to extra MP67 supply was 19%. As an estimation of body protein change is included in the calculation of MP above maintenance (see Annex 2 for full detail) the slope of 19% suggests that a large part of the extra nitrogen (N) coming from MP is excreted into urine. In a subset of 58 experiments (167 treatments) where urinary N excretion was measured, the slope of response of N excreted in urine to change in MP67 supply (obtained by within-experiment regression with MP67) was, in terms of CP, 81%

(SE 12%). This number is very consistent with the marginal milk protein yield response, and confirms that a high amount of N provided through an increase in MP is lost in urine.

Given this large proportion of deaminated MP, extra MP supply increases the amount of carbon chains available for the animal. However, this increase in supply of glucose precursors does not seem to be the driven force behind the observed increased milk lactose yield [START_REF] Lapierre | Protein supply, glucose kinetics and milk yield in dairy cows[END_REF] and more research is needed to understand the relationship between protein supply and milk lactose. The partition of NEL shifted from milk to body reserves with increasing NEL above maintenance supply. In agreement with our study, curvilinear milk yield and energy-corrected milk responses to respectively ME and NEL were reported in the meta-analyses of Huhtanen and Nousiainen (2012) and Jensen et al. (2015). Increased MP supply may increase the partition of energy towards milk because it was associated with a small, but significant, decrease in EB, as previously reported (Orskov et al., 1987, Law et al., 2009, Brun-Lafleur et al., 2010).

A key question with respect to milk responses relates to the presence or not of interactions between NEL and MP supply. Contrasting results have been reported, finding either an interaction between energy and protein [START_REF] Cowan | Effects of feeding level in late pregnancy and dietary protein concentration during early lactation on food intake, milk yield, liveweight change and nitrogen balance of cows[END_REF], Brun-Lafleur et al., 2010) or additive effects of energy and protein [START_REF] Macleod | Effect of varying protein and energy densities in complete rations fed to cows in first lactation[END_REF]Broderick, 2003, Rius et al., 2010, Huhtanen and Nousiainen, 2012;Alstrup et al., 2014) on milk yield. The present meta-analysis did not confirm the interaction between NEL supply and MP supply found in the experiment of Brun-Lafleur et al., (2010), which was specifically designed to reveal such interaction. This difference could potentially be due to the fact that, in our case, covariables were expressed relative to reference efficiencies whereas Brun-Lafleur expressed MP and NEL supplies relative to a central treatment. Additionally, in the study of Brun-Lafleur et al. (2010), DMI was restricted whereas in the present meta-analysis, DMI was ad libitum. The role of DMI can be seen by comparing, in the present study, the results for NEL and MP supplies (that implicitly include DMI), where there was no interaction, with the results for dietary concentrations of NEL and MP, which showed significant interactions between NEL x MP for milk yield, milk lactose yield, milk protein yield and milk protein content. Although no interaction was found between NEL and MP content on DMI itself, a positive dietary NEL x MP content interaction (P=0.018) was found for NEL intake (results not shown). This interaction could explain these differences between the effects of content as compared to supply. However due to correlated effects between NEL and MP supply (adjusted R 2 = 0.42), care is needed in the interpretation of the absence of interaction found. One possible way to reduce this correlation is to select the experiments which have a low variation in dry-matter intake. A sub-dataset of 91 experiments comprising 242 treatments means (~29% of the total dataset) had on average, a maximum difference between highest and lowest dry-matter intake of 0.47 ± 0.24 kg/d. The average and standard deviation of independent variables on this sub-group were: MP67=-62±189 g/d NEL100=1.76±12.97 MJ/d, which covers a large range of variation. In this sub-group the correlation between NEL supply and MP supply was low as assessed by an adjusted R 2 of 0.13. Despite the absence of correlation between independent variables, the interaction between NEL supply and MP supply was still not significant (results not shown). This strengthens our results found of additive effect between NEL and MP supply. Therefore, considering the majority of the results, it seems that in an ad libitum situation, the effect of energy and protein supplies on milk component productions can be considered as additive.

Milk component yield response equations calculated from NEL and MP supplies had RMSE values lower than the average SEM reported in the literature (see Results section and Table 4). Thus, the equations are sufficiently accurate in describing the multiple responses of dairy cows to change in NEL and MP supplies. Given that the higher energetic values in our study were achieved largely by an increase of starch: NDF ratio, the prediction equations developed may not be applicable to estimate milk fat content responses when the NEL increase is achieved by fat supplementation [START_REF] Van Knegsel | Dietary energy source in dairy cows in early lactation: Energy partitioning and milk composition[END_REF]. Further, milk fat content response is affected by a great number of others factors [START_REF] Bauman | Nutritional regulation of milk fat synthesis[END_REF] not accounted for in our model.

Conclusion

This meta-analysis has produced empirical equations for response in dry-matter intake to 

Calculation of non-productive N requirements

The MP above maintenance was calculated according to the recent update of INRA protein unit system (Sauvant et al., 2015) 2 . In this paper, three major losses of N, resulting in non-productive N requirements, were quantified. In order of importance they are the faecal metabolic CP losses, calculated from DMI (kg/d) and organic matter non-digested (OMnd, g/kg DM) as = DMI * [5 * (0.57 + 0.0074 * OMnd)] / MP efficiency, the urinary endogenous N losses = 0.312 * BW, and the scurf CP losses = (0.2 * BW 0.6 ) / MP efficiency. It should be noted that the same MP efficiency, conversion of MP above maintenance into milk protein, is also used for scurf CP losses, for faecal metabolic CP losses and for body protein retention/mobilisation (g/d). This last item is indexed on energy balance (EB) (= 4.479 * EB / MP efficiency). The MP efficiency is calculated iteratively by using an initial value of 0.67, value used as reference in the NRC protein unit system (2001) 3 .

Calculation of energy balance

For energy, the last updates of the French unit system were applied (Sauvant et al., 2015) 4 . NEL requirement for milk expressed in MJ per day was calculated from milk fat content (MFC, g/kg) and milk protein content (MPC, g/kg), according to Faverdin et al. where the factor 7.1 converts the French energy unit UFL into MJ.

In 

Abstract

Milk responses to dietary change are influenced by the relative production level, that is, the distance between observed production and potential production. The closer the animal is to its potential, the smaller the expected response is to extra nutrients.

Therefore, the aim of this work was to provide a method to quantify cow potential, in order to estimate subsequent responses to changes in nutrient supply. The observed efficiencies in net energy for lactation (NEL) and metabolizable protein (MP) are proposed as a basis to estimate the relative production level of the animal. The rationale for using NEL and MP efficiency (ratios of milk energy yield/NEL above maintenance supply and milk protein yield/MP above maintenance supply) builds on the uniformity of the observed relationships between size of the milk responses and extra NEL supply and MP supply, when centered on a given efficiency. From there, a pivot nutritional situation where MP and NEL efficiency are 0.67 and 1.00, respectively, was defined, from which milk responses could be derived across animals varying in production potential. An implicit assumption of using response equations centered on reference efficiency pivots is that the size of the response to a fixed change in nutrient supply, relative to the pivot, is identical for animals with different production capacities.

The proposed approach was evaluated with 2 independent datasets, where different dietary treatments were applied during the whole lactation. In these datasets, MP and NEL above maintenance supply were calculated weekly using the recently updated INRA Systali feed units system. Differences in NEL and MP supply above maintenance between the extreme dietary treatments were large, on average 667 g MP/d and 13 MJ NEL/d (3.11 Mcal/d) in the first dataset, and 513 g MP/d and 29 MJ NEL/d (6.93 Mcal/d) for the second dataset. Milk energy yield and milk component yields were predicted with root mean square prediction errors between 7.6 and 13.5% and concordance correlation coefficients between 0.784 and 0.934. Assessed by the Akaike's information criterion, significant differences existed in the accuracy of prediction for milk energy yield and milk component yields between stages of lactation.

However, the effects of stage of lactation were not consistent between datasets and, for most of the predicted variables, relatively small. It is concluded that the pivot concept can be used to predict milk energy yield and milk component yields responses to dietary change with a good accuracy for diets that are substantially different, and across all stages of lactation.

Keywords: energy, protein, response, potential, milk yield and composition

Introduction

In the context of an increasing demand for feed efficiency, the importance of accurately predicting animal responses to dietary changes is growing. In dairy cows, several quantitative reviews of the literature (Huhtanen and Nousiainen, 2012;Jensen et al., 2015;Daniel et al., 2016) or specific experiments (Brun-Lafleur et al., 2010) have generated equations that aim to predict milk yield and/or milk composition response to a dietary change. However, the accurate application of these equations on-farm requires an estimation of the production potential of the cows in question. For example, on a farm where the observed production is 30 kg/d and the maximum production potential is also 30 kg/d, one expects zero response to an increase in feed quality.

However, on a farm where the observed production is 30 kg/d but the maximum production potential is 50 kg/d one clearly expects a positive response to supplementation. Thus, there is a need to estimate the relative production level, that is, how far the animal is from its potential. Although the concept of potential appears useful, this notion is partly theoretical and often refers, as stated above, to the maximum production achievable in a non-limiting environment (Neal and Thornley, 1983;Vetharanian et al. 2003). In the context of predicting responses, a more useful definition would be the maximum production that can be achieved by a given animal in a standardized nutritional status. For the prediction of such a potential, herd-test day models which include fixed effects (farm, gestation, length of dry-period, calving month, etc.) and random effects (genetic and permanent environment) represent a valuable approach (Leclerc, 2008). However, such models assume that the differences in nutritional environment are adequately captured by the fixed effect of farm, and for prediction purposes require information from the previous lactation. The objective of this work is to propose an alternative approach to determine the relative production level of the dairy cow and derive subsequent expected milk responses to changes in MP and NEL supply, that could be easily applied on-farm. The MP and NEL efficiencies are proposed as status indicators to determine the relative production level, distance between the observed production and the potential production. The rationale and quantitative basis for this choice are presented in the paper. The second objective of this work was to evaluate the method for predicting milk yield and milk component yields responses to changes in MP and NEL supply using 2 independent datasets.

Rationale

Relationship Between Size of Milk Responses and MP and NEL Efficiencies

Milk responses to nutrient supply are usually modelled by quadratic or exponential equations. This reflects the widely established principle of diminishing returns (Brody, 1945). At the metabolic level, once non-productive MP requirements and NEL maintenance requirement are discounted (see Sauvant et al., 2015a,b andappendix 1 for details of calculations used in this study), the principle of diminishing returns to increasing MP and NEL supply is mostly explained by a change in partitioning. This is induced by a limitation of the mammary gland synthesis capacity. As NEL above maintenance increases, energy partitioning progressively shifts from milk to body lipid.

Similarly, with increasing MP supply above maintenance, nitrogen partitioning progressively shifts from milk protein to urinary nitrogen. These effects were observed using milk protein and energy yield equations developed by meta-analysis (Figure 1, Daniel et al., 2016). and from 0.17 to 0.06, respectively, and global NELeff decreases from 1.36 to 1.00 and from 1.00 to 0.79, respectively. With these positive relationships observed between global and marginal efficiencies, we hypothesized that MP and NEL efficiencies could provide a mean to estimate the relative production level of the animal, i.e. how far the animal is from potential, and thereby provide the basis for predicting response to dietary changes in MP and NEL. It should be noted that the potential, here, does not refer to genetic potential, in the sense of maximum production achieved in a truly nonlimiting environment. Instead, it refers to cow performance on a standardized nutritional situation within it's given environment. Therefore, this notion of potential includes current and past environmental effects on the cow production capacity.

Estimation of Pivots from which to Predict Milk Responses

Using data collected from a large number of experiments (see Daniel et al., 2016 for the full list of references), Figure 2 shows the relationships between milk protein yield and MP supply above maintenance (panel a), and between milk energy and NEL supply above maintenance (panel b). On Figure 2, the dashed lines represent the global efficiencies MPeff = 0.67 (panel a) and NELeff = 1 (panel b). These efficiency lines intersect most of the curves within the range of data, i.e. from low to high producing animals. Therefore it was decided to use the fixed efficiency values as a reference point, or pivot, that is relevant across the whole range of production levels. In the situation of predicting responses, the reference efficiency line can be seen as being a 'rail' along which the response curve would move up or down according to animal potential. This principle, already suggested by Huhtanen and Nousiainen (2012), extends the applicability of response equations by including the effect of animal production capacity. The chosen values of efficiency for the pivot are consistent with established feeding system values for protein (NRC, 2001;Sauvant et al., 2015a). For energy, NELeff=1.00 was chosen because it is equivalent to zero energy balance and this value is very close to the average found in a dataset of 825 treatment means (0.99, Daniel et al., 2016). In Figure 2 (panels c and d), intersections between the reference efficiency lines (panel c, MPeff=0.67; panel d, NELeff=1.00) and each of the 3 response curves representing low, medium and high producing animals give on the x-axis, the levels of MP and NEL supply above maintenance at the reference situation for a given type of animal. These levels are called 'pivot' because they are the central points around which the response curve can be applied. Using the MPpivot, the milk protein yield response (ΔMPY) can then be written as follows (assuming changes in NEL are zero):

ΔMPY (g/d) = MPY -MPYpivot = 0.19 (MP -MPpivot) -0.000193 (MP -MPpivot) 2 [1]
where MPY is the observed milk protein yield (g/d), MPYpivot = 0.67 * MPpivot, and MP is the observed MP supply above maintenance (g/d). The coefficients 0.19 and 0.000193 are derived from the meta-analysis of Daniel et al. (2016). As MPYpivot is calculated from MPpivot, the only unknown variable in this equation is MPpivot. This value can be calculated from any pair of observed values of MPY and MP. Once this pivot has been calculated, the milk protein yield response to any dietary MP changes can be predicted. This is true under the assumption that MPpivot do not vary with dietary MP changes for that particular animal and at that particular time.

A similar type of equation describes the milk energy response (ΔMEY) to NEL supply (assuming changes in MP are zero):

ΔMEY (MJ/d) = MEY -MEYpivot = 0.166 (NEL -NELpivot) -0.0018 (NEL -NELpivot) 2 [2]
where MEY is the observed milk energy yield (MJ/d), MEYpivot = 1 * NELpivot, and NEL is the observed NEL supply above maintenance (g/d). As for equation 1, coefficients 0.166 and 0.0018 are derived from the meta-analysis of Daniel et al. (2016). An implicit assumption of using response equations centered on reference efficiency pivots is that, when global MPeff=0.67 and global NELeff=1.00, the size of the response to extra MP or NEL supply is identical regardless of differences in animal production capacity (Figure 2c andd). By expressing NEL and MP supply relative to the efficiency pivots the effects of protein and energy supply on performance are standardized, which means that they can be dissociated from performance differences due to animal production capacity, providing animals are at the same physiological status (parity, lactation stage, etc.). Aspects related to stage of lactation are discussed later in the paper. supply influences milk energy response (Daniel et al., 2016). A more comprehensive representation of milk protein and energy responses is presented in Figure 3 where ΔMFY and ΔMLY are the distances between observed and pivot production for milk fat yield and milk lactose yield respectively. Distances are estimated using response equations to change in NEL and MP supply developed in Daniel et al. (2016).

The actual pivot values for milk fat yield (MFYpivot) and milk lactose yield (MLYpivot) can then be calculated by subtracting ΔMFY from the observed milk fat yield (MFY), and ΔMLY from the observed milk lactose yield (MLY):

MFYpivot (g/d) = MFY -ΔMFY [7] MLYpivot (g/d) = MLY -ΔMLY [8]
With these pivots, the consequences of changes from observed MP and NEL supply on milk fat yield and milk lactose yield can be estimated. Given the assumption about fixed efficiency referencing production level relative to potential, we now have a system to predict milk energy yield and milk component yield responses for animals of different potential at that time.

Implication of stage of lactation on pivot values

The choice of reference values for MPeff and NELeff was derived using a dataset mainly based on observations in mid-lactation (n=819, average ± SD = 131 ± 51 days in milk, Daniel et al., 2016). However, a clear effect of stage of lactation is observed on MPeff and NELeff, even when the ration composition does not change. These effects are illustrated in Figure 4, which shows data for the least constraining nutritional treatments from the 2 datasets used for model evaluation (Friggens et al., 1998;Law et al., 2009). In both experiments the ration remained constant throughout lactation.

For protein, the calculation of MP above maintenance is adjusted for an estimation of body protein change scaled on energy balance (EB, Sauvant et al., 2015a). Thus in theory, nitrogen from MP can only be partitioned into milk or urine. Assuming that the efficiency of biochemical transformation of 1 g of MP into milk protein does not change with time, the observed linear decreasing MP efficiency throughout lactation is the result of a progressive shift in nitrogen partitioning from milk towards urine. For energy, the effect of stage of lactation observed on NELeff is essentially the result of homeorhetic regulation. The shape of the NELeff curve reflects the well-established patterns of energy balance, i.e. changing patterns of body reserve mobilization and accretion, as the animal progresses through lactation (Friggens et al., 2007). The high efficiency (>1) in early lactation reflects body energy mobilization and the low efficiency (<1) in late lactation indicates body energy deposition. Therefore changes in NELeff with stage of lactation are also the consequences of changes in energy partitioning.

These lactation profiles of changing MP and NEL efficiencies have consequences on the expected size of responses to dietary changes. As illustrated in Figure 1, the size of the response decreases with decreasing MPeff and NELeff, respectively. Thus an implicit assumption of using fixed reference MPeff and NELeff as pivots throughout lactation is that because of the high efficiencies observed in early lactation, and the low efficiency observed in late lactation, the size of the response in milk will be greater in early than in late lactation. This is consistent with the animal changing priority of nutrient partitioning through lactation (Bauman and Currie, 1980). Accordingly, fixed pivots of MPeff=0.67 and NELeff=1.00 are used independently of the lactation stage.

Combining this consideration with the rationale presented above, we suggest that milk responses can be predicted at any stage of the lactation.

Figure 4 MP and NEL efficiency relative to days in milk calculated for the treatment with 59% concentrate (DM basis) in Friggens et al. (1998) and for the treatment with 17.3% CP (DM basis) in Law et al. (2009).

Model evaluation

Data used for Model Evaluation

The original data from two entire lactation experiments with large differences in either MP and/or NEL supply between treatments were selected to evaluate the accuracy of the method presented to predict milk energy yield and milk component yields. Briefly, the first experiment (Friggens et al., 1998) 

Days in milk

NEL efficiency Friggens et al., 1998Law et al., 2009 content at mid-lactation. For the purpose of evaluating model predictions, weekly average values of each treatment group were used in both experiments. In Friggens et al. (1998), a total of 168 weekly average values were used (42 weekly averages * 4 dietary treatments) and in Law et al. (2009), a total of 258 weekly average values were used (43 weekly averages * 6 dietary treatments). From those data, dietary NEL and MP contents were calculated using the recently updated INRA Systali feed units system (Sauvant and Nozière, 2016). Supplies of NEL and MP above maintenance were then calculated by subtracting non-productive MP requirements (Sauvant et al., 2015a) and NEL maintenance requirement (Sauvant et al., 2015b) from total supplies.

A minor modification was proposed in the calculation of MP above maintenance relative to Sauvant et al. (2015a). In the original publication, the body protein balance (g/d), used to adjust MP above maintenance, was estimated as a constant ratio of EB (equal to 4.479 * EB, equivalent to a protein content of BW change of 166 g/kg). This approach of using a constant ratio is also used in other feed unit systems (NRC, 2001;Thomas, 2004;Volden, 2011). This suggests that the composition of the gain or loss (ratio fat: protein) throughout the lactation is constant, despite evidence that this is not the case (Belyea et al., 1978;Gibb et al., 1992;[START_REF] Tamminga | Changes in composition and energy content of liveweight loss in dairy cows with time after parturition[END_REF]). To improve this, published experiments (Belyea et al. 1978;Martin and Ehle, 1986;Chilliard et al., 1991;McGuffey et al., 1991;Gibb et al., 1992;[START_REF] Andrew | Direct analysis of body composition of dairy cows at three physiological stages[END_REF]Komaragiri and Erdman, 1997;Komaragiri et al., 1998) 1 and2. 2 NELpivot = Level of NEL above maintenance supply for which NEL efficiency is 1 and MP efficiency is 0.67; MPpivot = Level of MP above maintenance supply for which MP efficiency is 0.67 and NEL efficiency is 1.

To evaluate the use of the pivot values for protein and energy to predict milk responses, weekly NEL and MP supplies above maintenance were used together with milk energy and protein yields to calculate pivot values for MP and NEL. The MPpivot and NELpivot were calculated for each week using the mean of the data from one treatment and applied together with the response equations to predict milk energy yield and milk components yields of the other treatments. In Friggens et al. (1998), the treatment with high concentrate (59%, DM basis) was first used to calculate pivots and comparisons of model predictions with data were performed with the rest of the treatments. In that case, a total of 126 comparisons of weekly averages were made (42 weekly averages * (4-1) dietary treatments). Further, because the treatment used to calculate the pivots could potentially influence the accuracy of the prediction, the procedure was repeated using the treatment with low concentrate level (27%, DM basis) to calculate the pivots and predict milk energy yield and milk component yields of the other treatments. Thus, in total, 252 comparisons of weekly averages were made (126 with pivot calculated from high concentrate treatment and 126 with pivot calculated from low concentrate treatment). The same approach was applied to the experiment of Law et al. (2009) where the pivots were calculated 3 times: from the treatment with low CP content (215 weekly averages = 43 weekly averages * (6-1) dietary treatments), with medium CP content (215 weekly averages) and with high CP content (215 weekly averages). So in total, for Law et al. (2009), 645 comparisons of weekly averages were made.

For this evaluation, the quality of the independent predictions was evaluated using the concordance correlation coefficient (CCC), calculated as described in Lin (1989), and the root mean square prediction error (RMSPE) computed as previously described [START_REF] Theil | Applied economic forecasting[END_REF]Bibby and Toutenburg, 1977). The RMSPE can be decomposed into error due to overall bias (ECT), error due to deviation of the regression slope from unity (ER)

and error due to the disturbance (random error; ED; Bibby and Toutenburg, 1977).

Finally, the effects of stage of lactation on the quality of the model prediction for milk energy yield and milk component yields were evaluated with the corrected Akaike's information criterion (AICc). For that purpose 3 groups of stage of lactation were created: Early-lactation (<15 weeks in milk), mid-lactation (15≤ weeks in milk <30) and late lactation (≥30 weeks in milk). Based on these 3 groups, 2 dummy variables were created: M (1 for mid-lactation, 0 for early-and late-lactation) and L (1 for late-lactation, 0 for early-and mid-lactation). To evaluate the effect of stage of lactation, a reduced model was compared to a full model using PROC REG (SAS Institute Inc., Cary, NC, USA). The reduced model was:

Yij = μ + α Xij + εij [10]
where Yij are the observed milk energy yield, milk fat yield, milk protein yield and milk lactose yield; μ is the overall intercept; Xij is the corresponding predicted values; α is the overall slope between Y and X, εij is the residual error; i is the treatment used to calculate the pivot; and j is the week of lactation. The full model is:

Yijk = μ + α Mk + β Lk + (λ + γ Mk + ω Lk) Xij + εijk [11]
The difference between model [10] and [11] is that, in the latter, the slope and intercept are allowed to vary between the 3 groups created for stage of lactation. Therefore μ is the intercept of the early-lactation group; α and β are the coefficients adjusting the intercept for mid-and late-lactation groups respectively; λ is the slope between observed Y and predicted X for early-lactation; γ and ω are the coefficients adjusting the slope for mid-and late-lactation groups respectively; k is the stage of lactation. The full model [11] was compared to the reduced model [10] based on the AICc and the RMSE. Differences in AICc >3 between the full and the reduced models indicate that there is good evidence that the model with the smaller AICc is significantly better than the model with the larger AICc (Burnham and Anderson, 2002).

Results

Results of the comparison between predicted and observed milk energy yield and milk component yields for the 2 datasets are shown in Illustration of the prediction quality is shown in Figure 5 for milk energy yield and milk protein yield of both datasets. Prediction of milk energy yield and milk component yields were predicted with equivalent accuracy between the 2 datasets. However, in the dataset from Law et al. (2009), better predictions were achieved for milk energy yield and milk component yields when the pivot was calculated from the high CP treatment (i.e. 17.3% CP, DM basis) as compared to the low CP treatment (i.e. 11.4% CP, DM basis). As an example milk energy yield was predicted with a CCC of 0.903 and a RMSPE of 5.2% when the high CP treatment was used to calculate the pivots whereas CCC and RMSPE were only 0.689 and 9.6% respectively, when the low CP treatment was used to calculate the pivots. This effect was not observed in the dataset from Friggens et al. (1998). The full details of the effect of the nutritional treatment used to calculate the pivot can be found in appendix 3 (Table A3.1 for Law et al., 2009 and Table A3.2 for Friggens et al., 1998).

The importance of the pivots can be evaluated by comparing the current approach with application of the response curves without any pivot (i.e. assuming the pivot is the observed production). Assessed through the RMSPE and the CCC, the approach using pivot values for NEL and MP performed substantially better than the one without pivots (see Table 3 vs Table A3.3). For dataset 1, RMSPE and CCC of milk energy yield and milk component yields were improved by 44% and 29% respectively when pivots were used. Similarly in dataset 2, RMSPE and CCC were improved by 26% and 8% respectively. This clearly demonstrates the value of calculating a pivot before applying the response curve.

Based on the AICc, regression models relating pivot-method predicted values to observed values were improved by allowing these models to have different slopes (and intercept) according to stage of lactation (early, mid and late), indicating significant differences in prediction between groups (see Table 4). However, the effects of stage of lactation were not coherent across datasets. In the dataset of Law et al. (2009) In this case, the model fit was judged better for mid-and late-lactation as compared to early-lactation. The decrease in RMSE for milk protein yield was larger in this dataset, from 81 to 69 g/d between the reduced and the full model. This trend was not observed for milk lactose yield and reduction of RMSE between full and reduced model was minor: 122 to 121 g/d. In the case of milk fat yield, the slopes indicated better predictions in late-lactation as compared to early-and mid-lactation for both of the datasets (see Table 4). 

Discussion

As demonstrated in Figure 5, the pivot concept can be used to predict milk energy yield and milk component yields responses to dietary change with RMSPE below 13.5% and CCC above 0.784 for diets that are substantially different (Table 1 and2), andacross all stages of lactation. The 2 datasets used to evaluate the equations in combination with pivot values were very challenging as there were large differences in the NEL and MP supply spectrum, far greater (at least for MP supply) than average differences observed within each experiment used to calibrate the equations. In the original dataset (Daniel et al., 2016), those average differences in MP and NEL supply above maintenance were 181 ± 116 g/d and 12 ± 9 MJ/d (2.87 ± 2.15 Mcal/d), respectively whereas in datasets 1 and 2, average differences were 513 g/d and 13 MJ/d (3.11 Mcal/d), respectively. Expressed relative to pivot, the range of MP supply above maintenance in the original dataset was between -460 and 368 g/d (mean ± 2 SD), whilst this range was between -1144 and 490 g/d in dataset 1 and between -1023 and 534 g/d in dataset 2. With respect to NEL supply above maintenance, the original range was between -30 and 30 MJ/d (-7.17 and 7.17 Thus, the equations in combination with the concept of using efficiency pivots appear to be robust even in extreme situations. The concept of using a response curve centered on fixed MPeff and NELeff has emerged from correlations observed between size of expected responses and efficiency, in the context where nutrition is the main driver (Figure 1). This concept was then extrapolated across lactation stages where NELeff and MPeff are not only influenced by nutrition but also driven by homeorhetic regulation (see Figure 4). The hypothesis was that partitioning of surplus nutrients would be independent of the driving factor, either dietary manipulation or animal physiology. The consequence is that, due to the higher efficiency observed in early lactation as compared to late lactation, responses would be greater in early lactation, consistent with previous work (Broster, 1972;Broster and Thomas, 1981;[START_REF] Kirkland | The effects of milk yield and stage of lactation on the partitioning of nutrients in lactating dairy cows[END_REF]. With this hypothesis, milk energy yield and milk component yields responses were predicted with similar accuracy across stages of lactation (Figure 5 and Table 4). Another implicit consequence of using fixed reference efficiencies to center response equations is that at fixed nutrient intake, greater responses are expected for a high producing as compared to a low producing cow. This is because, at same nutrient intake, the lower producing animal is closer to its maximum capacity of production than the high producing dairy cow is. In agreement with our approach, this effect has previously been observed in a context where cows of different potential are fed at fixed nutrient intake (Brody, 1945;Broster and Thomas, 1981). However, using the pivot (i.e. at same production level relative to potential), low and high producing cows are expected to respond with our approach the same way to an increase in nutrient supply. This could explain the divergent conclusion relative to the effect of animal production level on the size of the milk yield response in ad libitum feeding systems (no significant effect: Huhtanen and Nousiainen, 2012; significant effect: [START_REF] Boerman | Milk production responses to a change in dietary starch concentration vary by production level in dairy cattle[END_REF].

Within the large range of data used to calibrate the response equation, no evidence of interaction was found for any of the milk variables (Daniel et al., 2016) and thus the prediction of responses and the calculation of pivots were constructed on this basis. However, difficulties in calculating the pivot values were encountered when the observation was characterized by both, high NELeff and high MPeff. In these specific conditions, often observed in the first days of the lactation (e.g. Figure 4) or in case of very poor nutrition, no real solutions for the pivot values were found. Extrapolation of these cases revealed that in the area of extreme high efficiency for both NEL and MP, the milk protein yield response equation can lead to prediction of a positive milk protein yield even when the MP supply above maintenance is zero (depending on NEL supply above maintenance). This suggests that there is an interaction between NEL and MP supply, which comes into play when observed NEL and MP supplies are far below their respective pivots (Figure 1) and out of the original range of data used for the calibration of the equations (Daniel et al., 2016). In the present paper, in order to preserve the simplicity of the pivot method, it was decided to ignore this interaction (i.e. use the original meta-analysis equations of Daniel et al. 2016) and solve the problem of complex numbers through an optimization procedure (detailed in Appendix 2).

However, this issue clearly merits further study if the model is to be deployed in relatively extreme situations.

In the current paper, the pivot method was evaluated using group averages, albeit containing small numbers of cows (see Table 1 and2). This represents the most common situation where currently feeding data are available on a group basis. In the context of the increasing development of precision livestock feeding, a next step would be to evaluate the accuracy of this approach when applied at the level of individual cows. Assuming the method is sufficiently accurate, dairy cows within a farm could be ranked based on their estimated production at pivots. This is because the level of production at pivot is adjusted for the effect of nutrition (on an energy and protein basis). Therefore production at MPeff=0.67 and NELeff=1.00 is assumed to be standardized, which means that differences in production between animals are assumed not to be due to current nutrition. The ranking of animals generated by this approach would theoretically represent differences in genetics as well as individual difference in permanent environment effects (e.g. past environmental effects).

With respect to predicting responses to change in ration composition under field conditions, the approach presented here is only partly predictive. This is because it uses NEL and MP supply as input values whereas in practice, they first need to be estimated from the composition of the ration together with a quantification of dry-matter intake response to change in ration composition. Therefore, integration of a dry-matter intake response equation within this approach is necessary to predict short-term response to change in ration composition under field conditions.

Conclusion

This paper provides a method, based on NEL and MP efficiency, to estimate the production level of the animal relative to its potential and subsequent milk responses to change in NEL and MP supply. This method uses as a pivot the supply of NEL and MP, equivalent to NEL and MP efficiency of 1 and 0.67 respectively, from which milk energy yield and milk component yields responses can be derived. Independent evaluation using 2 contrasting datasets demonstrated the utility of the pivot concept.

Finally, milk energy yield and milk component yields were predicted across lactation stages with RMSPE below 13.5% and CCC above 0.784, with a large part of the error due to random variation (above 75.1%). The value of 10.716 is a weighting coefficient to express the errors equivalently by considering the units of E1 and E2. This coefficient was calculated from original root mean square error of E1 and E2 (31.4/2.93, Daniel et al., 2016).

The optimization procedure was performed in Matlab® by the function fminsearch that uses as algorithm of optimization the Nelder-Mead method [START_REF] Lagarias | Convergence properties of the Nelder-Mead simplex method in low dimensions[END_REF] Pivot 1: Pivots were calculated using the dietary treatment with 17.3% CP over the whole lactation. The model prediction for the 5 others dietary treatments with weekly data was performed from week 1 to week 43. Pivot 2: Pivots were calculated using the dietary treatment with 14.4% CP over the whole lactation. The model prediction for the 5 others dietary treatments with weekly data was performed from week 1 to week 43. Pivot 3: Pivots were calculated using the dietary treatment with 11.4% CP over the whole lactation. The model prediction for the 5 others dietary treatments with weekly data was performed from week 1 to week 43.

2 Mean ± SD. Pivot 1: Pivots were calculated using the dietary treatment with 59% concentrate over the whole lactation. The model prediction for the 3 others dietary treatments with weekly data was performed from week 2 to week 43. Pivot 2: Pivots were calculated using the dietary treatment with 27% concentrate over the whole lactation. The model prediction for the 3 others dietary treatments with weekly data was performed from week 2 to week 43.

2 Mean ± SD.

3

Root mean square prediction error expressed as a percentage of the observed mean.

4

Error due to intercept bias, as a percent of total MSPE.

5

Error due to slope bias, as a percent of total MSPE.

6

Error due to disturbance, as a percent of total MSPE. Error due to intercept bias, as a percent of total MSPE.

5

Error due to slope bias, as a percent of total MSPE.

6

Error due to disturbance, as a percent of total MSPE. Concordance correlation coefficient (scale from -1 to 1).

8 Slope of predicted vs. observed regression as determined in PROC REG (SAS Institute Inc., Cary, NC, USA).

Introduction

Modern feed unit systems for dairy cows require consideration of the driving forces that alter nutrient partitioning as the physiological state of the animal changes through lactation. Without some quantification of homeorhetic regulation through time, it is difficult to include in simulations the effects of milk production potential, parity, days in milk and days in pregnancy on nutrient partitioning. So far, this type of regulation, as described in Bauman and Currie (1980), has mostly been considered in research models (Baldwin et al., 1987;Danfaer, 1990;Martin and Sauvant, 2007). However the use of these models for prediction on-farm can be difficult due to their complexity as they require input parameters that are not easily available. Therefore, the first integrations of the consequence of homeorhesis on dairy cow performance by feed unit systems have favoured simpler empirical equations (NRC, 2001;Faverdin et al., 2007;Volden, 2011). Until now, none of these systems have developed a full set of equations that predict the dairy cow performance trajectories, i.e. body weight and composition change, milk yield and composition, dry-matter intake, through lactation.

Therefore, the aims of this paper are: (1) To develop a model of homeorhetic regulation in order to simulate curves of milk yield and composition, body composition changes and dry-matter intake relative to days in milk for different parities (2) To calibrate the model within-breed across milk production potentials using a large dataset of Holstein cows (3) To evaluate the model and calibrate it for breed differences (Danish Red, Holstein and Holstein) using another large dataset.

Model description

The structure of the model is characterized by 2 sub-models, a regulating-sub model of homeorhetic control, which sets dynamic partitioning rules along the lactation, and an operating sub-model that describes animal performance and major underlying nutrients flows (Figure 1). This approach was proposed by Sauvant (1994) and has

been previously used in a dairy goat model [START_REF] Puillet | Simple representation of physiological regulations in a model of lactating female: Application to the dairy goat[END_REF], and in a dairy cow model of lifetime partitioning (Martin and Sauvant, 2010). The final equations used in the model are listed in Supplementary Material S1. between the current and future offspring, respectively lactation and pregnancy [START_REF] Friggens | Body lipid reserves and the reproductive cycle: Towards a better understanding[END_REF]. To ensure the survival of the new-born calf, a large part of body energy is genetically mobilized in early lactation [START_REF] Friggens | Prediction of body lipid change in pregnancy and lactation[END_REF]. Therefore the priority for the current offspring can be split into a priority to mobilize body reserves (called C, as in catabolism) and a priority to acquire new resources to sustain the growth of the calf (called M, as in milk). The priority for the future offspring (body reserve) is to acquire new resources to safeguard the reproductive investment and therefore replenish body reserves (called A, as in anabolism). Successive changes of priorities are described by the following differential equations, which follow a simple mass action law, applied to theoretical state variables, representing priorities C, M and A:

, (/day) dC kCM C dt    with C 1 Mt0   at t=0 (1) , dM (kCM C (/day ) (kMA M) ) dt     with M Mt0  at t=0 (2) , (/day) dA kMA M dt   with A=0 at t=0 (3) 
Where parameters kCM and kMA control the kinetics of the shift between C, M and A, and Mt0 control the initial compartment size of C and M. All definitions and values of the parameters of the regulating sub-model are presented in Table 1. Figure 2 shows the kinetics of C, M and A (applied to fat, see later in the text). The exponential decay in time of C is consistent with principles applied in the mammary gland model of Neal and Thornley (1983). Beyond the inherent recognition of two successive reproductive priorities, this model structure also introduces a substitution between mobilization (C) and feed intake (M and A). However, as mobilization and intake occur simultaneously from the first day of lactation, initial values of priority C and M are set, respectively to

(1-Mt0) and Mt0. The priority for the future offspring is assumed to be null at onset of the lactation. So, the initial value of A is 0. Therefore, as modelled previously (Baldwin et al., 1987;Martin and Sauvant, 2007) there is a clear substitution between trajectories of catabolism and anabolism (Figure 2). For completeness, these driving forces are also modulated by pregnancy and growth (see Supplementary Material S2).

Dissociation between secretion of fat, protein and lactose. For a long time, ratios between lactose, protein and fat have been known to change with days from calving.

However, this outcome is difficult to achieve when regulation of fat, protein and lactose secretion is solely controlled by the same regulating sub-model (milk). To simulate milk composition, it was therefore decided to have 3 regulating sub-models: 1 for fat, 1 for protein and 1 for lactose based on the model structure described above with a minor modification (see Supplementary Material S2). In this way, different patterns of priority through time for C, M and A can be created for each nutrient using the same basic principle described above but with different values of parameters kCM, kMA and Mt0.

Parameters for the regulating sub-models of fat, protein and lactose can be found in Table 1. A greater value of parameter kCMP relative to kCMF indicates a shorter protein mobilization phase as compared to the fat mobilization phase. Persistencies of fat and protein secretion, indicated by values of kMAF and kMAP, were assumed to be identical in the model but higher than lactose secretion persistency.

With the above elements, the regulating sub-model described above is sufficient to simulate dynamic priorities required to generate the lactation performance of an average dairy cow. Effect of production potential. Within a given favourable environment, where dairy cows are fed an identical ration, individual cows typically have different levels of production.

One key objective of the model was to accurately simulate those differences in performances (milk yield and composition, empty BW, dry-matter intake (DMI)) between animals that differ in potential (POT). With that objective, a single parameter POT was introduced in the regulating sub-model. As there is a regulating sub-model for each milk component, there are associated conversion factors to scale the overall POT to the different milk components (see Supplementary Material S2). For calibration purposes, POT was defined as the observed milk yield at peak of lactation for third parity cows (=mature cows) in a favourable environment. Also, because all parameters from the regulating sub-model were calibrated for an average animal producing 35 kg of milk at peak, POT was included in the model so that it does not affect performance of the average animal. Therefore the ratio POT/POTREF was used, with POTREF = 35 as detailed in Supplementary Material S2. 

Description of the operating sub-model

The operating sub-model describes performance of the dairy cow in term of body composition as well as milk yield and composition (Figure 1). This sub-model also describes the fluxes of NEL associated with performance, growth, pregnancy and maintenance. Finally a description of how DMI is estimated as an output of the model is provided. All parameters of the operating sub-model are presented in Table 2.

Milk yield and composition. 

The intercept of the equation was significantly different from 0 (mean ± SE, 1.26 ± 0.15), which could reflect the effect of mineral contents on the osmotic pressure of milk.

It can be noted that the effect of milk fat yield was largely insignificant and was consequently removed from the equation. 

    BCSc -0.5 8 BF kg = 0.037683 MEBW 1 -GRα + ΔBF ( ) , 4       (7) 
      BCSc -0.5 × ( ) ( ) , 4 8 BP kg = MEBW × 1-GRα -0.037683× × MEBW × 1-GRα × 0.215 +ΔBP        (8) 
Assuming that the water fraction of body fat is negligible, empty BW can be calculated as:

  BP Empty BW kg = BF + + GU 0.215 , ( 9 
)
where GU is the weight of the gravid uterus (see Supplementary Material S2 Scaling parameters between breeds. The parameter POT was calibrated on a Holstein dataset to simulate differences in performance between low and high producing cows within this breed. As such, POT does not permit simulation of different milk composition for animals that produce the same amount of milk from, for example, different breeds.

To achieve this, scaling parameters for milk composition traits (kMFY, kMPY, kMLY) and body composition traits (kCF, kAF, kCP and kAP) were adjusted depending on the type of animals (as detailed in Supplementary Material S4).

NEL requirements and dry-matter intake. To calculate NEL maintenance requirements, a BW standardized for lipid content and gut fill proportion was calculated as:   BP 0.215 BWstd kg = 0.8 × 0.

, 8    (11) This assumes that maintenance requirements for NEL are not influenced by body fat change but only by body protein change [START_REF] Birnie | The influence of body condition on the fasting energy metabolism of nonpregnant, nonlactating dairy cows[END_REF]. The parameters used to calculate BWstd were derived from experiments with measured body composition (see Supplementary Material S3) in which the average empty BW/BW ratio was 0.80 (N = 60, SE 0.04), i.e. gut fill represented 0.25 * empty BW, and average fat-free mass / empty BW ratio was 0.80 (N = 69, SE 0.05), i.e. lipid content was 0.20 * empty BW.

The NEL requirement for maintenance was assumed to be:

  0.75 L NE maintenance MJ/day = 0.394 BWstd ,  (Sauvant et al., 2015). ( 12 
)
The NEL requirement for milk was simply the sum of energy from fat, protein and lactose secreted in the milk: 

where kNEL_GU corresponds to the maximum value of NEGU preg reached at the last day of the pregnancy. This value was chosen so that NEGU preg is consistent with the data from Bell et al. (1995). The pregnancy requirement in NEL was then calculated assuming an efficiency of ME use by the gravid uterus, kGU, of 0.14 (Ferrell et al., 1976):

  GU L ls GU NE preg NE preg MJ/day = × k k ,    (16) 
The resulting shape of the exponential function for pregnancy NEL requirement was in agreement with INRA (Faverdin et al., 2007) and NorFor (Volden, 2011) 

Data used for model calibration and testing.

For the purpose of the calibration, two datasets were selected. They both respect the important criterion that within each dataset the ration fed was identical for all animals.

Therefore, differences in production between animals from the same dataset are largely unaffected by the diet offered and therefore should reflect differences in potential. In the first dataset (called dataset 1), weekly data of milk component yields ). The particularity is that these cows were fed the same TMR ad libitum during the whole lactation. Dataset 2 was used for evaluation of the model (previously parameterized using Dataset 1), and a subset (parity 2) was also used to derive the 7 breed scaling parameters, i.e. adjust the relative secretion of milk components (kMFY, kMPY, kMLY) and changes in body composition (kCF, kAF, kCP and kAP) according to breed.

The ability of the model to fit the observed data was evaluated using the concordance correlation coefficient (CCC), calculated as described in Lin (1989), and the root mean square prediction error (RMSPE), computed as previously described (Bibby and Toutenburg, 1977). The RMSPE can be decomposed into error due to overall bias (ECT), error due to deviation of the regression slope from unity (ER) and error due to the disturbance (random error; ED; Bibby and Toutenburg, 1977). Model implementation.

The model was implemented with the Modelmaker 3.0 software (Cherwell Scientific Ltd, 2000) using the Runge-Kutta 4 numerical integration procedure and a fixed integration step of 1 day for t ranging from 0 to 350 days. For clarity, a summary of model calibration is given in Supplementary Material S4. The model was also tested for identifiability (Supplementary Material S4)

Results

The effect of parity, within dataset 1, between primiparous and multiparous (average parity number = 3.4 ± 1.5) of the highest producing groups is plotted on Figure 3 Figure 4, differences between groups of production were globally satisfactorily captured by the model. Although this effect was calibrated with the multiparous set, the simulated differences between groups of primiparous were also in agreement with observations (Supplementary Material S6). The time of the peak of milk yield, mainly determined by the peak of milk lactose yield, was unaffected by animal potential and this was correctly simulated by the model. Within multiparous, the error of prediction of empty BW decreased with production level POT, from RMSPE=5.5% for the lowest producing group to RMSPE=2.7% for the highest producing group (Supplementary Material S6). The error of empty BW prediction was larger for multiparous (RMSPE=3.8%) than for primiparous (RMSPE=1.7%) and this was mainly due to an over prediction of empty BW loss in early lactation for multiparous, therefore inducing an under prediction of empty BW.

The fitted breed scaling parameters used to adjust differences in reference curves between Holstein, Danish Red and Jersey breeds are presented in Table 2.

Intentionally, scaling parameters for milk production of the Holstein breed were unchanged as compared to value obtained on the first dataset. However, after fitting BCS and empty BW curves, kCF, kAF, kCP and kAP were changed for all breeds. This change substantially improves the fit of BCS and empty BW of Holstein from dataset 2 and allows better comparisons of scaling parameters estimates between breeds. The comparison between predicted and observed milk component yields, empty BW, BCS (respectively expressed relative to empty BW and BCS at calving for clarity) and DMI is shown in Figure 5. Errors of prediction across breed for parity 2 are presented in Holstein and Jersey breeds. These results were obtained using the same overall model calibrated on Dataset 1 (Holstein), by simply changing the 7 scaling parameters. The comparison between predicted and observed milk yield and milk composition is shown in Figure 6. The largest error in the prediction of milk fat and protein content was observed for the Jersey breed (respectively RMSPE of 8.9% and 8.2%). Those errors were largely explained by an over prediction in early lactation (first 7 weeks) as observed in Figure 6. As in dataset 1, milk lactose content decreased with parity (1.07 g/kg lower for second parity cow) but the model simulated a slight increase (+ 0.28 g/kg in average, Table 3 and Supplementary Material S6). Differences between simulated lines were achieved by adjusting parameter POT to the observed milk yield at peak of lactation, respectively 32.8 (Δ, stippled line), 39.1 (▲, solid line), 43.8 (○, stippled line) and 49.4 kg/day (•, solid line). Parameters P and Conc. date were set to 3 and 100 DIM, respectively. 

Figure 6

Comparison between observed (marker) and predicted values (lines) of milk yield and milk component contents relative to days in milk for second lactation Danish Red (RD), Holstein (H) and Jersey (J) cows. Breed scaling parameters are presented in Table 2. Values of the potential parameter (POT) were 29.1, 35.0 and 24.0 kg/day for DR, H and J cows, respectively. Parameters parity (P) and conception date (Conc. date) were set to 2 and 100 days in milk, respectively. 

Discussion

The model presented here is based on a high-level description of homeorhesis expressed as relative priorities between life functions (regulating sub-model) that drive the partition of nutrients to different physiological processes through lactation (maintenance, milk components, body and pregnancy). This high-level description of homeorhesis fits within the top-down approach to modelling nutrient partitioning described in the review of Friggens et al. (2013). With this approach and a relatively simple model structure, animal performance (body, milk, intake) was predicted in average with RMSPE=4.4% and CCC=0.83 (see Table 3). Further, as a result of the unified structure, the model simulates a mutually consistent set of outputs, in term of milk yield, milk composition, empty BW, BCS and DMI for dairy cows of different parity and potential.

A key element of this model is its ability to simulate differences in performance trajectories that are due to differences in potential and for different breeds. These effects were regulated by the model at 2 levels: (1) In the regulating sub-model, by the parameter POT which allows the relative priorities to be globally adjusted for milk production potential across the different biochemical units (fat, protein and lactose). ( 2)

In the operating sub-model, by independent scaling parameters which allow adjustment for specific correlations between outputs such as those capturing the differences between breeds in milk composition. This model structure was sufficient to predict performance of Danish Red, Holstein and Jersey cows.

Milk yield and composition

Nutrition can have a strong influence on the shape of the lactation curves. However,

given the objective of this study to describe homeorhetic changes, datasets were chosen to minimize the interference of nutrition on the lactation curves simulated by the model. The shapes of the curves for milk fat, protein and lactose yields were calibrated with dataset 1, in which amount of concentrate offered was determined weekly based on observed milk yield. A possible effect of this feeding regime on the lactation shape could have been expected. However, when tested on the dataset 2, where animals were fed a TMR ad libitum throughout the all lactation, the shape of the lactation curves simulated were consistent with the data (Figure 5 and 7) and RMSPE of milk yield for Holstein was even lower than for dataset 1 (3.7 vs 4.0%, Table3 and Supplementary Material S6). Furthermore, the lactation curves simulated here were in close agreement with published average lactation curves (NRC, 2001;Leclerc, 2008;[START_REF] Spurlock | Genetic parameters for energy balance, feed efficiency, and related traits in Holstein cattle[END_REF] or equations developed to predict potential milk yield (Faverdin et al., 2007;Volden, 2011;Zom, 2014). The use of different parameters between breeds to control the shape of the lactation curve as applied in the NorFor system (Volden, 2011), was not necessary in this model (Figure 6).

The model structure assumes a simple linear decrease of milk protein yield from the first day of lactation onwards. However the Holstein data (dataset 1) of different productions levels (Figure 4) showed a clear increase during the first 50 days in milk.

Consequently milk protein yield of the first dataset was over predicted in early lactation (by 250 g/day the first week). In this dataset, concentrate-to-forage ratio increased from 0.28 to 0.45 during the first 4 weeks of lactation thus it is not clear to what extent this early lactation increase of milk protein was nutritionally driven, which could partly explain the observed increase in milk protein yield. Although this early lactation increase was not observed in dataset 2, milk protein yield was still over predicted in early lactation, and this was mainly due to a slope bias (Table 3). However, as in other prediction curves (Faverdin et al., 2007;Zom, 2014), we chose to simulate maximum milk protein yield at the onset of lactation. Further comparison with other milk protein yield curves would be useful to better characterize the homeorhetic regulation of protein secretion in early lactation.

The negative genetic correlation observed between milk yield and milk fat content (-0.51) or milk yield and milk protein content (-0.55, [START_REF] Loker | Genetic and environmental relationships between body condition score and milk production traits in Canadian Holsteins[END_REF] was reproduced in this model. Nevertheless, the CCC of milk lactose content, characterized by the lowest variation throughout lactation, was low (0.50, Table 3). In particular, and in common for both of the datasets, milk lactose content was under predicted in early and late lactation. This coincides with times where the relative role of protein compared to lactose in the empirical equation used to predict milk yield is the highest. This further suggests that the fixed coefficient of osmotic pressure attributed to protein (4.3 g milk/g protein) is confounded with the effect of minerals in milk. With this coefficient, higher milk lactose content was predicted for multiparous than for primiparous whereas data in this study and others [START_REF] Miglior | Genetic analysis of milk urea nitrogen and lactose and their relationships with other production traits in Canadian Holstein cattle[END_REF] shows a negative effect of parity on milk lactose content. Knowledge of the effect of stage of lactation and parity on minerals content would help in improving the milk lactose content prediction.

Empty body weight and composition

In the dataset 1, there was a positive relationship between empty BW at first week after calving and potential. Animals with average values of POT of: 32.8, 39.1, 43.8 and 49.4 kg/day had empty BW of 500, 514, 523, 541 kg respectively. However, this positive trend disappeared when empty BW was calculated as the average across lactation (first 41 weeks). This is in agreement with the reported genetic correlations between milk yield and live weight, which are positive and moderate (0.18-0.37) in the first week post-calving [START_REF] Veerkamp | A covariance function for feed intake, live weight, and milk yield estimated using a random regression model[END_REF] but low (-0.01) in the overall lactation [START_REF] Berry | Genetic relationships among body condition score, body weight, milk yield, and fertility in dairy cows[END_REF]. However, the main purpose in simulation of body composition was not to predict empty BW and BCS at calving but to quantify changes in empty BW and BCS through lactation. With the dissociation of empty BW into body protein and body fat, the model was able to simulate different rates of mobilization/reconstitution between protein and lipid through the lactation. In particular, a shorter protein mobilization phase as compared to lipid mobilization was simulated resulting in an increasing fat-to-protein ratio within the mobilized tissue, in agreement with literature values of body fat and protein change (see Supplementary Material S3).

As a consequence, the observed difference in DIM between nadir empty BW and nadir BCS [START_REF] Spurlock | Genetic parameters for energy balance, feed efficiency, and related traits in Holstein cattle[END_REF] was appropriately reproduced by the model. The regulating sub-model explicitly creates a positive correlation between body fat mobilization and production levels. Using the scaling parameters obtained with dataset 1, Holstein cows producing 20 and 50 kg of milk at peak mobilized 17 kg and 64 kg of lipid, respectively.

This increase in body fat mobilization with potential results in a greater and longer negative energy balance for high producing animals, consistent with literature (Faverdin et al., 1987;Coffey et al., 2004). The greater mobilization in early lactation and greater reconstitution in late lactation for multiparous than for primiparous simulated in this model was also consistent with previous observations [START_REF] Coffey | Energy balance profiles for the first three lactations of dairy cows estimated using random regression models[END_REF][START_REF] Spurlock | Genetic parameters for energy balance, feed efficiency, and related traits in Holstein cattle[END_REF].

Dry-matter intake

Desired DMI was predicted based on the energy requirements defined by the model.

Therefore, DMI was considered as pull-driven by energy requirements. As such, a positive relationship between energy balance and DMI was introduced. Therefore, the low DMI in early lactation simulated by the model was the consequence of energy mobilization. The DMI curve simulated for the average multiparous animal (POT=35 kg/day) was in agreement with empirical equation developed for lactating dairy cows (NRC, 2001;[START_REF] Fox | The Cornell Net Carbohydrate and Protein System model for evaluating herd nutrition and nutrient excretion[END_REF]. The effect of parity traduced by a lower and flatter DMI curve for primiparous than multiparous was also in line with curves reported for first and later parities [START_REF] Coffey | Energy balance profiles for the first three lactations of dairy cows estimated using random regression models[END_REF][START_REF] Spurlock | Genetic parameters for energy balance, feed efficiency, and related traits in Holstein cattle[END_REF].

The model presented in this paper is explicitly designed to simulate homeorhesis, and as such it does not predict dairy cows responses to change in dietary composition.

However, this model provides a strong basis for incorporating dairy cow responses because it provides the baselines, the genetically driven partition of macronutrients between milk and body reserves, against which to predict the environmentally driven responses. Given that the model handles the effect of breed, parity, and milk production potential on these baseline trajectories, it facilitates the future developments of models that predict homeostatic adaptation and responses to dietary changes.

Conclusion

The model presented here predicts a mutually consistent set of trajectories for milk 
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Operating sub-model

All definitions and values of the parameters of the operating sub-model are presented in Table 2 where kPREGβ is the maximum size effect of function PREGα on kMA. As for the parameter kPREGα, kPREGβ was fitted with data from Leclerc (2008). When there is no pregnancy, PREGα=0, and thus PREGβ = 1, which leaves parameter kMA unaffected by the PREGβ function. However, when there is a pregnancy, PREGβ >1 and kMA is increased. This has the direct consequences to decrease lactation persistency but also to simultaneously increase body reserve gain. This means that the model implicitly ascribes different body condition score targets (or amount of lipid to store) for pregnant and non-pregnant cow. Direct experimental evidence in favour or against this effect is lacking. However, there is no doubt that pregnancy affects the persistency of milk yield and this effect has been quantified [START_REF] Oltenacu | Relationship between days open and cumulative milk yield at various intervals from parturition for high and low producing cows[END_REF][START_REF] Coulon | Modelling the effect of the stage of pregnancy on dairy cows' milk yield[END_REF][START_REF] Olori | Effect of gestation stage on milk yield and composition in Holstein Friesian dairy cattle[END_REF].
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In the operating sub-model

The function PREGα (equation 1) was also used to estimate the weight of the gravid uterus (GU) as:

  GU kg = GUcalv P , REGα  (3) 
where GUcalv, the weight of the gravid uterus at the last day of pregnancy, was assumed to be fixed across animal, and equal to 87 kg (Bell, 1995). The weight of the gravid uterus was then used to estimate the empty BW (see equation 27 in Supplementary Material S1).

Effect of growth

On priorities C, M and A

A fourth priority, for growth, was incorporated into the model so that it takes a priority over all other dynamic priorities. The shape of this priority was controlled by GRα:

  GRα t -k P -1 + 365 GR0 × GRα = 1-k ×e ,       (4) 
where kGR0 represents the degree of maturity of the cow at first calving that is, the ratio of empty BW at first calving on mature empty BW. Therefore when the animal has reached maturity, GRα=0. Parameter P is the parity number and t is the number of days in milk. With the assumption that cows reach maturity in the third lactation, the ratio between BW in first lactation and mature BW was found to be 0.85 and was not affected by breed (Friggens et al., 2007). Accordingly, the slope parameter, kGRα, was fitted so that GRα is approximately 0 at the onset of the third lactation for an animal that started the first lactation with a degree of maturity of 0.85. Figure S2 illustrates the shape of GRα for a primiparous cows that started the first lactation with a degree of maturity of 0.85. From that figure, it can be seen that this animal would reached 95% [=(1-GRα)*100] of its mature weight at approximately 290 days in milk. ). In such way, when the animal is growing, the size effect of C, M and A is decreased. However, when the animal is mature, GRα = 0, and thus GRβ = 1, which leave dynamic priorities C, M and A unaffected.

GR β GRβ = 1 k , GRα   (5)
where kGRβ is a scaling factor that adjusts the effect of function GRα. The parameter kGRβ was fitted using dataset 1 so that realistic differences were simulated by the model in milk yield between primiparous and multiparous cows.

On developmental growth

The degree of maturity (= 1-GRα) multiply with the mature empty BW (MEBW) give the empty BW of the animal. This empty BW is used to obtained the size of body fat and body protein (see equation 24 and 25 in Supplementary Material S1). The rate of growth (in kg/d) for body fat (BF, equation 32 in Supplementary Material S1) and body protein (BP, equation 33 in Supplementary Material S1), needed to estimate the net energy requirement for growth, is obtained using the derivative of BF and BP (equations 24 and 25 in Supplementary Material S1, excluding changes in body fat and protein due to lactation).

Specificity of the regulating sub-models of fat and lactose

Regarding the regulating sub-models of fat and lactose, minor modifications were introduced. In the case of fat, secretion of milk fat is generally not maximal at the onset of lactation, with a very rapid increase during the first weeks. To simulate this effect, a small adaptation to the regulating sub-model structure was necessary for fat.

Therefore, a fictitious dynamic priority C0F was added previous to CF with a mass action law controlling a delay of 1/ kC0CF between C0F and CF.

F FF , (/day) dC0 kC0C C0 dt   with     F F F C0 = 1 -kC0 1-M t0  at t=0 (6) 
The resulting differential equation for CF is:
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This results in a rapid increase priority for fat catabolism (CF) during the first weeks of lactation, followed by a subsequent decrease, as can be seen in Figure 2 of the manuscript.

With respect to the regulation sub-model for lactose, body glycogen storage was assumed negligible and therefore no glucose compartment was needed in this model.

This assumption was justified because model outputs were generated daily. Therefore, lactose production is only driving by priority ML whose shape resembles a lactation curve, as described by the gamma function of Wood (1967) or simulated mechanistically in the mammary gland model of Neal and Thornley (1983).

Consequently, priorities CL and AL were only used to generate a priority ML to acquire lactose precursor from the diet.

Application of POT in the regulating sub-model

The final equations as applied in the regulating sub-model are in Supplementary Material S1. This part describes in 3 steps the way POT was included in the model:

(1) An overriding adjustment of POT was used to scale all non-null initial values (C, M and C0F) as illustrated for C and M:

  REF POT C = 1-Mt0 POT     at t=0 (8) REF POT M = Mt0× POT    at t=0 (9)
The effect of POT increases priorities C and M in the same proportion. This means that mobilization and feed intake will both increase with POT. These effects are consistent with the existing positive genetic correlations, between loss of body condition score and milk yield in early lactation [START_REF] Berry | Genetic parameters for level and change of body condition score and body weight in dairy cows[END_REF] and between DMI and milk yield [START_REF] Veerkamp | Genotype by environment interaction: experience from Langhill[END_REF].

(2) Differences in the effect of POT have been observed between milk components in a dataset of Holstein cows receiving the same ration (dataset 1). For an increase of 10 kg of milk at peak, the proportional increase of lactose secretion was larger than the increase in protein secretion, itself larger than the increase in fat secretion. In order to simulate this, the ratio POT/POTREF was adjusted for each milk component using a parameter (kM) as follows: (3) Furthermore, increasing length of mobilization phase has been found in cows selected for maximum compared to average milk production (Coffey et al., 2004). To reproduce this effect, kCMF (equations 2 and 3 in Supplementary Material S1) and kCMP (equations 5 and 6 in Supplementary Material S1), within the regulating submodels of fat and protein, respectively, were adjusted with POT to allow varying length of mobilization: 
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Relationship between body fatness and BCS

In the model body fatness (ratio between body fat and body weight) is estimated from BCS using the relationship established in NRC (2001). This relationship was compared to the one proposed by [START_REF] Yan | Prediction of body weight and composition in lactating dairy cows: Relationship between body condition score and body composition[END_REF] and the within-experiment relationship between body fatness and BCS, obtained with 25 treatment means from 4 experiments [START_REF] Wright | Partition of fat, body composition and body condition score in mature cows[END_REF]Chilliard et al., 1991;Komaragiri and Erdman, 1997;Komaragiri et al., 1998), which was:

BF/Empty BW= 0.0777 + 0.0563 × BCS (RMSE=0.0237).

(1)

The comparison between these 3 equations is shown in Figure S5. 

Calculated nutritional values of the rations

Table S2 shows the calculated chemical composition of the ration fed, and the calculated nutritional values with the INRA Systali model (Sauvant and Nozière, 2016). 

Creation of subsets within dataset 1 and 2

In dataset 1, average lactation curves for milk yield, milk component yields and BW were calculated. The multiparous cows were divided into 4 groups based on average milk production between weeks 4 and 14 (MYpeak), thus there were: 87 cows with 

Estimation of empty BW

As one of the ambitions of the model was to simulate the empty BW trajectory through lactation, an estimation of gut fill was necessary for both of the datasets. An equation predicting the liquid weight within reticulo-rumen (RRLiq, %BW) was derived from a meta-analysis database (Sauvant and Nozière, 2016) (1)

Gut fill was then calculated as (Martin and Sauvant, 2003):

 

RRLiq × BW 100 100-11.4 100 Gut fill kg = , 69.6 100

                    (2)
where 11.4 % is the DM content of the reticulo-rumen and 69.6% is the weight of the reticulo-rumen contents relative to the weight of the whole digestive tract contents.

Finally empty BW was calculated as: 

  Empty BW = BW Gutf kg , ill 

Supplementary Material S6

Table S3. Summary of observed versus predicted outputs (empty BW, dry-matter intake, milk yield, milk component yields, milk component contents) for primiparous cows across milk production potential (P1 is POT 1 =35.0; P2 is POT=42.2; P3 is POT=49.4) of dataset 1. Root mean squared prediction error expressed as a percentage of the observed mean.
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Error due to intercept bias, as a percent of total MSPE.

Error due to slope bias, as a percent of total MSPE.

Error due to disturbance, as a percent of total MSPE.

Concordance correlation coefficient (scale from -1 to 1).

Introduction

The prediction of dairy cow performance, namely DMI, milk yield, milk composition and BW change requires quantification of effects of both, nutrition and physiological status (lactation, pregnancy, growth). Effects of nutrition on milk production have been intensively studied and recently empirical equations describing milk production response to dietary changes were proposed, either from specifically designed experiment (Brun-Lafleur et al., 2010) or from meta-analysis studies (Huhtanen and Nousiainen, 2012;Jensen et al., 2015;Daniel et al., 2016). These equations require a baseline performance (milk yield and composition, DMI and ration composition), around which the response is predicted. However, independently from nutrition, the baseline performance changes with time due to homeorhesis. Therefore, response equations can only predict the effect of a nutritional change on the long-term if the effects of homeorhetic regulations on future performance are also predicted.

Existing models that predict homeorhetic curves are numerous and diverse. Some describe lactation curve for milk yield with a single equation (Wood, 1967). Others, more complete, generate performance curves for milk yield, milk composition and body composition based on a mechanistic description of digestive and metabolic processes (Baldwin et al., 1987a,b,c;Baldwin, 1995;Danfaer, 1990;Martin and Sauvant, 2007).

Alternatively, other modelling approaches, based on the concept of changing priority between physiological functions, has been used (Martin and Sauvant, 2010a;Daniel et al., submitted A) to simulate animal performance. In the present study, the model of Daniel Therefore, the objectives of the current paper were (1) to extend the predictive ability of the dynamic model of homeorhesis by incorporating equations that predict dry-matter intake and milk component yields response to change in dietary composition, (2) to evaluate the combined model at predicting DMI, milk yield, milk components yields and contents, and BW using adequate independent datasets.

Figure 1

Overview of the full model combining response equations and homeorhetic curves, using the example of milk yield. Response equations derived from meta-analysis predict the consequence of changing NEL and MP supply on milk yield (Daniel et al., 2016) and the homeorhetic model predicts the effect of physiological states on milk yield (Daniel et al. submitted A). The two models were combined by expressing milk yield relative to fixed MP and NEL efficiency pivots (Daniel et al., submitted B), in both models.

With that, milk yield response to change in dietary NEL and MP content can be predicted over a complete lactation.

Model description

Calculation of Dynamic Pivots

This paper describes the combination of a homeorhetic model of the lactation with a response model that captures nutritional effects on animal performance (Figure 1). Briefly, the homeorhetic model simulates curves of milk yield and composition (yields and contents), empty BW and composition, and DMI through days in milk for cows of different potential and parity. These curves represent the performance trajectories of groups of animals fed a non-limiting diet. The full description of the model can be found in Daniel et al., (submitted A). The response model consists of empirical equations, derived from meta-analysis (Daniel et al., 2016), that quantify milk yield and composition (yield and content) responses to change in NEL and MP supply. The particularity of these response equations is that they are centred on a pivot nutritional situation where MP efficiency (Milk protein yield/MP above maintenance) is 0.67 and NEL efficiency (NEL in milk/NEL above maintenance) is 1. The principle advantage of using these reference efficiencies was that, they anchor the response equations at a fixed proportion of the production capacity of the animal, and thus allow to be applied across animals of widely differing production capacity. This approach was evaluated using 2 independent datasets across lactation stage (Daniel et al., submitted B). In these datasets, strong effects of stage of lactation on MP and NEL efficiency were observed, with higher efficiency in early lactation and lower efficiency in late lactation. Despite these trends of changing efficiencies with stage of lactation, the prediction of the response around fixed efficiency pivot was shown to be satisfactory at different lactation stages, with greater response simulated in early as compared to late lactation (Daniel et al., submitted B). In these evaluations, the pivot supplies of MP and NEL (MPPIVOT and NEL_PIVOT) were calculated weekly from observed production (milk protein and energy yields) and supply (MP and NEL). For forward prediction, e.g. from the start of the lactation, a homeorhetic model is needed so that instead of calculating MPPIVOT and NEL_PIVOT from observed data, pivots can be calculated from the homeorhetic curves. This then gives the relevant pivot for any given time in lactation from which to predict responses. This is done the same way that MPPIVOT and NEL_PIVOT were calculated from static observations (Daniel et al. submitted B) The linear slope relating MPEFF_REF and stage of lactation was fitted using calculated MP efficiency data from an experiment where animals were offered free choice between a high and a low CP diet along the lactation [START_REF] Tolkamp | Choice of diet by dairy cows. 1. Selection for feed protein content during the first half of lactation[END_REF]. This situation was assumed to best represent optimal protein feeding, and thus the homeorhetic drive of the animal to partition nitrogen along the lactation. The intercept was adjusted so that MP efficiency is equal to 0.67 at mid lactation (150 days in milk). Consequently MP supply above maintenance (MPREF_supply) was calculated as:

MPREF_supply = MPYREF * MPEFF_REF [2]
The system of 2 equations (i.e. response equation published in the meta-analysis of Daniel et al., 2016) The full description on how to solve the system has been given previously (Daniel et al., submitted B). In addition to MPPIVOT and NEL_PIVOT, the pivot production for energy (MEOPIVOT) and protein (MPYPIVOT) are also obtained, using the fixed MP and NEL efficiencies assumed at pivot (0.67 and 1, respectively). The pivots of production for milk fat and lactose yields can also be estimated on an energy and protein basis, using the (respectively called MPPIVOT_INI and NEL_PIVOT_INI), as well as pivot for milk component yields (MFYPIVOT_INI, MPYPIVOT_INI, MLYPIVOT_INI) according to the approach proposed in Daniel et al., (2016). Based on the inputs, parameters of the homeorhetic model are then adjusted in the following order:

(1) The parameter POT, controlling the overall production capacity, is adjusted to achieve minimum difference between MLYPIVOT_INI and the respective pivot (MLYPIVOT) simulated by the model for the given stage of lactation and parity.

(2) The scaling parameters for milk fat yield (kMFY) and milk protein yield (kMPY)

were adjusted to minimize the differences between MFYPIVOT_INI and MPYPIVOT_INI, calculated from the input data, and the respective pivots (MFYPIVOT and MPYPIVOT) simulated by the model for the given stage of lactation and parity.

These steps are necessary to key the model into animal type (breed, parity, production capacity) on that farm. The homeorhetic model then generates whole-lactation reference curves for milk component yield (MFYREF, MPYREF and MLYREF) and for BW and body composition, of animals fed a diet that gives an overall lactation mean efficiency of 0.67 for MP and 1 for NEL. Depending on the type of ration fed to the observed group of animals, the production may be below or above these reference productions. In that case, the fixed distances between the initial supply (MPINI_supply and NEL_INI_supply) and supply at reference, at identical lactation stages (MPREF_supply_t and NEL_REF_supply_t), can be used to simulate the relevant production curves for the given ration composition The distances (NEL_REF_supply -NEL_PIVOT) and (MPREF_supply -MPPIVOT), differences in supply between the reference curves and the pivot curves are used to adjust the size of the response according to stage of lactation, thereby respecting the concept of using responses centred on reference efficiencies. where MLYREF, MPYREF and MFYREF are the reference curves for milk lactose yield, milk protein yield and milk fat yield. The coefficients 16.5, 23.9 and 39.8 are the energetic values, in MJ/kg for lactose, protein and fat, respectively. The coefficient kls is used to convert NEL back to ME and kgt is the efficiency of conversion from ME to NEG. In the model, the average values of 0.65 and 0.80 were used for kls and kgt, respectively (Sauvant et al., 2015). The deviation of body fat (ΔBF) from the reference curve of body fatness, expressed as a rate was calculated as follows: With all the material presented above, whole-lactation curves for milk, body change and intake specific to the animal type (breed, parity, production capacity) and the ration fed (forage NDF, MP and NEL contents) can be simulated. These are the basis against which deviation from dynamic curves of intake, milk and body are predicted for a change in diet, i.e. by providing new values for forage NDF, MP and NEL contents.

Prediction of responses to change in diet composition

In this part, predicted performances for any change in ration composition are referred to using the suffix 'RES'.

DMI response to dietary changes. In order to calculate the change in NEL supply and MP supply resulting from a change in diet composition it is necessary to calculate the response in intake. The response equation derived from meta-analysis (Daniel et al., 2016) quantifies the impact on DMI of physical regulation through forage NDF content The difference between NEL_RES_supply and the NEL supply predicted by the homeorhetic model (adjusted to the given farm situation, equation [18]) is equal to the difference between NEL supply above maintenance before and after the change. This is because, in this model, NEL requirements for maintenance, pregnancy and growth are assumed to be unaffected by dietary change. This simplification was assumed to be reasonable given that the main objective of the model is to predict milk yield and milk component yields and contents. However, the same does not apply to MP supply. This is because one of the largest non-productive MP requirements, faecal protein metabolic loss, is dependent on DMI, non-digested organic matter and MP efficiency, all of which are affected by a dietary change. This is a problem for predicting milk protein yield and consequently MP efficiency, as both of them need to be estimated from MP supply above maintenance. To solve this problem we used historical data where milk protein yield and MP supply were reported and thus MP supply above maintenance could be calculated. Using those data, the slope of the relationship between MP supply and MP supply above maintenance (mean ± SE, 0.71 ± 0.005) was obtained (Daniel et al., 2016). Thus it was assumed that the difference between MP supply above maintenance before and after the dietary change was obtained by multiplying the difference in MP supply with 0.71. Therefore, distances of NEL and MP 

Model evaluation

The second objective of the present study was to evaluate the accuracy of prediction of the combined model. Thus published experiments (Friggens et al., 1998;Law et al., 2009) were used for this test. They compared over an entire lactation different dietary treatments, differing in either dietary MP and/or NEL contents. Briefly, the first experiment (Friggens et al., 1998) This evaluation aimed at approximating prediction under applied conditions and therefore only uses inputs that could be measured on-farm: average parity and stage of lactation, averages of milk component yields, dietary contents of forage NDF, MP and NEL, average DMI, and BW and BCS at calving. For the current evaluation, for each experiment, average data of the highest nutritional treatment, in mid-lactation (between 100 and 200 days in milk) were used as input data from which pivots were calculated (as in Daniel et al. submitted B). This then allowed initialization of the homeorhetic model as described above. Responses were evaluated by comparing the predicted performance resulting from a ration composition change equivalent to moving to the low nutritional treatment, with the observed performance on that treatment.

For this evaluation, the quality of the independent predictions was evaluated using the concordance correlation coefficient (CCC), calculated as described in Lin (1989), and the root mean square prediction error (RMSPE) computed as follows:
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Where Oi is the ith observed value, Pi is the ith predicted value and n is the total number of observations. The RMSPE can be decomposed into error due to overall bias (ECT), error due to deviation of the regression slope from unity (ER) and error due to the disturbance (random error) (ED) (Bibby and Toutenburg, 1977).

Model implementation

The model was implemented with the Modelmaker 3.0 software (Cherwell Scientific Ltd, 2000) using the Runge-Kutta 4 numerical integration procedure and a fixed integration step of 1 day for t ranging from 0 to 301 days (43 weeks).

Results

The values for the 6 parameters adjusted to key the model into the type of animal under observation are presented in Table 1. The rest of the parameters were unchanged as compared to the original homeorhetic model (Daniel et al., 

DMI Prediction

The comparison between predicted and observed DMI is shown in Figure 3. As can be seen, the intake of DM was better predicted for highest quality treatments (RMSPE ≤ 4.5% and CCC ≥ 0.867) than for lowest quality treatments (RMSPE ≤ 8.8% and CCC ≥ 0.496). Such result is not surprising considering the type of approach used. The change in DMI simulated between the high and low treatments in Friggens et al. (1998) were smaller than the observed differences in the first half of the lactation. Similarly, in Law et al. (2009), predicted DMI responses due to change in ration composition were smaller than observed differences for most of the lactation. These resulted in an overall underestimation of predicted differences in NEL and MP supply above maintenance between the 2 nutritional treatments (Figure 4). On average, in Law et al. (2009), observed differences in MP and NEL supply were (mean ± SD) 666 ± 109 g/d and 14 ± 6 MJ/d whereas predicted differences were only 475 ± 34 g/d and 9 ± 0 MJ/d. For Friggens et al. (1998), underestimations were smaller, with observed differences in NEL and MP supply of 513 ± 166 g/d and 28 ± 11 MJ/d, and predicted differences of 460 ± 16 g/d and 23 ± 0 MJ/d. These differences are important to keep in mind when looking at the prediction of milk responses as NEL and MP supply are used as inputs in the response equations.

Milk Yield and Composition Prediction

The comparison between predicted and observed milk component yields is shown in Figure 5. In general, milk component yields predictions of the high quality treatments were satisfactory with RMSPE ≤ 11.2% in Law et al. (2009) and ≤ 6.9% in Friggens et al. (1998).

Nevertheless, in the Law dataset, a clear over prediction of milk protein yield was seen in the first 50 days (Figure 5), which mainly explains the low CCC obtained for that treatment (0.516). This large increase in milk protein yield observed during the first 50 days in milk was not seen in the data of Friggens et al. (1998) where milk protein yield decreased from first week of lactation. As expected predictions for lowest quality treatments were less accurate. In Law et al. (2009), milk fat yield was predicted with a RMSPE below 10% whereas milk protein and lactose yield were predicted with RMSPE >23%. For the secretion of protein and lactose, a large part of the error was explained by over estimation (90.2% and 55.6% of MSPE, respectively, was due to bias on the intercept). In Friggens et al. (1998), findings were similar for the prediction of milk lactose yield, with a general over prediction (52.2% of the total MSPE) which resulted in a RMSPE of 17.1%. However, milk protein yield was predicted with much greater accuracy and precision (CCC=0.806, RMSPE = 8%). In Figure 5, abrupt deviations in the prediction curves around days in milk 50 (Friggens et al., 1998) or 70 (Law et al., 2009) can be observed. These are explained by the optimization method used to calculate dynamic pivot curves for NEL and MP supply. The system of two equations used to estimate the pivot (Daniel et al., submitted B) could not be solved algebraically in early lactation (<50 or 70 DIM) and, in that case, pivot values were estimated by extrapolation (see Daniel et al., submitted B). Therefore these abrupt deviations represent the shift between estimated values and values obtained by algebra.

The accuracy of prediction of milk yield, mainly driven by the prediction of milk lactose yield, naturally follows similar trends to those for lactose yield (Table 2 and3). As milk composition was estimated from the ratios between component yields and milk yield, the accuracy of prediction is largely dependent on good predictions of yields. Except for milk fat content of the low treatment in Law et al. (2009), milk composition was predicted with a range of RMSPE from 1.2% to 13.0%. However, in Law et al. (2009), CCC values were rather low (0.004 ≤ CCC ≤ 0.539). In comparison, higher values of CCC were observed in Friggens et al. (1998) with range of CCC from 0.559 to 0.879 for the high quality treatment, and from 0.255 to 0.814 for the low quality treatment. In both experiments, fat and lactose contents predicted after the dietary change had the least accuracy and prediction, as indicated by the CCC values.

BW Prediction

The comparison between predicted and observed BW is shown in Figure 6. As can be seen, the prediction of BW in Friggens et al. (1998) for the high quality treatments was satisfactory with CCC of 0.780 and RMSPE of 3.1%. This was not the case for the high quality treatment of Law et al. (2009) where a clear over-prediction of tissue mobilization was simulated, resulting in a large under-prediction of BW. Further in that experiment, the simulated effect of the dietary change on BW was opposite to the observed effect. The reduction in dietary CP from 17.3% to 11.4% (of total DM) had no significant effect on BW (Law et al., 2009) whereas a large decrease in fat mobilization was simulated by the model. In Friggens et al. (1998), the simulated consequence of increasing the forage-toconcentrate ratio on BW shows a better consistency with the data (Figure 6). 

Discussion

The primary objective of this paper was to describe the integration of production response equations, sensitive to effect of nutrition, into a dynamic model of the lactation, sensitive

to physiological state and animal potential. Thanks to the calculation of dynamic pivot curves (i.e. at which NEL efficiency is 1 and MP efficiency is 0.67) associated with homeorhetic curves (Daniel et al. submitted A), this integration was consistent with the method of using response curves centred on reference NEL and MP efficiency (Daniel et al., submitted B). With this addition, the combined model is characterized by 2 types of regulation of nutrient partitioning. Thus, performance (milk yield, body change) is driven by the genetic potential of the animal (pull), but may be constrained or stimulated by nutrition (push). This duality between push and pull has been previously used in mechanistic models to describe performance, either implicitly or explicitly (Danfaer, 1990;Baldwin, 1995;Martin and Sauvant, 2010a,b). Other examples of model with such dual regulations are the lactation model of Brun-Lafleur (2011), the energy partitioning model of Zom (2014) and the recent model of milk production developed by [START_REF] Johnson | A model of milk production in lactating dairy cows in relation to energy and nitrogen dynamics[END_REF]. However, in all of those models, the notion of potential was either absent (Zom, 2014) or included using theoretical parameters that are difficult to estimate in practice. In this model, the notion of potential was clearly defined, through the use of a nutritional pivot situation equivalent to fixed MP and NEL efficiency. This has the advantage that the animal potential can be derived directly from observed data of production and intake. The model only uses input parameters that can be derived in practice (actual animal performance, parity, lactation and pregnancy rate). Further, an important criterion when developing the present model was that it remained consistent with current feed unit systems. For that reason, NEL and MP, used in most of the feed tables to characterize feeds (NRC, 2001;Baumont et al., 2007;[START_REF] Cvb | CVB Tables Ruminants 2007[END_REF]Volden et al., 2011), were used as inputs to characterize the ration in our model. A common drawback of the current feed unit systems is that they do not predict the animal component of responses to a dietary manipulation. Thus, this model represents a theoretical improvement to optimize rations based on energetic and protein status observed on a group of dairy cows. In the present analysis, the feed unit system from INRA (Sauvant and Nozière, 2016) was used to generate feed values. However in theory, any other digestive model that generates NEL and MP values could be used as input to the current model.

The second objective of the paper was to evaluate the combined model with 2 lactation experiments, characterized by treatments with large differences in ration composition.

Overall, prediction of whole lactation curves for DMI, milk yield and milk component yields of the highest dietary quality treatments were satisfactory (Figures 3 and5, Tables 2 and3). With respect to the prediction of the whole lactation curves for lowest dietary quality treatments (i.e. after the dietary change), results were contrasted between data sets, where predicted response were globally satisfactory in Friggens et al. (1998) but globally poor in Law et al. (2009). In the latter experiment, it was also found that differences in MP and NEL supply between the high and the low treatments were largely under-estimated (Figure 4), leading to bias in the equations that predict milk responses to change in NEL and MP supply. Noticeable differences were also observed between the simulated effect of the dietary change on BW and the observed effect on the data of Law et al. (2009) (Figure 6). This finding prompted us to verify the consistency between cumulative energy balance, calculated with the traditional approach (energy inenergy out) and cumulative energy balance, calculated from BW and BCS change. Details of calculation of the two approaches are given in annex 1. This comparison is illustrated in Figure 7 for the two experiments. Although differences between the 2 approaches existed in Friggens et al. (1998), the relative differences between the 2 treatments in this experiment were comparable. This was not the case in Law et al. (2009), energy balance calculated directly from observed body changes resulted in similar profile of cumulative energy balance between the 2 treatments. In contrast, the traditional approach leads to a strong effect of treatment on the cumulative energy balance profiles (Figure 7). This suggests that the data used as inputs in the model for Law et al. (2009) are inconsistent. In fact, the profiles of BW simulated by the model are consistent with the input data used (Figure 6 and traditional cumulative energy balance in Figure 7, panel B). Therefore it is most likely that such inconsistency within the input data would generate bias in the model prediction, irrespective of the quality of the quality of the current model. It has previously been shown that small differences in assumed diet energy content or small biases in measurement of feed intake can all readily accumulate into significant inconsistencies over a whole lactation. If we assume that this is the case in the experiment of Law, we can apply an adjustment to the reported diet energy content to correct the inconsistency. (DMI, milk lactose yield, milk fat yield and milk protein yield) with the pivot concept (Daniel et al. submitted B), into the dynamic model using the minimum number of modifications needed for the integration. This choice has resulted in some simplifications, most of them related to body composition and intake. In particular, the relationship between the level of body fat and intake was not modelled, whereas it is known that (relative to normal BCS) high BCS down regulates intake, and low BCS up-regulates intake [START_REF] Garnsworthy | The effect of body condition of dairy cows at calving on their food intake and performance when given complete diets[END_REF]Topps, 1982, Broster and[START_REF] Broster | Body score of dairy cows[END_REF]. Further, the surplus of energy relative to reference supply of energy, not partitioned into milk, was assumed to be entirely deposited as body fat. Therefore the reference curve for body protein was unaffected by nutrition. Until equations that quantify body protein and lipid responses to dietary change in non-growing ruminants become available, we have assumed that this simplification was reasonable with respect to the purpose of the model. Another simplification, with respect to prediction of DMI, was the absence of a feed intake capacity related to the size of the animal. This notion has been widely used in feed unit systems to predict intake since the publication of [START_REF] Conrad | Regulation of feed intake in dairy cows. 1. Change in importance of physical and physiological factors with increasing digestibility[END_REF]. In the current model, intake was mainly driven by the energy requirement (pull) and modulated by the dietary MP and forage NDF content (push). However, because no feed intake capacity was introduced, the DMI by cows offered the high forage diet (in Friggens et al. 1998) was still related to milk yield whereas the data do not show such a relationship (i.e. the intake curve was flat). We explored the inclusion in the model of feed intake capacity, scaled on BW. This revealed that simulated DMI was very sensitive to BW and consequently we thus chose not to integrate it in the model. In general, prediction of intake was satisfactory for high nutritional treatment (Figure 4, Tables 2 and3). The DMI response should however be improved.

Conclusion

This paper described the integration of empirical equations, which predict DMI and milk component yields response to change in dietary composition, into a dynamic model of homeorhesis, which generates whole lactation curves for DMI, milk yield, milk component yields and BW change based on the animal characteristics (animal potential, parity, lactation and pregnancy stages) and current diet fed. This integration was made possible by using a common nutritional pivot situation, where MP efficiency is 0.67 and NEL efficiency is 1. The independent evaluation resulted in better prediction of whole lactation curves for DMI, milk yield and milk component yields of the highest dietary quality treatments as compared to lowest dietary quality treatments. The quality of prediction of the curves from the lowest dietary treatment was mainly explained by the accuracy of prediction of the change in NEL and MP supply (therefore DMI, dietary NEL and MP contents) between the highs and the lows treatments. 

EB calculated from BW and BCS change

An equation predicting the liquid weight within reticulo-rumen (RRLiq, %BW) was derived from a meta-analysis database (Sauvant and Nozière, 2016) using NDF intake (NDFI, kg) and BW (kg) as predictors. The resulting equation was:

-RRLiq = 12 + 3.78*[(NDFI/BW*100)-1] (517 treatment means, R 2 =0.94, RMSE=0.74) Gut fill was then calculated as:

-Gut fill (kg) = [(RRLiq * BW/100) / ((100-11.4)/100)] / (69.6/100) (Martin and Sauvant, 2003) where 11.4 % is the DM content of the reticulo-rumen and 69.6% is the weight of the reticulo-rumen contents relative to the weight of the whole digestive tract contents. Finally empty BW was calculated as:

-Empty BW (kg) = BW -Gut fill Empty BW free gravid uterus (EBWFGU) was then calculated as: EBWFGU (kg) = empty BW -Gravid uterus with Gravid uterus (kg) = exp(0.017*(DIP-284))*87

The coefficient 0.017 is controlling the shape of the exponential function for gravid uterus growth and was in agreement with the shape of NEL requirement for gestation simulated by INRA (Faverdin et al., 2007) and NorFor (Volden, 2011) feed unit systems; DIP was the days in pregnancy, 284 was the duration of the pregnancy and 87 was the weight of the gravid uterus at the last day of pregnancy (Bell, 1995). All animals were assumed pregnant at days in milk 98 of lactation. Total body fat (BF) and total body protein (BP) were then calculated as -BF (kg) =0.037683*((BCS-0.5)*8/4)*EBWFGU -BP (kg) =(EBWFGU-BF)*0.215 where 0.037683 is the coefficient from the relationship established in NRC (2001) between body fat content and BCS. The calculation ((BCSc -0.5)*8/4) is used to convert the 1-5 BCS scale into 1-9 BCS scale (originally used by the NRC to establish the previous relationship).

Total body energy (MJ/d) = BF * 39.8 + BP * 23.9

Cumulative EB was the difference between total body energy at each week of the lactation with the first week of lactation.

Introduction

Milk production in dairy cows is a complex system with constantly increasing technical, economic, environmental and societal requirements. Because of the expected population growth more food will be required in the near future. However due to limited resources, a large part of the required increased production in dairy cow would have to be met by higher efficiency of converting feed into edible high-quality food (milk and meat). At the same time, there is a need to reduce the environmental impact of milk production, while also improving animal health and welfare. Ultimately, all of these challenges would have to be met while ensuring an income to the dairy producer. In a context of high volatility of feed and milk prices, optimizing revenue for dairy farmers requires frequent adaptations of the ration fed. The decisions on how to change the diet to cope with price volatility rely heavily on the quantitative understanding of multiple dairy cow responses to dietary changes, that is, what would be the impact of a dietary change in terms of milk production, milk composition, environmental excretion, animal health, fertility, etc. Therefore, models that predict animal response are of particular interest to help dairy farmers in optimizing the diet. In this thesis, we focus on the quantification of milk yield and composition responses to dietary changes (Chapter 2) and on the application of the developed response equations across dairy cows of different production potential (Chapter 3). These static equations were then integrated in a dynamic model of the lactation (Chapter 4 and 5) to enable simulation of the consequences of a dietary change on a whole lactation.

Along this thesis, empirical and teleonomic modeling approaches were used to build the full model. Empirical regression equations (responses to dietary change) were integrated into a teleonomic model that predicts the effect of physiological status on dairy cow performance. This integration enables the teleonomic model to benefit from the relationship established on a large dataset of the literature and the empirical equations to benefit from the flexibility of a mechanistic framework (e.g. adapting responses in situation not much represented in the calibration dataset).

For evaluating the approach chosen, several points should be considered. 1. The advantages and limitations of the meta-analytic approach used to develop the response equations. 2. The complementarity of the dynamic response model, developed in this thesis, with feed unit systems. Recent propositions by feed unit systems, with similar objective as the current work, are also discussed. 3. The choice of using the aggregated feed unit NEL instead of individual energetic nutrients as input to predict milk responses.

4. The application of the current model on-farm.

Methodological considerations

Minimizing confounding factors

In Chapter 2, we have used a meta-analysis approach to quantify milk yield and milk composition responses to change in NEL and MP. As opposed to experimental study, where the researcher can have full control on the experimental design, meta-analyses combines a mix of several experimental studies and by nature does not allow full control of the data. This is because the design is not determined prior to the collection of data as in classic randomized experiments. Nevertheless, several critical steps can be taken to maximize this control, thereby minimizing possible confounding factors. The first is to block the studies, in order to focus on the within-experiment variation [START_REF] St-Pierre Nr | Integrating quantitative findings from multiple studies using mixed model methodology[END_REF]. This is because the variability between studies is not simply explained by the independent factors we want to quantify but by a great numbers of other known or unknown factors (e.g. physiological status of animal used, housing and feeding condition, weather, laboratory analysis, etc.). In contrast, within an experiment, differences between treatments are only explained by the factors investigated. Therefore, for the estimation of response equations, the interest is clearly in the within-experiment variability.

The inclusion of an experiment effect in a statistical model often requires the creation of specific code depending on the objective of the meta-analysis and the types of experiment present in the dataset [START_REF] Sauvant | Meta-analyses of experimental data in animal nutrition[END_REF]. Such code enables to filter treatments within experiment based on their relevance relative to the objective of the study, but also to create multiple comparisons within experiment while avoiding confounding factors. As an example, an experiment of Weiss and Wyatt (2006) with 2 levels of MP x 2 hybrids of corn silage was split into 2, in order to focus on the effect of MP independently from the effect of corn silage hybrid. The comparisons between the 2 hybrids were excluded from the analysis because both estimated NEL and MP values of the 2 hybrids were identical. Therefore these comparisons are not appropriate to be used for our objective of quantifying, within-experiment, milk responses to NEL and MP change.

Despite the use of specific codes to strictly focus on a specific effect (e.g. different NEL content) within-experiment, the absence of confounding factors cannot be guaranteed. In particular, because adjusting for the effect of experiment centers the variables on the Yaxis (i.e. dependent variable) but not on the X-axis (i.e. independent variable). That is an experiment with higher milk protein yield than average at corresponding higher MP supply would be adjusted down toward this average (i.e. vertical adjustment), but no adjustment is made on the horizontal axis (MP supply in Figure 1, panel A). This is a problem when the ranges of values for the independent variables (i.e. in the example illustrated: MP supply) don't overlap between experiments. In that case, the milk production potential of the animal is confounded with MP supply (Figure 1, panel A). As can be seen by the increase in overlap of experiments in MP supply (Figure 1, panel B), the approach chosen to center MP supply on the supply for which MP efficiency is 0.67 minimizes the problem (Figure 1, panel B). This disentangles the effect of nutrition from the effect of animal potential. Note that this could have been achieved simply by adjusting NEL and MP supply on the means of each experiment. However, this comes down to centering each experiment on a different nutritional status. In some experiments, milk production may be restricted by the mean supplies of NEL and MP and in others it may not. This is far from ideal to estimate the true slope of the milk response to change in feed supply. Instead, we prefer fixed MP and NEL efficiency to center MP and NEL supply, respectively, because it refers to a clearly defined nutritional status. In the regression applied to quantify milk response, and in common to other ordinary least-squares regressions, all errors in the independent variable (Figure 1, MP supply) are transferred to the dependent variable (Figure 1, milk protein yield) because the method minimizes the sum of squares of the vertical distances between observations and their predictions. This implies that MP supply is measured without error, which is obviously not the case. In fact, and logically, the accuracy of measuring milk protein yield is higher than the accuracy of estimating the true supply of MP. Therefore a comparison of the coefficients obtained with least-square regressions and those obtained with other types of regression that enable to partition the error on both axes, horizontal and vertical [START_REF] St-Pierre Nr | Comparison of model predictions with measurements: A novel modelassessment method[END_REF], would be interesting.

The problem of complex numbers

Another strong advantage of centering MP and NEL supply on fixed efficiency has been presented in Chapter 3. We assumed that by combining two response equations (milk protein yield and milk energy yield), the relevant level of production (for each major milk component) on which the response equation is applied can be derived directly from observed production and intake. This is an important functionality as it provides a mathematical method to determine where the animal is relative to potential (defined as the production at MP efficiency equal to 0.67 and NEL efficiency equal to 1), essential information to subsequently predict the size of the response to a change in nutrition. The supplies of MP and NEL, at which MP efficiency is 0.67 and NEL efficiency is 1, called pivots, were estimated by algebra using a system of two equations (see Chapter 3 for full description). However, using the complete dataset collected for the meta-analysis (a total of 1299 treatment means), the system of equations could not be solved in 19.3 % of cases as it resulted in solutions with a complex number (e.g. square root of a negative values).

Most of the observations that give complex numbers were characterized by simultaneously high MP efficiency and high NEL efficiency. In order to find out the exact reason why this occurs for those observations, milk energy yield and milk protein yield response equations (Chapter 2, Table 4) were simulated for an animal with MP pivot of 1488 g/d and NEL pivot of 95 MJ/d (i.e. averages of the dataset in Chapter 2). This simulation was done with extreme deviation of NEL supply relative to pivot supply (from -95 to +115 MJ/d), and extreme deviation of MP supply relative to pivot supply (-1488 to +1512 g/d). Such extreme (and unrealistic) scenarios of supply for a given animal was used on purpose to study the behavior of MP and NEL efficiency, thereby exploring whether the system of equations enables the simulation of, simultaneously, high MP and NEL efficiency. A graphical representation of the results is shown in Figure 2. It clearly shows an area where the combination of values for MP and NEL efficiency is not supported by the equations (top-right corner). A frontier, that resembles the edge of an oval form, can be seen as the separation between real and complex numbers. This Figure explains why for some of the observations, that appear to fall in the area not supported by the equations, no solutions with real numbers could be found. Another representation of this extreme simulation is represented in Figure 3 with milk protein yield against MP above maintenance supply for various level of NEL supply. This alternative representation is interesting because it highlights a discrepancy between the behavior of the equation and what is expected theoretically. In theory, one would expect no milk protein yield when MP supply above maintenance is zero, whatever the NEL supply. However, using the equations, up to 400 g/d of protein can be secreted with no MP available for milk protein production. This suggests the existence of an interaction between NEL and MP supply, which comes into play when observed NEL and MP supplies are far below their respective pivots, an area outside the calibration dataset (see upward diagonal grey lines in Figure 3).

Alternatively, this could also suggest that MP nonproductive requirements (faecal CP loss, endogenous urinary N) may not be correctly evaluated when nutrient supply is very low. Including such interaction in both response equations for milk protein yield and milk energy yield solves the problem of the complex number found for the 19.2 % of the treatment means of the dataset. However, within the 825 treatment means used in the meta-analysis (see range of data used for calibration in Figure 1), no interactions were observed between NEL and MP supply for any of the milk responses quantified. Even with the subset of data (242 treatment means) with low within-experiment variation in DMI, in which the correlation between NEL and MP supply was also low (adjusted R 2 = 0.13), the interaction was still not significant. However it should be recognized that meta-analysis studies are not well adapted to detect interactions. In contrast, significant interactions with strong effect were found in a study designed to reveal such interaction (Brun-Lafleur et al., 2010). In this study, the relationship between NEL and MP supply was orthogonal with a range (differences between highest dietary and lowest dietary treatment) of 30 MJ/d for NEL and 400 g/d for MP (60 MJ/d and 928 g/d in our meta-analysis, based on mean ± 2 SD). A particularity of this study, to create this orthogonality, was that an increase in NEL supply was achieved mainly by an increase in DMI whereas an increase in MP supply was achieved at iso-DMI by changing the feed composition (i.e. thus animals were restricted). Finally due to the majority of the results with an additive effect of NEL and MP [START_REF] Macleod | Effect of varying protein and energy densities in complete rations fed to cows in first lactation[END_REF]Broderick, 2003;Rius et al., 2010;Huhtanen and Nousiainen, 2012;Alstrup et al., 2014;Daniel et al., 2016), we decided to leave the response equations unchanged, with no interaction between NEL and MP supply, and to solve the problem of complex numbers differently. For the situation that could not be solved by algebra, an optimization procedure was used that minimize the error of the system of two equations (details in Chapter 3). However, this point would certainly deserve more work to test other possibilities to solve the problem.

Comparison and complementarity of the current work with feed unit systems

Major efforts have been dedicated to improving the accuracy of feed unit systems to predict feed values and animal requirements. Feed unit systems allow rations to be formulated with the objective of matching nutrient supply with nutrient requirement.

However, this approach is not suitable to predict milk responses to a change in diet composition. This is because requirements in feed evaluation systems are calculated using fixed efficiency. The Figure 4 illustrates both the ''true'' milk protein yield response (red curve) to extra MP supply and the expected response when a fixed MP efficiency is used (black line). It clearly shows that using the fixed efficiency of a requirement system in prediction would underestimate milk protein yield at low MP supply and overestimate milk protein yield at high MP supply. In fact, the relevant efficiency to predict milk protein yield response is the marginal MP efficiency (i.e. fraction of the extra MP partitioned into milk, blue curve). Depending on the MP supply, this marginal efficiency was shown to vary between 34% and 7% (Chapter 2). This is far below the global MP efficiency of 0.67 used by feed unit systems (NRC, 2001;[START_REF] Van Amburgh | The Cornell Net Carbohydrate and Protein System: Updates to the model and evaluation of version 6.5[END_REF]Faverdin et al., 2007). Therefore as such the response equations developed in Chapter 2, which reflect the decreasing marginal efficiency, will improve prediction of production response by feed unit systems which use fixed efficiency. Response equations, sensitive to nutrition have also been proposed by others (Brun-Lafleur et al. 2010;Huhtanen and Nousiainen, 2012;Zom, 2014;Jensen et al. 2015). However these equations have limitations that we have tried to handle. Recent equations from Zom (2014) and Jensen et al. (2015) are only sensitive to energy supply and only equations for milk energy response were proposed.

We have integrated the effect of change in protein and energy supply to predict multiple milk responses (lactose, protein and fat, both in content and yield, and milk yield). The which use a potential curve for milk yield (Faverdin et al., 2007;Zom, 2014), energycorrected milk curves (Volden, 2011), potential milk composition curves (Faverdin et al., 2007;Zom, 2014), body energy mobilization curves (Faverdin et al., 2007;Zom, 2014), feed intake capacity curves (Faverdin et al., 2007;Volden, 2011;[START_REF] Zom | Development of a model for the prediction of feed intake by dairy cows: 1. Prediction of feed intake[END_REF] or drymatter intake curves (NRC, 2001). However for the application of these curves, an estimation of animal potential is required. This notion of potential has often referred to the maximum production achievable in a non-limiting environment (Neal and Thornley, 1983;Vetharanian et al., 2003). However, those conditions are never guaranteed and it is therefore difficult to estimate in practice. In the approach developed in this thesis, the notion of potential was defined as the nutritional situation resulting in a MP efficiency of 0.67 and a NEL efficiency of 1. These values are close to the averages efficiency observed with 825 treatment means of the literature (Chapter 2, MP efficiency = 0.69 and NEL efficiency = 0.99). Using average values of efficiency is likely to result in a better estimate of the production potential than using maximum production. In particular because simulation of milk component yields response to NEL supply indicates that maximum milk protein and lactose yields are not reached within the extensive range of data used for the calibration of the equation (Figure 5). With the definition of potential chosen in thesis, potential milk component yield curves can be estimated from initial production and intake (using the approach presented in Chapter 3 and 5). Additionally to potential milk curves, potential curves for dry-matter intake, body weight and body composition were also simulated by the dynamic model. All those curves were calibrated using a common dataset, ensuring a consistency between all trajectories simulated. This was also the case for the model of Zom (2014). However, Zom (2014) only calibrated average (reference) lactation curves (milk yield, milk composition and body weight), which does not distinguish between animals of different milk performance potential. Therefore the shape of the curves was not influenced by the level of production whereas a clear correlation exists between milk yield at peak and the decreasing slope of milk yield (Friggens et al., 1999). An alternative approach to simulate potential curves is to use a genetic test-day model as used in the lactation model of Brun-Lafleur (2011). This approach requires information on previous lactation, the large number of data used by genetic test-day model could a priori result in more reliable lactation curves than the current approach. However, genetic test-day model assume that the differences in nutritional environment are adequately captured by the fixed effect of farm.

Comparison between nutrient vs NEL approach

Preliminary analyses were conducted to test if replacing the aggregated unit of NEL by 3 nutrient categories, namely fatty acids, non-lipid ketogenic nutrients (acetate and butyrate) and glucogenic nutrients (glucose and propionate), would better describe milk component yields responses. The experiments (825 treatment means) focused on the effect of NEL and/or MP, used for the meta-analyses presented in Chapter 2 were also used for that purpose. The flows of volatile fatty acids were estimated using equations presented in [START_REF] Nozière | In vivo production and molar percentages of volatile fatty acids in the rumen: a quantitative review by an empirical approach[END_REF] and the flow of fatty acids using equations described in Sauvant and Nozière (2016) Globally, the improvements in RMSE were low as compared to equivalent analyses using the aggregated unit of net energy. A decrease in RMSE of 0.7, 2.9 and 9.8 g/d was observed for milk fat yield, milk protein yield and milk lactose yield, respectively (see Chapter 2, Table 3 for comparison). These results don't indicate a clear benefit of splitting energy into these 3 major energetic nutrient categories. The additional uncertainty related to the estimation of individual VFA flows at duodenum could partly explain these results. Therefore, at this stage, NEL seems to be a good compromise between the level of accuracy at which it can be estimated and the proportion of the variance in milk response that is predictable from NEL. Furthermore, with this type of regression that contains many predictors (MP, C3-like, Glu+Pro, FA), problem of co-linearity becomes more important.

Nevertheless, the absence of experiments focused on the effect of lipid supplementation could also be one of the reasons for the low improvement in RMSE. In our dataset, as generally in practice, the higher energetic values were achieved largely by an increase of starch: NDF ratio. However, increasing NEL with lipid or with starch is known to induce different responses [START_REF] Van Knegsel | Dietary energy source in dairy cows in early lactation: Energy partitioning and milk composition[END_REF]. Therefore, with a mix of these 2 types of experiments, distinguishing the main types of energetic nutrient would likely result in better prediction of milk component yield responses.

On-farm model application

In relation to prediction accuracy

One stated objective of this thesis was that the model created should be operational, that is, applicable on-farm to predict milk yield and composition response to change in ration composition. So is the method accurate enough? The RMSE of the milk component yield response equations developed by meta-analysis varies from 31.4 g for milk protein yield to 50.6 g for milk lactose yield. These errors, expressed relative to the amplitude of change in milk component yield response, indicate error of 9% for milk protein yield and 10% for milk lactose yield (see Table 1). Alternatively NEL and MP explained 84% of the variance not accounted for by the effect of experiment (i.e. the within-experiment variation) for both, milk lactose yield and milk protein yield. The explained variation and the prediction accuracy of the response equations for lactose and protein indicate the equations are adequate to be used for prediction. The prediction of milk fat yield was less accurate with an RMSE (expressed relative to the amplitude of variation) of 27%. However, all of these statistics reflect the accuracy of the equation after adjusting for the effect of experiment. In predictive situation, such adjustment cannot be done and therefore the accuracy of the equation would naturally largely decreases. The effect of experiment is not negligible and is even the major source of variation in a context of meta-analysis. In Chapter 2, the experiment effect explains 79, 76 and 90% of the total variation for milk lactose yield, milk protein yield and milk fat yield, respectively. To circumvent this issue, the equations were developed around fixed efficiency pivot for MP and NEL. This has the principle advantage that actual efficiency observed on a farm can be used to estimate where the cows are relative to pivot efficiency, thereby calibrating the equation according to the context. By this way, the approach captures most of the variability explained by the experiment effect in the context of meta-analysis.

The first attempt to evaluate the full model to predict milk component yields was done with two key experiments (Friggens et al., 1998;Law et al., 2009) In practical conditions, errors in estimating feed values are expected to be more important than in experimental conditions. It will be therefore necessary to estimate the sensitivity of the model output to any source of error in model input. For that purpose, a Bayesian approach has been shown to be suitable [START_REF] Reed | Technical note: Bayesian calibration of dynamic ruminant nutrition models[END_REF], resulting in a confidence interval for the predicted response.

In relation to the model structure Model positioning. Dry-matter intake on-farm. In the model evaluation, the aim was to only use data that could be measured or estimated on-farm in order to approximate prediction under applied conditions. However, some important differences are expected between the conditions of this evaluation and those of a commercial dairy farm. In the evaluation, dry-matter intake, experimentally measured, was used to first calculate the pivot productions. In reality however dry-matter intake is not measured and needs to be estimated. Depending on the accuracy of this estimation, this can be an important limitation for the method to be applied on-farm. Alternatively the milk response equations to change in dietary content (also presented in Chapter 2) do not require dry-matter intake as input. This is because the milk response equations to change in dietary composition indirectly include the average dry-matter intake response of the dataset. Therefore, only milk component yields data and the ration composition (NEL and MP content) are required. These 2 different approaches to predict milk responses should be compared in practical situations to evaluate whether the response equation based on supply of NEL and MP around pivot efficiency are more accurate.

The use of the model for individual prediction. Although the model was not used on individuals during this thesis, the model structure is technically compatible with prediction of individual performance. However the limitation of dry-matter intake prediction highlighted above is likely to be a constraint for individual prediction. With the increasing amount of high frequency measurements (automated cow weighing technology, milk yield and composition, automatic BCS system), estimating dry-matter at the individual level could become realistic. Using estimation of energy maintenance requirement, total NEL supply could be estimated from daily measurement of milk production and change in BCS and BW. The dry-matter intake would then be estimated by dividing the total NEL supply with the dietary NEL content (approach used in Chapter 4).

Conclusions

The present thesis has led to empirical equations, established by a meta-analysis of a large dataset of literature, which predict responses of:

- In these equations, the mutual influence of MP and NEL on milk yield and composition was quantified using a large dataset with a wide spectrum in NEL content (5.9 to 7.6 MJ/kg DM) and MP content (73 to 121 g/kg DM). No interaction between MP supply and NEL supply was found in any of the milk responses.

In order to gain applicability across dairy cows of different potential, the equations were centered on fixed efficiency pivot: 67% for MP efficiency (milk protein yield/MP above maintenance) and 100% for NEL efficiency (milk energy yield/NEL above maintenance). This has the principal advantage that the relative production level, that is, the distance between current production and potential production (i.e. production at fixed efficiencies pivot) can be estimated directly from current cow performance (milk yield and composition, NEL and MP supply above maintenance). Using this approach, milk yield and milk component yields response were predicted across lactation stages with RMSPE below 13.5% and CCC above 0.784, with a large part of the error due to random variation (above 75.1%).

A dynamic model, simulating whole-lactation curves for dry-matter intake, milk yield, milk component yields, milk component contents and body weight for cows within a favourable environment was built. The effect of physiological status (growth, gestation and lactation stages) and animal potential on these whole-lactation curves were calibrated using a large herd dataset in which the diet was the same for all animals.

Assessed by another dataset, the model structure was adequate to simulate wholelactation curves of Jersey, Danish Red and Holstein breeds.

The dry-matter intake and milk component yields response equations were integrated in the dynamic model of the lactation to simulate the effect of varying dietary composition on the whole-lactation curves. A preliminary evaluation of the combined model indicates prediction of dry-matter intake response to dietary change is key for accuracy of milk component yields and milk yield.

Prédiction dynamique des lois de réponses de production et composition du lait aux régimes alimentaires chez la vache laitière.

Les systèmes d'unités d'alimentation constituent un levier majeur du progrès des filières animales en permettant le calcul des régimes les plus appropriés en fonction du type d'animal. Jusqu'à présent, l'approche traditionnelle utilisée pour améliorer les systèmes d'unités d'alimentation a principalement porté sur la caractérisation des aliments et la détermination des besoins des animaux (dans le but d'accroître leur précision d'estimation). Cela a permis de formuler des rations adéquate pour atteindre un niveau de production prédéfini, éventuellement potentiel.

Cependant, cette approche ne peut pas s'adapter à la diversité croissante des objectifs des systèmes de production laitière (par exemple l'efficacité alimentaire, la santé animale, la longévité animale, etc.). L'approche réciproque et complémentaire est donc de mieux comprendre et quantifier les réponses multiples de l'animal aux changements alimentaires [START_REF] Oldham | Prediction of responses to required nutrients in dairy cows[END_REF][START_REF] Sauvant | La modélisation systémique en nutrition[END_REF]Dijkstra et al., 2007). Cependant, cette tâche est actuellement rendue difficile en raison du manque de modèles robustes et opérationnels qui prédisent les réponses de production laitières des vaches aux changements de régime alimentaire. En particulier, les équations disponibles pour prédire les réponses laitières (Brun-Lafleur et al., 2010, Huhtanen et Nousiainen, 2012, Jensen et al., 2015) ne tiennent pas compte de l'influence du potentiel de production laitière. Or, sans la prise en compte de ce dernier, l'application précise de lois de réponses aux régimes alimentaires sur une exploitation donnée est très difficile. En effet, un animal qui produit 30 kg/j de lait et dont le potentiel de production est de 30 kg/j, ne répondra pas à une augmentation de la teneur énergétique et/ou protéique de la ration.

En revanche si ce même animal, possède un potentiel de production de 50 kg/j, on peut s'attendre à une réponse de production laitière positive. L'effet du potentiel de production sur la réponse attendue est illustrée sur la Figure 1 qui nous montre que plus la vache est loin en dessous de son potentiel et plus la réponse attendue à un même changement d'alimentation sera importante. Par conséquent, cette notion de potentiel semble cruciale pour estimer si un animal donné répondrait (et dans quelle mesure) à un changement de régime alimentaire. En revanche le potentiel de production est difficile à estimer en pratique, d'autant plus qu'il varie en fonction du statut physiologique (stade de lactation, croissance, gestation). L'objectif principal de cette thèse est donc de développer des équations de réponse aux régimes alimentaires qui soient génériques et repérées par des pivots définis sans ambiguïté, c'est-à-dire qui intègrent explicitement les effets du potentiel de production animale et du statut physiologique. corrélation entre les variables explicatives, les apports de PDI disponibles ont été centrés dans chacun des essais sur l'apport de PDI disponibles correspondant à une efficacité d'utilisation des PDI disponible en protéine laitière de 67%. De même, les apports de NEL disponibles ont été centrés dans chacun des essais sur l'apport de NEL disponibles correspondant à une efficacité d'utilisation des NEL disponible en énergie du lait de 100% (situation nutritionnelle équivalente à un bilan énergétique nul). Les apports centrées ont été appelés PDI67 et NEL100. Cet ajustement des apports a permis de diminuer grandement la corrélation globale entre les variables explicatives (Figure 2B, R 2 ajusté = 0.13). À l'aide d'un modèle d'analyse de covariance, les variations inter-et intra-essais ont été séparées afin de se focaliser sur les effets intra-essais. L'interprétation s'est faite à travers un polynôme de degré des variables explicatives : Réponse_ij = μ + Si + e1 x NEL100 + p1 x PDI67 + e2 x NEL100 2 + p2 x PDI67 2 + a PDI67 x NEL100 + εij, où Réponse_ij correspond à la production laitière (kg/j), les composants du lait (en g/j) ou la composition du lait (en g/kg) pour l'essai i et le traitement j, μ est l'intercepte du modèle, Si correspond à l'effet essai et εij est la résiduelle du modèle pour l'essai i et le traitement j.

Deux types de modèles ont été développés: (1) les réponses laitières (lait brut, sécrétion de lactose, de matière grasse et de matière protéique ainsi que du TB, TP et taux de lactose) aux teneurs en PDI et UFL et (2) les même réponses laitières aux apport de PDI67 et NEL100. Nous avons montré que les quantités de lactose, de matière grasse, de matière protéique et du lait brut étaient mieux prédites à partir des apports de PDI67 et de NEL100 qu'à partir des teneurs en PDI et de NEL (ETR réduit de 27% en moyenne). Ce gain de précision n'a pas été observé pour la composition du lait (g/kg). Aucune interaction statistique n'a été observée entre les PDI67 et l'NEL100 sur la quantité de lait produite et la sécrétion des composants du lait. Cependant, il y a non additivité des effets des PDI67 et de NEL100 en raison des effets curvilinéaires associés (Figure 3). L'accroissement des apports de NEL100 augmente la partition de l'énergie vers les réserves corporelles alors que l'accroissement des apports de PDI67 augmente la partition de l'énergie vers le lait. D'un point de vue protéique, l'efficacité marginale (dérivée de la courbe de réponse) d'utilisation des PDI en protéine laitière diminue logiquement avec l'augmentation des apports de PDI67: de 0,34 à MP67 = -400 g/j à 0,07 à MP67 = 300 g/j. Parallèlement, l'efficacité globale des PDI diminue de 0,82 à 0,58. En conclusion, les équations obtenues par cette méta-analyse décrivent avec une précision satisfaisante les réponses laitières aux régimes alimentaires et ceci sur une grande amplitude de rations (de 5.9 à 7.6 MJ NEL/kg MS et de 73 à 121 g PDI/kg MS).

Application des lois de réponses à travers différents potentiels laitiers : l'intérêt d'un pivot nutritionnel

Une des ambitions de cette thèse était de proposer des équations de réponses applicables à travers des animaux de différents potentiel de production. Par conséquent, le but de ce travail était de proposer une méthode d'estimation du potentiel de la vache, qui permettrait de raccrocher les équations de réponses développées par méta-analyse, au potentiel de production correspondant à la vache étudiée. La méthode proposée s'appuie sur l'efficacité de transformation des PDI disponibles en protéine laitière et de l'efficacité de transformation des NEL disponibles en énergie du lait. En effet les efficacités des PDI et NEL sont très corrélées à l'amplitude des réponses (= efficacités marginale) que l'on cherche à prédire. En intra-expérience, nous avons montré que l'efficacité globale des PDI diminuait en même temps que l'efficacité marginale lorsque l'apport des PDI disponibles augmentait. La même observation a été fait sur l'efficacité des NEL. Il semble donc que les efficacités globales soient de bons indicateurs du potentiel de considérable pour l'évaluation des équations de réponses. D'une part, parce que les équations ont été calibrées majoritairement sur des animaux en milieu de lactation. Et d'autre part, car les différences d'apport en PDI et NEL entre les deux rations extrêmes de chacune des expériences étaient bien importantes que la moyenne des différences d'apports de tous les essais utilisés pour calibrer les équations. Malgré ce contexte d'évaluation difficile, les équations centrées sur le pivot nutritionnel ont permis de prédire les quantités de lait brut, de lactose, de matière grasse et de matière protéique avec des écarts type de prédiction compris entre 8.5 et 13.5% (exprimés en pourcentage des moyennes observées) et des CCC (= indicateur de précision et de répétabilité) compris entre 0.784 et 0.944 (un coefficient de 1 traduit une prédiction parfaite). On peut noter que des effets significatifs sur la précision de la prédiction entre phase de lactation (début, milieu et fin) ont été observés. Cependant l'amplitude de ces effets était pour la plupart très faible. Il est donc conclu que l'approche proposée de centrer les équations de réponses sur un pivot nutritionnel bien définit peut être utilisée pour prédire les réponses laitières à un changement alimentaire avec une bonne précision indépendamment du stade de lactation.

Dans cette évaluation, le pivot a été estimé pour chaque semaine de la lactation à partir des données hebdomadaire d'un des traitements. En revanche en pratique, les données dans le temps ne sont pas disponibles. Il est donc nécessaire de pouvoir prédire les trajectoires de production au cours de la lactation pour un animal dont la ration ne changerait pas. Nous avons donc centré notre attention sur la modélisation des effets homéorhèse (effet du stade physiologique de l'animal) sur la production et composition du lait.

Modèle dynamique de la lactation :Influence de la parité et du potentiel laitier intra-et inter-races

Dans cette partie, l'objectif était de construire un modèle qui puissent simuler les principaux effets du stade physiologique (stade de lactation, de gestation, de croissance) et du potentiel laitier sur les trajectoires de production et composition du lait. Sachant l'influence de l'état des réserves corporelles sur l'ingestion et donc sur la production laitière, nous avons également cherché à prédire les changements de composition corporelle ainsi que l'ingestion au cours de la lactation. Le modèle a donc pour but de simuler un ensemble de trajectoires de référence cohérent pour une grande diversité de type de vaches. Une approche de modélisation top-down (voir Friggens et al., 2013), inspirée de la proposition originale de Sauvant (1994) a été appliquée. Cette approche reconnait explicitement les finalités téléonomiques de l'animal et introduit des règles de régulation de partition de nutriments dictées par les changement de ses priorités de l'animal. Pour ce faire, la structure du modèle développé se caractérise par deux sous-modèles, un sous modèle de régulation d'homéorhèse qui établit des règles de partition dynamique le long de la lactation, et un sous-modèle opérationnel qui traduit ces règles de partition en performance animale. Le sous-modèle de régulation décrit la lactation comme le résultat de trois forces motrices liées: (1) l'utilisation des ressources déjà acquises par la mobilisation des réserves corporelles, (2) l'acquisition de nouvelles ressources avec une priorité de partition des nutriments vers le lait, et (3) vers les réserves corporelles. La dynamique de ces trois forces motrices a été ajustée séparément pour les matières grasses (laitières et corporelles), les matières protéiques (laitières et corporelles) et le lactose (lait). Cette structure permet de générer des trajectoires de sécrétion de lactose, matières grasses et matières protéiques laitières ainsi que des variations de réserves lipidiques et protéiques. Afin de rester en complémentarité des systèmes d'unités d'alimentation, les fluxs énergétiques associés à l'entretien, la croissance, la gestation, les réserves corporelles et les composants du lait sont décrits dans le modèle en adoptant les valeurs retenues dans le projet Systali-INRA. Ils permettent de prédire les besoins en énergie nette de l'animal ainsi que l'ingestion de matière sèche nécessaire pour couvrir ces besoins. La quantité de lait brut est prédite à partir des sécrétions de lactose et de matières protéiques laitières prédites grâce à une équation empirique précise développée à partir de nombreuses données de la littérature.

Les coefficients de cette équation indiquent que pour 1 kg de lactose secrété, on obtient 17 kg de lait tandis que pour 1 kg de protéine secrétée, on a 4 kg de lait. Cette équation montre bien le rôle dominant du lactose sur la pression osmotique du lait. On peut aussi noter que les matières grasses n'ont pas d'effet significatif sur la sécrétion du lait. Ce résultat n'est pas surprenant sachant que celles-ci n'ont pas d'influence sur la pression osmotique. Une fois le lait brut prédit, la composition du lait (g/kg) est simplement prédite en faisant le rapport entre les secrétions de composant du lait avec celle du lait brut. Un élément clé de ce modèle est sa capacité à simuler des trajectoires de performance pour différent type d'animaux que ce soit en intra-race à travers différent potentiel laitier ou à travers différentes races de vaches laitières. Ces effets liés au potentiel de production ont été régulés par le modèle à 2 niveaux: (1) Dans le sous-modèle de régulation, par un paramètre potentiel unique (appelé POT) qui permet d'ajuster globalement les priorités de partition (2) Dans le sous-modèle opérationnel, par des paramètres de facteurs d'échelle indépendants (7 au total) qui permettent d'ajuster certaines corrélations spécifiques entre les sorties du modèle, telles que celles capturant les différences entre les races dans la composition du lait. Pour l'ajustement des changements de réserves corporelles, en plus des données de poids vifs disponible dans la base de données de Trouw Nutrition, nous avons rassemblé l'ensemble des données de la littérature ou la composition corporelle a été mesurée à plusieurs moment de la lactation. Ainsi la calibration des changements de réserves corporelles représente un compromis entre les deux jeux de données. Confronté aux données mesurées (base Trouw Nutrition) de poids vifs, ingestion de MS, lait brut, secrétions des composants du lait et composition du lait, la moyenne des écarts type de prédiction était 5.4% (exprimés en pourcentage des moyennes observées) pour un CCC moyen de 0.779. Ces résultats traduisent une bonne capacité du modèle à simuler un ensemble de trajectoires au cours de lactation pour quatre groupes d'animaux de potentiel laitier bien différent chez les primi-et multipares. En particulier, l'ingestion de MS qui est la résultante des besoins énergétiques simulés par le modèle est prédite avec une moyenne d'écarts type de prédiction de 3.7% et un CCC moyen de 0.931. C'est un résultat tout à fait intéressant sachant au combien il est difficile de prédire l'ingestion de MS.

Le deuxième niveau de régulation du potentiel a été ajusté sur un deuxième jeux de données décrit en détail par Nielsen et al. (2003). Brièvement ce jeu de donnée se On peut observer que, comme sur la Figure 6, la sécrétion de protéine laitière pour la race Holstein est surestimée en début de lactation. En revanche, il a été observé que sur d'autre jeux de données (ex. Faverdin et al. 1987;Zoom, 2014), la sécrétion de protéine laitière est maximale dès le premier jour de la lactation, comme simulé par le modèle. Il serait donc intéressant de confronter encore le modèle a d'autres jeux de données afin de caractériser au mieux l'effet du stade de lactation sur cette courbe.

En conclusion, le modèle prédit un ensemble cohérent de trajectoires, reflétant les effets de l'homéorhèse, pour la production et composition du lait, les changements de composition corporelle et l'ingestion de MS sur l'ensemble d'une lactation. De plus, ce modèle permet de prédire les différences de trajectoires entre les animaux de différents potentiels de production laitière au sein de la race Holstein et entre les races Rouge Danoises, Holstein et Jersiaise. En utilisant une structure de modèle qui exige peu de paramètres d'entrée pour l'utilisateur, les performances et caractéristiques animales (poids vifs, lait, ingestion) ont été prédites en moyenne avec un écart type de prédiction de 4,4% et un CCC de 0,83. L'originalité principale de ce modèle est qu'il s'appuie sur un Ce qui veut dire que les courbes dynamiques ne correspondent en réalité pas exactement à la situation nutritionnelle pivot utilisée pour centrer les équations de réponses. Il est donc nécessaire de calculer des courbes pivot dynamiques. L'approche de calcul du pivot, présenté en deuxième partie, a donc été utilisée en partant cette fois des courbes simulées par le modèle dynamique. La Figure 9 illustre l'intégration des lois de réponses Days in milk NEL efficiency Friggens et al., 1998Law et al., 2009 A B satisfaisante dans l'ensemble avec des écarts type de prédiction allant de 8,0% à 31,8% et des CCC allant de 0.099 à 0.496. Cette moins bonne prédiction est en majorité expliquée par une sous-estimation des réponses de l'ingestion de MS en début de lactation, ce qui se traduit par une nette surestimation de l'ingestion pour les rations faible en concentrée (Friggens et al. 1998, Figure 10) et faible en MAT (Law et al. 2009). Cet effet peut être observé sur la figure 10 dans le cas du jeux de donnée de Friggens et al. (1998). En conclusion, le modèle construit est le premier à intégrer les deux grands types de régulation biologique (homéostase et l'homéorhèse) chez la vaches laitières et permettant de prédire les performances animales à partir d'une définition précise du potentiel laitier. Grace à l'utilisation du pivot, le potentiel de l'animal peut être calculé à partir des données de production et d'ingestion. Il permet donc d'estimer où se trouve l'animal par rapport à son potentiel maximal et par conséquent sa capacité à répondre à un changement alimentaire. L'utilisation du pivot permet aussi de calibrer le modèle en fonction du type de vache laitière en appliquant une démarche calculatoire précise. L'évaluation préliminaire du modèle sur deux jeux de donnée a montré que des biais important pouvaient exister. Afin d'améliorer la précision de prédiction, une attention particulière devrait être donnée à la réponse de l'ingestion de MS aux changements de régimes alimentaires et en particulier à l'effet du stade physiologique sur cette réponse. En effet cette question de l'effet du stade physiologique sur la réponse de MS ingérée (interaction réponse x stade) n'a pas vraiment été abordé durant la thèse.
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Figure 2 .

 2 Figure 2. Dry-matter intake, milk yield, milk protein content and urinary N responses to change in PDIE/UFL ratio in the diet (Reproduced from Vérité and Delaby, 2000). PDIE = French unit for metabolizable protein (1 g PDIE ~ 1 g MP), UFL = French unit for net energy (1 UFL ~ 7.1 MJ NEL).

Figure 3 .

 3 Figure 3. Net energy outflows of major milk components and calculated energy balance relative to ME supply (reproduced from Friggens et al., 2010).

Figure 4 .

 4 Figure 4. Theoretical representation of a production response to a change in nutrient supply. Where the animal is relative to its potential?

  does not necessarily follow the same rule as that illustrated in Figure 4. For example, milk fat yield first increases between 30 and 55 Mcal/day (approximately) and then decreases after 55 Mcal/day (Figure

Figure 2

 2 Figure 2Prediction of the average dry-matter intake response to change in MP content (g/kg DM) and in forage NDF content (g/kg DM). Forage NDF effects are shown by the vertical displacement that are each for a forage NDF content: -100 g/kg DM (Δ), -50 g/kg DM (○), 0 g/kg DM (no symbol), +50 g/kg DM (•), +100 g/kg DM (▲). All variables are expressed relative to global mean values (MP=100 g/kg DM, Forage NDF=250 g/kg DM) with average dry-matter intake of 21.8 kg/d. The RMSE is indicated by the double-headed arrow.

Figure 3

 3 Figure 3 Prediction of average milk yield milk protein content responses to change in MP content (g/kg DM) and to change in NEL content (MJ/kg DM). Energy effects are shown by the vertical displacement between the lines that are each for a NEL content: -0.70 MJ/kg DM (solid line with Δ), -0.35 MJ/kg DM (solid line with ○), 0 MJ/kg DM (blank solid line), +0.35 MJ/kg DM (solid line with •), +0.70 MJ/kg DM (solid line with ▲). All variables are expressed relative to global mean values (NEL=6.7 MJ/kg DM, MP=100 g/kg DM) with average milk yield of 32.1 kg/d and milk protein content of 31.6 g/kg. The RMSE is indicated by the double-headed arrow.

Figure 3

 3 Figure3shows the predicted responses of milk yield, and milk protein content, to change in dietary MP content. The effect of MP was positive and curvilinear for milk yield, milk component yields and milk protein content. The slope of the response to dietary MP was greatest for milk lactose yield and lowest for milk fat yield. As an

Figure 5

 5 Figure 5 Prediction of average milk yield and milk component yields responses to change in MP67 supply (g/d) and to change in NEL100 supply (MJ/d). MP67 = MP above maintenance supply centred on supply for which MP efficiency is 0.67; NEL100 = NEL above maintenance supply centred on supply for which the ratio of NEL in milk/NEL above maintenance is 1.00. Energy effects are shown by the vertical displacement between the lines that are each for a NEL100 supply: -20 MJ/d (solid line with Δ), -10 MJ/d (solid line with ○), 0 MJ/d (blank solid line), +10 MJ/d (solid line with •), +20 MJ/d (solid line with ▲). Average milk yield, milk fat yield, milk protein yield and milk lactose yield were respectively 31.65 kg/d, 1155 g/d, 997 g/d and 1519 g/d at MP67=0 g/d and NEL100=0 MJ/d. RMSE are indicated by double-headed arrows.
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  2007) 5 , as: 7.1 x (kg of milk x (0.44 + (0.0055 x (MFC -40)) + (0.0033 x (MPC -31))))

Figure 1

 1 Figure 1 Average response curves of milk protein yield to changing MP supply above maintenance and milk energy yield to NEL supply above maintenance (equations from Daniel et al., 2016). The global MP and NEL efficiencies (MPeff and NELeff), i.e. the ratio between milk protein yield and MP above maintenance and between milk energy yield and NEL above maintenance, respectively, are represented with dashed lines. The marginal MPeff and NELeff are the derivative of the response curves and indicate the proportion of protein and energy secreted in milk per extra unit supply of MP and NEL, respectively. In parentheses, energy values are reported in Mcal/d. In the illustrated example, the marginal MP efficiency or partitioning (i.e. the slopes of the curves in Figure 1, panel a) decreases from 0.38 to 0.19 when MP supply increases from 993 to 1493 g/d. A further increase from 1,493 to 1,893 g/d results to a decrease in marginal MP efficiency from 0.19 to 0.04. The consequences of this partitioning is

Figure 2

 2 Figure 2 (a) The relationship between milk protein yield and MP above maintenance supply observed with experiments where MP supply was the main factor of variation between treatments. The global MP efficiency (MPeff) of 0.67 is represented by the dashed line. Each solid line represents one experiment group (Nexp=213) including 617 treatments (Nt). (b) The relationship between milk energy yield and NEL above maintenance supply observed with experiments where NEL supply was the main factor of variation between treatments. The global NEL efficiency (NELeff) of 1 is represented by the dashed line. Each solid line represents one experiment group (Nexp=142) including 367 treatments (Nt). (c) milk protein yield response to MP supply above maintenance for 3 groups of animals with low (■), medium (○) and high (•) production levels. The levels of MP supply above maintenance required when global MPeff is 0.67 are called MPpivot. (d) milk energy yield response to NEL supply above maintenance for 3 groups of animals with low (■), medium (○) and high (•) production levels. The level of NEL supply above maintenance required when global NELeff is 1 is called NELpivot. Equations from Daniel et al. (2016). In parentheses, energy values are reported in Mcal/d.For the sake of simplicity, energy and protein were represented independently in Figures1 and 2. However, NEL supply influences milk protein yield response and MP

  for an average group of animals producing at a level equivalent to pivots of 1,000 g/d of milk protein and 95 MJ/d (22.71 Mcal/d) of milk energy. The effect of NEL supply on milk protein yield (panel a) and of MP supply on milk energy yield (panel b) are shown by vertical displacement of the lines. The straight line MPeff=0.67 crosses each level of NEL supply above maintenance represented on the Figure 3a, indicating that multiple combination of NEL and MP supplies can result in MPeff=0.67. This is because independently from MP supply, an increase in NEL supply positively influences milk protein yield, thereby increasing MPeff. Similarly, independently from NEL supply, extra MP supply increases milk energy yield, which increases NELeff, and thus multiple combinations of NEL and MP supplies can result in NELeff=1.00. Nevertheless, only one combination simultaneously gives MPeff=0.67 and NELeff=1. In the case of the example illustrated in Figure 3, MPeff=0.67 and NELeff=1.00 are simultaneously achieved when MPpivot=1,493 g/d and NELpivot=95 MJ/d (22.71 Mcal/d). Because of the influence of both NEL and MP supply on MPpivot and NELpivot, the pivots need to be calculated by simultaneously taking into account the milk energy and protein responses. Incorporating the NEL effect (Daniel et al., 2016) in equation 1 and the MP effect in equation 2, we have: MPY -MPYpivot (g/d) = 0.19 (MP -MPpivot) -0.000193 (MP -MPpivot) 2 + 3.137 (NEL -NELpivot) -0.021 (NEL -NELpivot) 2 , with MPYpivot = 0.67 * MPpivot [3] MEY -MEYpivot (MJ/d) = 0.166 (NEL -NELpivot) -0.0018 (NEL -NELpivot) 2 + 0.015 (MP -MPpivot) -0.000017 (MP -MPpivot) 2 , with MEYpivot = 1 * NELpivot [4] This is a system of 2 equations with 2 unknowns (MPpivot and NELpivot) which can in principle be solved algebraically when MPY, MEY, MP and NEL are observed. However, because of the quadratic nature of the equations, there are mathematically 4 possible solutions to the system. An optimization procedure was developed to handle this aspect (details are presented in Appendix 2). With this approach, pivot values calculated are uniquely defined, with MPpivot and NELpivot being the levels of MP and NEL supplies above maintenance resulting in global MPeff=0.67 and global NELeff=1.00. Equations 3 and 4 are therefore used for 2 purposes: the first is to calculate the pivots from a given observation when the supplies in MP and NEL and the actual production are known. For that purpose, the appropriate response curve, corresponding to the production potential of that animal, is associated with the observation. Secondly, once MPpivot and NELpivot are known, equations 3 and 4 can be applied to predict milk protein and energy yield responses to nutritional manipulation (i.e. new inputs of MP and NEL supply).

Figure 3

 3 Figure 3 Average milk protein yield (a) and milk energy yield (b) responses to change in MP and NEL supply for a group of animal producing 1,000 g/d of protein and 95 MJ/d (22.71 Mcal/d) of energy at pivots. MPpivot = Level of MP above maintenance supply for which MP efficiency is 0.67 and NEL efficiency is 1; NELpivot = Level of NEL above maintenance supply for which NEL efficiency is 1 and MP efficiency is 0.67. Figure 1a was adapted from Daniel et al. (2016). In parentheses, energy values are reported in Mcal/d.Given MPpivot and NELpivot, pivot values can also be calculated for milk fat yield and milk lactose yield. For that, the distances between observed MP and MPpivot, and between observed NEL and NELpivot are used to estimate the distances between observed milk fat yield and pivot milk fat yield, and between observed milk lactose yield and pivot milk lactose yield:

  was characterized by 2 levels of dietary concentrate (27% and 59%, DM basis) offered to twenty-four multiparous Holstein cows in a full 2 x 2 change-over design with control treatments. The experiment of Law et al. (2009) involved 3 rations with different CP content (11.4%, 14.4% and 17.3%, DM basis) fed to ninety Holstein cows (50% primiparous) in a 3 x 2 change-over design where half of the animals of each treatment were allocated to an alternative dietary CP

  , with measured body lipid and protein changes relative to stage of lactation, were used. From these experiments the following empirical relationship between body protein balance and EB (MJ/d) was obtained: Body protein balance (g/d) an increasing fat-to-protein ratio within the mobilized tissue as DIM increases. The final NEL and MP above maintenance values, calculated for the 2 experiments are shown in Tables

FriggensFigure 5

 5 Figure 5 Comparison between observed values of milk yield and milk protein yield and predicted values. The highest quality nutritional treatment in both experiments was used to calculate MPpivot and NELpivot. Equations published in Daniel et al (2016) were then applied with the calculated pivots to predict values for the other treatments. MPpivot = Level of MP above maintenance supply for which MP efficiency is 0.67 and NEL efficiency is 1; NELpivot = Level of NEL above maintenance supply for which NEL efficiency is 1 and MP efficiency is 0.67. Regressions are plotted by groups of lactation stage with: Early lactation (<100 DIM, solid line with •), mid lactation (100<DIM<200, dashed line with □) and late lactation (>200 DIM, solid line with ▲). Each data point represents a treatment mean in a given week of lactation. In parentheses, energy values are reported in Mcal/d.

  Mcal/d), whilst this range was between -63 and 27 MJ/d (-15.06 and 5.50 Mcal/d) in dataset 1 and between -62 and 42 MJ/d (-14.82 and 10.04 Mcal/d) in dataset 2.

-

  Milk energy (MJ/d) = 39.8 * MFY + 23.9 * MPY + 16.5 * MLY with MFY (kg/d) = Milk fat yield, MPY (kg/d) = Milk protein yield and MLY (kg/d) = Milk lactose yield. -NEL supply (MJ/d) = DMI * NEL with DMI (kg/d) = dry-matter intake, NEL (MJ/kg DM) = Dietary NEL content -NEL maintenance (MJ/d) = 0.394 * (avgBW**0.75) with avgBW (kg) = average BW of the lactation -NEL gestation (MJ/d) = 7.1*(0.00072*45*exp(0.116*WIP)) with 7.1 converts UFL (French energy unit for milk) into MJ; WIP = week in pregnancy. All animals were assumed pregnant at week 14 of lactation. -NEL above maintenance (MJ/d) = NEL supply -(NEL maintenance + NEL gestation) -EB (MJ/d) = (NEL supply -(Milk energy + NEL maintenance + NEL gestation)) / kls*kgt where EB = energy balance, kls is the efficiency to convert dietary ME into milk NEL calculated as kls = 0.65 + 0.247 * [(ME/GE) -0.63] with ME = metabolizable energy and GE = gross energy; kgt is the efficiency to convert NEL from body reserves into milk NEL and also to convert dietary ME into NEL body reserves. The coefficient kgt is calculated as: kgt = kls + 0.15. 2. Protein calculations -Faecal metabolic CP losses (g/d) = DMI * [5 * (0.57 + 0.0074 * OMnd)] where DMI (kg/d) = dry-matter intake, OMnd (g/kg DM) = Organic matter non-digested -Urinary endogenous N losses (g/d) = 0.312 * avgBW -Scurf CP losses (g/d) = 0.2 * avgBW 0.6 with avgBW (kg) = average BW of the lactation -BPB (g/d) = (21.2+56.04*exp(-0.033*DIM))*(EB/7.37) with BPB = body protein balance, DIM = days in milk, EB = Energy balance -MP supply (g/d) = DMI*MP with DMI (kg/d) = dry-matter intake, MP (g/kg DM) = Dietary MP content -MP gestation (g/d) = 0.07*45*exp(0.111*WIP)*0.64 WIP = week in pregnancy. All animals were assumed pregnant at week 14 of lactation. The coefficient 0.64 converts MP requirement for gestation into MP utilized for gestation. -MP efficiency, BPB requirement and MP above maintenance supply are calculated iteratively by using an initial value of 0.67 1. BPB requirement (g/d) = if EB<0 then BPB * MP efficiency, if EB>0 then BPB / MP efficiency. 2. MP above maintenance (g/d) = MP supply -(Faecal metabolic CP losses / MP efficiency)-Urinary endogenous N losses -(Scurf CP losses / MP efficiency) -BPB requirement -(MP gestation / MP efficiency) 3. MP efficiency = Milk protein yield / MP above maintenance 4. Steps 1 to 3 were repeated 20 times using MP efficiency calculated in step 3.
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  Concordance correlation coefficient (scale from -1 to 1). 8 Slope of predicted vs. observed regression as determined in PROC REG (SAS Institute Inc., Cary, NC, USA).
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Figure 1

 1 Figure 1 Model diagram of the regulating and operating sub-models. Solid arrows indicate fluxes and stippled arrows indicate information. Rounded rectangles indicate model variables and rectangle indicate model state variables. C0F = Fictitious dynamic priority (detailed in Supplementary Material S2), C, M and A = Catabolism, milk and anabolism relative priorities for fat, lactose and protein (subscript F, L and P, respectively), PREG(α,β)=Pregnancy functions, GR(α,β)=Growth functions, MFY=Milk fat yield, MLY=Milk lactose yield, MPY=Milk protein yield, MY=Milk yield, MFC=Milk fat content, MLC=Milk lactose content, MPC=Milk protein content, GU=Gravid uterus, EBW=Empty BW, BP=Body protein, BF=Body fat, ΔBP and ΔBF = Change in BP and BF induced by lactation and pregnancy, DMI=Dry-matter intake. Equations are presented in the text.

Figure 2

 2 Figure2Dynamic of CF, MF and AF from the regulating sub-model of fat relative to DIM for a third lactation dairy cow with a conception date at 100 days in milk. Effect of potential parameter (POT) is shown for levels 20 (even stippled line), 35 (solid line) and 50 kg/day (uneven stippled line). See Table1for parameters.

  where 0.037683 is the coefficient from the relationship established inNRC (2001) between body fat content and BCS. The calculation ((BCSc -0.5)*8/4) is used to convert the 1-5 BCS scale into 1-9 BCS scale (originally used by the NRC to establish the previous relationship). A small comparison with other equations from literature is given in Supplementary Material S3. The function (1-GRα) represents the degree of maturity of the animal (see description of the regulating sub-model in Supplementary Material S2) and is used to multiply MEBW. When the animal is mature, GRα=0 and MEBW is unaffected. Body protein is then calculated from the fat-free mass (Empty BW -BF) assuming a protein content of this fraction of 21.5% (NRC, 2001):

  feed unit systems. Additionally this model simulates an average of NELpreg of 12.4 MJ/d during the last 100 days of gestation. This value was consistent with average prediction (13.0 MJ/day) of the NRC (2001), which only considered NELpreg after 190 days of gestation with a linear increase. Requirements for energy balance (positive for anabolism, negative for catabolism) are calculated based on body fat and protein changes with corresponding efficiencies: together we can predict all NEL requirements (maintenance, milk, growth, pregnancy and body mass change). Thus providing that dietary NEL content is known, desired DMI, can be estimated as follows: dietary NEL content in MJ/kg DM.

  and empty BW of Holstein cows from the experimental dairy farm of Trouw Nutrition R&D(Kempenshof, Boxmeer, the Netherlands) recorded between 2003 and 2012were used. All animals were fed forages separately, mainly a mixture of maize and grass silages, ad libitum in roughage boxes and concentrates in concentrate feeders (calculated nutritional values of the diet presented in Supplementary Material S5). The provision of concentrate was determined individually based on observed milk yield and adjusted weekly to match NEL and MP requirements. Consequently the amount of concentrate fed follows the lactation curve. This dataset was used to calibrate all model parameters. In Dataset 2, weekly average milk component yields, empty BW and BCS data of three dairy breeds (Danish Red, Holstein and Jersey) were used. Data originated from an experiment conducted at Aarhus University (Denmark). A detailed description of this experiment can be found inNielsen et al. (2003). For the purpose of the present study, only cows receiving the normal energy density diet (6.64 MJ/kg DM) were used (calculated nutritional values of the diet presented in Supplementary Material S5

  with lines and circles representing respectively the predicted values and observed weekly values. It can be seen that differences between primiparous and multiparous simulated by the model are in good agreement with data. The only exception was observed for milk lactose content. The model predicted higher milk lactose content for multiparous than for primiparous (45.3 vs 44.6 g/kg) whereas the data shows the opposite (44.8 vs 46.4 g/kg). Complete statistics from the model calibration on dataset 1 are presented in Supplementary Material S6. The observed and simulated effect of potential within multiparous Holstein cows of dataset 1 is shown in Figure 4 for milk yield, milk component yields, empty BW (expressed relative to empty BW at calving for clarity) and DMI. Assessed visually with

Figure 3 Figure 4

 34 Figure 3Comparison between observed (circles) and predicted values (lines) of milk yield, milk component yields, empty BW change from calving and dry-matter intake relative to days in milk for primiparous (open circle, stippled line) and multiparous (solid circle, solid line) Holstein cows. Model differences between primiparous and multiparous were obtained by changing parity number P from 1 to 3. Parameters POT and conception date (Conc. date) were set to 49.4 kg/day and 100 days in milk, respectively.

Figure 5

 5 Figure 5Comparison between observed (marker) and predicted values (lines) of milk component yields, empty BW change from calving, body condition score change from calving and dry-matter intake relative to days in milk for second lactation Danish Red (RD), Holstein (H) and Jersey (J) cows. Breed scaling parameters are presented in Table2. Values of POT were 29.1, 35.0 and 24.0 kg/day for DR, H and J cows, respectively. Parameters parity (P) and conception date (Conc. date) were set to 2 and 100 days in milk, respectively.

  yield and composition, empty body composition change and DMI through lactation, as affected by homeorhetic regulation. Further, this model allows the prediction of differences in those trajectories between animals of different milk production potential within Holstein breed, and between Danish Red, Holstein and Jersey breeds. Using a model structure which requires few user-input parameters, dairy cow performance (body, milk and intake) were predicted in average with RMSPE of 4.4% and CCC of 0.83.

Figure S2 .

 S2 Figure S2. Function GRα relative to days in milk for a primiparous cow calving with a body weight equal to 85% of its mature body weight. Parameters values can be found in Table1of the manuscript. This conceptual priority for growth GRα, based on the degree of maturity, was then used to affect the others priorities C, M and A through the following function, called GRβ (equation 5). GRβ multiplies priorities C, M and A each time there are used in the operating sub-model (see equations15, 16, 17, 22 and 23 in Supplementary Material S1). In such way, when the animal is growing, the size effect of C, M and A is

  10) Therefore the function (POT/POTREF) from equation 8 and 9 was replaced by equation 10 using kMF, kMP or kML. A value of kM = 1 indicates no adjustment effect of kM on POT, values of kM < 1 amplify the effect of POT and values > 1 reduce the effect of POT.

  520 kg and with body condition score at calving of 3.5 (1-5 scale). For comparison, the adjusted data from FigureS3are also presented in grey.

Figure S4

 S4 Figure S4 Effect of potential parameter POT, at levels 20 (even stippled line), 35 (solid line) and 50 kg (uneven stippled line), on body protein and body fat (kg) relative to DIM for a third lactation Holsteins cows, together with data from literature (see text for reference). Parameters for mature empty BW (MEBW), body condition score at calving (BCSc) and conception date were 520 kg, 3.50 and 100 DIM, respectively.

  The relationship from NRC (2001) retained in the model is an intermediate between the 2 others propositions.

Figure S5 .

 S5 Figure S5. Comparison of 3 equations that predict body fatness (% of fat in empty BW) from BCS (1-5 scale). Equation 1: •; NRC (2001): ○; Yan et al. (2005): ▲.

  Martin O and Sauvant D 2003. Modeling digestive tract contents in cattle. Rencontre Recherche Ruminants 10, 167-170. Nielsen HM, Friggens NC, Lovendahl P, Jensen J and Ingvartsen KL 2003. Influence of breed, parity, and stage of lactation on lactational performance and relationship between body fatness and live weight. Livestock Production Science 79, 119-133.Sauvant D and Nozière P. 2016. Quantification of the main digestive processes in ruminants: the equations involved in the renewed energy and protein feed evaluation systems. Animal 10, 755-770.

  et al. (submitted A) was chosen to provide the ''baseline'' homeorhetic lactation curves from which to predict responses to change in diet composition. It has been shown to fit well (milk component yields, boy change, DMI) across different breeds, parities, and cows of differing production potential. However this model, explicitly designed to simulate homeorhesis, does not predict dairy cow responses to change in dietary composition.

  but using at each time step the trajectories of milk protein yield, milk energy yield, MP supply and NEL supply generated by the homeorhetic model (thereafter referred to using the suffix 'REF'); with one small adjustment. In the homeorhetic model maintenance requirements for energy are readily calculated from the BW curves providing NEL supply above maintenance but MP maintenance is not readily calculated. To deal with this, MP supply above maintenance was back calculated from the simulated milk protein yield associated with the homeorhetic curve, assuming the following general MP efficiency change through lactation (MPEFF_REF): MPEFF_REF = 0.7725 -0.004882 (±0.000298) Weeks of lactation[1] 

  was used to calculate algebraically MPPIVOT and NEL_PIVOT homeorhetic curves of milk protein yield (MPYREF), milk energy yield (MEOREF), MPREF_supply and NEL supply above maintenance (NEL_REF_supply) as described in Daniel et al. (submitted B): MPYREF -MPYPIVOT (g/d) = 0.19 (MPREF_supply -MPPIVOT) -0MPPIVOT) 2 , with MEOPIVOT = 1 * NEL_PIVOT [4]

  differences between actual supply and estimated pivot supply of MP (MPREF_supply -MPPIVOT) and NEL (NEL_REF_supply -NEL_PIVOT) as inputs in the following response equations(Daniel et al., 2016):ΔMFYREF-PIVOT = 0.611 (NEL_REF_supply -NEL_PIVOT) -0.021 (NEL_REF_supply -NEL_PIVOT) 2 + 0.15918 (MPREF_supply -MPPIVOT) -0.00023816 (MPREF_supplydistances, in milk fat yield and milk lactose yield, between reference curves and pivot curves. Thus, using these differences and the reference curves generated by the homeorhetic model (MFYREF and MLYREF), the actual values for pivot of milk fat yield and milk lactose yield are: MFYPIVOT (g/d) = MFYREF -ΔMFYREF-PIVOT [7] MLYPIVOT (g/d) = MLYREF -ΔMLYREF-PIVOT [8] Prediction of DMI, milk and BW curves from current plan of nutrition Initialization of the model. The aim of this part is to generate whole lactation curves for DMI, milk yield, milk component yields and BW from one time point inputs (e.g. weekly average, monthly average, longer-period average, ect.). The longer the period used to generate these average inputs, the more reliable these inputs data will be. Required inputs data to run the model from an on-farm situation consist of: initial values of parity number, stage of lactation, milk component yields, mature BW, BCS at calving, DMI and ration composition (forage NDF, MP and NEL). Thereafter those input data are referred to using the suffix 'INI'. It is then possible to estimate the initial pivot supply of MP and NEL

(

  

Figure 2

 2 Figure 2Schematic representation of MP supply above maintenance relative to days in milk. The MPREF_supply is the MP supply above maintenance simulated by the model at reference. The MPPIVOT is the MP supply above maintenance that gives a MP efficiency of 0.67. The MPINI_supply is the initial MP supply above maintenance, calculated from an on-farm situation.

  dΔBF_INI-REF /dt (kg/d) = ΔEB_INI-REF /39.8 [15] At any given time point, total body fat mass is the sum of this deviation and the body fat at reference (BFREF): BF (kg) = BFREF + ΔBF_INI-REF [16] BW can finally be calculated as: BW (kg) = (BF + BPREF/0.215 + GU)/0.8 [17] with the assumptions that (1) the water fraction of body fat is negligible, (2) the protein content of the fat-free mass is 21.5% (NRC, 2001). The equation for the gravid uterus (GU) and the justification for the coefficient 0.8, used to convert empty BW into BW, are given in Daniel et al. (submitted A). DMI, NEL supply and MP supply. Predicted total NEL supply for the initial feeding situation is calculated from predicted requirements as in Daniel et al., (submitted A) as: NEL supply (MJ) = NEL maintenance + NEL growth + NEL preg + NEL body + NEL milk + ΔEB*kls/kgt [18] where NEL maintenance, NEL growth, NEL preg and NEL body are the energy requirements for maintenance, growth, pregnancy and energy balance (positive for anabolism, negative for catabolism) respectively, of the reference curves calculated as described in Daniel et al., (submitted A). The energy requirement for milk, NEL milk, is the sum of energy secreted in milk (MLY * 0.0165 + MPY * 0.0239 + MFY * 0.0398) and ΔEB is the difference between reference EB and current EB (equation 10), converted in NEL (using kls and kgt). Thus DMI can be predicted as: DMI (kg/d) = NEL supply / dietary NEL content [19] with dietary NEL content in MJ/kg DM. Further, multiplying DMI with the dietary MP content give the total supply of MP: MP supply (g/d) = DMI * dietary MP content [20]

  (g/kg), and metabolic regulation through MP content (g/kg): DMIRES (kg/d) = DMI + 0.0258 (MPRES -MP) + 0.000934 [(MP -100) 2 -(MPRES -100) 2 ] -0.01568 (forage NDFRESforage NDF) [21] where DMI is the current predicted DMI (from equation [19]), MP and Forage NDF are the dietary contents of the current ration, and MPRES and forage NDFRES are the new values after the change in ration composition, resulting in the new DMI (DMIRES).

  NEL and MP supply responses to changes in ration composition. New supplies of NEL and MP are simply calculated by multiplying DMIRES with new values of dietary NEL and

  supply above maintenance relative to NEL and MP supplies predicted by the homeorhetic model(equations [18] and [20], respectively) are: ΔNEL_supply (MJ/d) = NEL_RES supply -NEL supply [24] ΔMP_supply (g/d) = 0.71 (MPRES supply -MP supply) [25] As response equations are applied around pivot curves, differences in supply between homeorhetic curves (adjusted for the given farm situation) and pivot curves (equations [9] and [10]) are added to differences in supply between homeorhetic curves (adjusted for the given farm situation) and predicted response curves (equations [24] and [25]): ΔNEL_(RES-REF) supply (MJ/d) = ΔNEL_supply + ΔNEL_(INI-REF) supply [26] ΔMP_(RES-REF) supply (g/d) = ΔMP_supply + ΔMP_(INI-REF) supply [27] These differences are then used as inputs of the response equations to estimate milk component yields curves associated to the new ration. Milk yield, milk composition and BW responses to dietary changes. Those differences in MP and NEL supply (equations [26] and [27]) are then used to predict milk component yields (MFYRES, MPYRES and MLYRES) for the new ration (forage NDFRES, MPRES, NEL_RES), using equations 11 to 13 (therefore by replacing [ΔNEL_(INI-REF)_supply] by [ΔNEL_(RES-REF) supply] and [ΔMP_(INI-REF)_supply] by [ΔMP_(RES-REF) supply]). Milk yield (kg/d) is then predicted from MPYRES and MLYRES as described in Daniel et al. (submitted A) and milk composition (g/kg) is obtained as the ratio between secretion of fat, protein and lactose (g/d) with milk yield (kg/d). The increase or decrease in energy supply, not accounted for by change in milk production was assumed, as in equation 14, to be deposited or mobilized from body energy: ΔEB (MJ/d) = {ΔNEL_supply -[(MLYRES -MLY)*16.5 + (MPYRES -MPY)*23.9 + (MFYRES -MFY)*39.8]/1000}/kls * kgt [28]Finally, body fat and BW are calculated as in equation 16 and 17:

  was characterized by 2 levels of dietary concentrate content (27% and 59%) offered to twenty-four multiparous Holstein cows in a full 2 x 2 change-over design with control treatments. The experiment ofLaw et al. (2009) involved 3 rations with different CP content (11.4%, 14.4% and 17.3%) fed to ninety Holstein cows (50% primiparous) in a 3 x 2 change-over design where half of the animals of each treatment were allocated to an alternative dietary CP content at mid-lactation. For the evaluation, only the highest and lowest quality treatments were used. Nutritional values for the rations were calculated with the INRA feed unit system(Sauvant and Nozière, 2016). InFriggens et al. (1998), dietary contents for NEL, MP and forage NDF were 7.31 MJ/kg DM, 100 g/kg DM and 216 g/kg DM, respectively, for the high concentrate treatment and 7.39 MJ/kg DM, 82 g/kg DM and 382 g/kg DM, respectively, for the low concentrate treatment. InLaw et al. (2009), dietary contents for NEL, MP and forage NDF were 7.30 MJ/kg DM, 113 g/kg DM and 215 g/kg DM, respectively, for the high CP treatment and 7.22 MJ/kg DM, 81 g/kg DM and 215 g/kg DM, respectively, for the low CP treatment.

FriggensFigure 3

 3 Figure 3Comparison between observed (symbols) and predicted values (lines) of drymatter intake relative to days in milk for the 2 extreme nutritional treatments. InFriggens et al. (1998): 27% of concentrate (○, stippled line) vs 59% of concentrate (•, solid line). InLaw et al. (2009): 11.4% of CP (○, stippled line) vs 17.3% of CP (•, solid line).
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 45 Figure 4Comparison between observed (•) and predicted differences (solid line) in NEL and MP supply above maintenance between the 2 extreme nutritional treatments, relative to days in milk. InFriggens et al. (1998): Differences were calculated between treatments with 59% and 27% of concentrate. InLaw et al. (2009): Differences were calculated between treatments with 17.3% and 11.4% of CP.

FriggensFigure 7

 7 Figure 7Cumulative energy balance (in MJ) calculated (A) using changes in BW and BCS and (B) using the classical approach (energy input minus energy output). InFriggens et al. (1998): 27% of concentrate (○) vs 59% of concentrate (•). InLaw et al. (2009): 11.4% of CP (○) vs 17.3% of CP (•).

Annex 1 .

 1 Energy balance calculations 1. EB calculated with the traditional approach (energy inenergy out) -Milk energy (MJ/d) = 39.8 * MFY + 23.9 * MPY + 16.5 * MLY with MFY (kg/d) = Milk fat yield, MPY (kg/d) = Milk protein yield and MLY (kg/d) = Milk lactose yield. -NEL supply (MJ/d) = DMI * NEL with DMI (kg/d) = dry-matter intake, NEL (MJ/kg DM) = Dietary NEL content -NEL maintenance (MJ/d) = 0.394 * (avgBW**0.75) with avgBW (kg) = average BW of the lactation -NEL gestation (MJ/d) = 7.1*(0.00072*45*exp(0.116*WIP)) with 7.1 converts UFL (French energy unit for milk) into MJ; WIP = week in pregnancy. All animals were assumed pregnant at week 14 of lactation. -NEL above maintenance (MJ/d) = NEL supply -(NEL maintenance + NEL gestation) -EB (MJ/d) = (NEL supply -(Milk energy + NEL maintenance + NEL gestation)) / kls*kgt where EB = energy balance, kls is the efficiency to convert dietary ME into milk NEL calculated as kls = 0.65 + 0.247 * [(ME/GE) -0.63] with ME = metabolizable energy and GE = gross energy; kgt is the efficiency to convert NEL from body reserves into milk NEL and also to convert dietary ME into NEL body reserves. The coefficient kgt is calculated as: kgt = kls + 0.15.

Figure 1

 1 Figure 1 Meta-design showing the relations between milk protein yield and MP supply above maintenance, (A) not centered and (B) centered on MPpivot. MPpivot = Level of MP above maintenance supply for which MP efficiency is 0.67. POT represents the effect of production level (i.e. animal potential).

Figure 2 .

 2 Figure 2. Simulated MP efficiency relative to simulated NEL efficiency using milk protein yield and milk energy yield response equations developed in Chapter 2 (Table 4). The simulation used an animal with MP pivot supply of 1488 g/d and NEL pivot supply of 95 MJ/d. Expressed relative to pivot supply, MP supply simulated goes from -1488 to +1512 g/d, and NEL supply from -95 to +115 MJ/d. Points of the same color linked by a line are at same NEL supply.

Figure 3 .

 3 Figure 3. Simulated milk protein yield relative to MP above maintenance supply using milk protein yield response equation presented in Chapter 2 (Table 4) for an animal producing 997 g/d of milk protein yield and 95 MJ/d of milk energy yield at pivot efficiency. The NEL effects are shown by the vertical displacement between the lines. The area with upward diagonal grey lines represents the range of data used for the calibration of the equations (mean ± 2 SD; -460 to +368 g MP/d and -30 to +30 MJ NEL/d, expressed relative to pivot).

Figure 4 .

 4 Figure 4. A schematic representation of milk protein yield response to MP above maintenance supply. The black line represents the fixed global MP efficiency of 0.67. The blue line, derivative of the response curve, represents the marginal MP efficiency of 0.19, when global MP efficiency is equal to 0.67.

Figure 5 .

 5 Figure 5. Milk component yields response to NEL supply above maintenance (expressed relative to NELpivot, MJ/d). NELpivot = Level of NEL above maintenance supply for which NEL efficiency is 1.

  Abbreviations Ntrt, Nexp, and RMSE are used for numbers of treatment means, number of experiments and root mean square prediction error.

  . Because of the low number of experiment used for the evaluation, it does not represent a strong and robust evaluation. It simply represents the ability of the model to simulate response on these two particular situations. Using the means of dry-matter intake and milk component yields measured between days in milk 100 and 200, and the estimated dietary NEL and MP contents, lactation curves for milk component yields were estimated. With the exception of the first 50 days in milk for milk protein yield inLaw et al. (2009) experiment, the shapes of the lactation curves were adequate (CCC>0.908 and RMSPE<7.1%) for milk component yields. The prediction of the deviation from these lactation curves for a change in ration composition reveals that dry-matter intake response was not adequately predicted by the model. The size of the response was under predicted inLaw et al. (2009) during most of the lactation and inFriggens et al. (1998) during the first half of the lactation. This is obviously problematic to predict subsequent response in milk component yields. This indicates further work would be required to better predict dry-matter intake response to change in dietary composition. In particular, the effect of stage of lactation on the size of the response deserves better quantification.The accuracy of prediction of the body weight curve during lactation (i.e. body weight loss and gain) was adequate for theFriggens et al. (1998) experiment but largely inadequate for theLaw et al. (2009) experiment (Chapter 5). In the model, body mobilization is sensitive to milk yield potential and degree of maturity. However, for animals of similar milk yield potential and parity, important variability still remained with respect to the amount of body tissue that can be mobilized in early lactation. As the model cannot adjust for this variability, the prediction of body weight change is likely to result in large variability in prediction accuracy as observed with these two experiments. The use of different scaling factor for size of mobilization for the Holstein breed between the 2 datasets used in Chapter 4 (Aarhus dataset and Trouw Nutrition dataset) also reflects the difficulty of predicting body weight. As observed for milk component yields response in theLaw et al. (2009) experiment, body weight response also suffered from a lack of accuracy. However a comparison between energy balance estimated from the body (from actual measure of BW and BCS) and energy balance estimated from the traditional approach (energy inenergy out) has revealed a large inconsistency within the data ofLaw et al. (2009), which logically impacted the model prediction.

  Figure6illustrates the positioning of the model related to required inputs. As the dynamic response model does not deal with digestive processes, it needs to be associated with a digestive model in order to convert feed chemical composition into ration nutrient composition. The initial animal performance (milk yield and composition, BW and BCS) as well as animal physiological status are also required to adjust the model for the given farm situation. The model then predicts whole-lactation curves for the initial rations as well as for a new ration.

Figure 6 .

 6 Figure 6. Overview of the model inputs and outputs.

  Dry-matter intake to change in forage NDF and MP contents -Milk yield, milk component yields and contents to change in dietary MP and NEL content -Milk yield, milk component yields and contents to change in dietary MP and NEL supply above maintenance

Figure 1 .

 1 Figure 1. Représentation théorique d'une réponse laitière à un changement d'apport alimentaire. Quel est le potentiel laitier maximale : POT 1 ? POT 2 ?

Figure 2 .

 2 Figure 2. Relation (A) entre les apports en PDI disponible et NEL disponible et (B) entre les apports en PDI67 et NEL100.

Figure 3 .

 3 Figure3. Réponse intra-expérience de la production de lait (A) et de protéines laitières (B) par les vaches en fonction des apports de PDI67 et NEL100.

  vache. Dans ce cas, le potentiel de production maximale (=efficacités marginales nulles) est atteint lorsque les efficacités globales des PDI et des NEL sont faibles. Cependant la zone où les efficacités marginales approchent 0 est caractérisée par peu de données et ne peut donc être définie avec précision.

Figure 4 .

 4 Figure 4. Réponse de la production de protéines laitières en fonction des apports de PDI disponible pour 3 groupes de vaches à potentiel laitier faible (■), moyen (○) et fort (•), produisant 600 g/j, 1000 g/j et 1400 g/j de protéines laitières au pivot protéique, respectivement.Nous avons donc préféré nous appuyer sur une situation nutritionnelle pivot parfaitement définie et équivalente aux moyennes d'efficacités globales des PDI et des NEL de la base de donnée (67% pour les PDI et 100% pour les NEL) sur laquelle les équations de réponses s'appliquent. En faisant l'hypothèse que les efficacités marginales en PDI et en NEL sont constantes au pivot pour n'importe quel potentiel de production, le pivot peut être utilisé pour estimer où se situe une vache donnée par rapport à son potentiel. En effet avec cette hypothèse, la distance entre la production au pivot et la production potentiel est fixe pour toutes vaches. La Figure4illustre l'intérêt du pivot pour l'application de la courbe de réponses de production de protéine laitière à travers 3 vaches de potentiels différents. On peut voir que le pivot permet de faire « coulisser » la courbes de réponse le long de l'efficacité globale des PDI de 67% selon le potentiel de l'animal considéré. A noter que sur cette Figure, l'effet de NEL sur la sécrétion de la protéine laitière est ignoré. Lorsque que les effets simultanées des PDI et des NEL sont considérés (Figure5), on peut voir que pour une vache donnée, plusieurs situations nutritionnelles conduisent à une efficacité globale des PDI de 67%. En revanche la situation nutritionnelle au pivot, déterminé par une efficacité globale des PDI de 67% et une efficacité globale des NEL de 100%, est unique. Dans l'exemple de la Figure5, le pivot

Figure 5 .

 5 Figure 5. Réponse de la production de protéines laitières en fonction des apports de PDI disponible et NEL disponible pour une vache produisant 1000 g/j de protéines laitières au pivot nutritionnelle.L'intérêt de ce double pivot protéique et énergétique est qu'il peut être calculé algébriquement en combinant les réponses des sécrétions d'énergie et de protéine laitière à partir d'une situation de départ (production laitière, ingestion, ration). Une fois le pivot calculé, les réponses multiples (quantité et composition du lait) aux changement de PDI et/ou de NEL peuvent être prédites. Cette approche de proposer des équations de réponses centrées sur un pivot a été évaluée à l'aide de deux jeux de données indépendants, où différentes rations ont été appliqués pendant toute la lactation. Les deux jeux de données ont été décrits entièrement parFriggens et al. (1998) et Law et al. (2009). Celuide Friggens et al. (1998) se caractérise par 2 rations différentes : une à faible proportion de concentré (PCOBAS, 27% de la MS) et une à forte proportion de concentré (PCOHAUT, 59% de la MS). Dans l'essaide Law et al. (2009), trois teneurs en protéine de la ration ont été testées (MATBAS de 11.4%, MATMOYEN de 14.4%, MATHAUT de 17.3%). Dans ces deux expériences, une ration alternative a été offerte à la moitié des animaux de chacun des traitements à partir du milieu de lactation (environ 150 jours). A titre d'exemple, 50% des animaux recevant la ration MATBAS a reçu la ration MATMOYEN à partir de 150 jours de lactation et ce jusqu'à la fin de la lactation. Nous avons donc cherché à prédire, à l'aide des données d'un des traitements offert, la production au pivot pour chaque semaine de la lactation. Ce pivot a ensuite été utilisé pour appliquer les équations de réponses et prédire ainsi les productions des autres traitements. Les expériencesde Friggens et al. (1998) etde Law et al. (2009) représentent un défi

L

  'ensemble des paramètres du modèle a été calibré à partir des données hebdomadaires du troupeau de la ferme laitière expérimentale Trouw Nutrition R&D (Kempenshof, Boxmeer, Pays-Bas) récoltées entre 2003 et 2012. Dans ce jeux de données, les vaches de race Holstein ont reçu une ration semi-complète à base d'ensilage de maïs et d'ensilage d'herbe complétée par un concentré de production fournit séparément. Cette ration est considérée comme satisfaisante pour exprimer au mieux le potentiel des animaux. Grâce à la grande variabilité des niveaux de production, nous avons créé quatre sous-groupe d'animaux de potentiel laitier différents. Pour chacun de ces quatre groupes, les courbes moyennes de lait brut, de secrétions des composants du lait, de variation de poids vifs et d'ingestion ont été utilisé pour calibrer les paramètres du modèle. La figure 6 donne un aperçu de la calibration du modèle pour le lait brut et la protéine laitière à travers les quatre lots d'animaux de potentiel différent. Les différences entre les quatre courbes présentées sur cette figure sont uniquement due au paramètre POT, qui permet d'ajuster l'ensemble des courbes du modèle selon le potentiel de la vache laitière.

Figure 6 .

 6 Figure6. Comparaison entre valeurs observées (Δ,▲,○,•) et prédites (courbes) de la production de lait (A) et de protéines laitières (B) en fonction du stade de lactation pour 4 lots de vaches multipares de race Holstein de potentiel de production différent : 33 (Δ), 39 (▲), 43 (○) et 49 (•) kg de lait au pic.

  laitières (Rouge Danoise, Holstein et Jersiaise) qui ont reçu la même ration complète ad libitum (6,64 MJ de NEL/kg MS) pendant toute la lactation. Ce jeu de données a permis d'ajuster les 7 paramètres de facteur d'échelle (3 pour le lait, 2 pour les réserves corporelles lipidiques associés à 2 pour les réserves corporelles protéiques) pour chacune des races. De plus il a aussi permis l'évaluation du modèle précédemment paramétré à l'aide du jeu de données de Trouw Nutrition. Au global, pour toute les sorties du modèle pour les 3 races, l'écarts type de prédiction moyen était 4.4% (exprimés en pourcentage des moyennes observées) et le CCC moyen de 0.832. Ces résultats montrent que la structure du modèle est bien adaptée pour simuler les trajectoires de races de vache différente. La Figure7illustres la comparaison entre valeurs observées et prédites pour le lait brut et la sécrétion de protéine laitière.

Figure 7 .

 7 Figure 7. Comparaison entre valeurs observées (▲,○,•) et prédites (courbes) de la production de lait (A) et de protéines laitières (B) en fonction du stade de lactation pour 3 races de vaches multipares: Jersiaise (▲), Rouge Danoise (○) et Holstein (•).

  cohérents, tiré de deux grandes bases de données, qui sont représentatifs d'une large diversité de types d'animaux (Holstein de différents potentiels laitier, Jersiaise et Rouge Danoises) pour différente parités.4. Intégration des lois de réponses dans le modèle dynamiqueAfin de prédire les conséquences d'un changement alimentaire sur le long terme, la dernière étape de cette thèse a consisté à combiner les deux grands modèles décrits précédemment. Le premier modèle, décrit dans la partie 3, quantifie les effets du stade physiologique (stade de lactation, stade de gestation et croissance) sur un ensemble de trajectoires (ingestion MS, production et composition du lait, poids vif et composition corporelle) au cours d'une lactation pour différent type de vaches laitières (inter et intrarace). Le deuxième, décrit dans la première partie quantifie l'effet de la nutrition sur l'ingestion, la production et la composition du lait. Ces courbes de réponses sont centrées sur un pivot nutritionnel qui donne simultanément une efficacité des PDI de 67% et des NEL de 100%. En revanche, les courbes dynamiques sont représentatives d'animaux en situation nutritionnelle plutôt favorable à l'expression du potentiel. Il convient donc de se poser la question de la trajectoire des efficacités des PDI et NEL associées à ces courbes dynamiques. Il se trouve que les efficacités des PDI et de NEL diminuent avec l'avancement de la lactation (Figure8).
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 9 Figure 9. Efficacités des PDI disponibles (A) et de NEL disponible (B) au cours de la lactation calculées pour les traitements PCOHAUT et MATHAUT publiés, respectivement par Friggens et al. (1998) et Law et al. (2009).
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 10 Figure10. Comparaison entre valeurs observées (○,•) et prédites (courbes) de l'ingestion de matière sèche (A) et de la production de protéines laitières (B) en fonction du stade de lactation pour une ration à forte teneur en concentré (59% de la matière sèche •) et à faible teneur en concentré (27% de la matière sèche ○).

  Prédiction dynamique des lois de réponses de production et composition du lait aux régimes alimentaires chez la vache laitière Mots clés : Vaches laitières, lois de réponses, potentiel de production, nutrition, modélisation.

  

  

  

  

  

Table 1

 1 Animal performance characteristics

	Variable	Nt	Mean	SD	Minimum	Maximum
	DIM (d)	819	131	51	50	337
	BW (kg)	825	618	48	385	769
	DMI (kg/d)	825	21.5	3.5	5.6	31.8
	DMI (%BW)	825	3.48	0.47	0.90	4.91
	Concentrate (%DMI)	825	47	13	0	82
	Milk (kg/d)	825	31.1	7.0	13.8	49.3
	Milk component yields (g/d)					
	Fat	825	1131	246	510	1715
	Protein	825	973	203	381	1505
	Lactose	545	1484	347	596	2304
	Milk component contents (g/kg)				
	Fat	825	36.8	5.3	21.9	52.5
	Protein	825	31.5	2.3	26.0	41.0
	Lactose	545	47.7	2.0	37.5	54.8

Nt= Number of treatment means; DIM = Days in milk, defined as the mean during the measurement period; BW= Body weight; DMI = Dry-matter intake.

Table 2

 2 Chemical compositions of the published treatments and calculated nutritional values with INRA Systali feed unit system.

	Variable	Nt	Mean	SD	Minimum	Maximum
	Analysed chemical composition (g/kg DM)				
	CP	825	172	22	86	271
	NDF	794	346	62	220	647
	FNDF	691	250	75	99	647
	ADF	623	202	43	103	408
	Starch	377	225	98	0	476
	EE	244	43	12	15	84
	Calculated chemical composition (g/kg DM)				
	CP	825	172	22	88	259
	NDF	825	349	62	198	637
	FNDF	825	253	71	94	637
	Starch	825	234	96	0	435
	EE	825	41	12	17	90
	Nutritional values calculated with INRA Systali feed unit system		
	NEL (MJ/kg DM)	825	6.71	0.42	5.18	7.85
	MP (g/kg DM)	825	97	12	64	152
	MP above maintenance (g/d)	825	1428	330	444	2377
	NEL above maintenance (MJ/d)	825	97	23	21	160
	MP67 (g/d)	825	-46	207	-847	603
	NEL100 (MJ/d)	825	0.45	15	-59	41
	NEL in milk/NEL above					
	maintenance	825	0.99	0.17	0.60	1.82
	MP efficiency	825	0.69	0.08	0.42	1.06
	FNDF = Forage NDF; EE = Ether					

Table 3

 3 Responses of milk yield and milk composition to changes in dietary NEL content (MJ/kg DM) and MP content (g/kg DM). The co-variables are mean centred on: NEL = 6.7 MJ/kg DM, MP = 100 g/kg DM.

		Nexp	Intercept	Linear NEL	Quadratic NEL	Linear MP	Quadratic MP	NEL x MP	Outlier (%)	RMSE
	Milk (MJ/d)	278	96.01 (0.26) 1	__	-5.09 (0.98)	0.286 (0.024) -0.0083 (0.0010)	0.183 (0.046)	2.4	3.81
	Milk (kg/d)	279	32.09 (0.10)	0.99 (0.29)	-1.05 (0.34)	0.104 (0.009) -0.0028 (0.0003)	0.050 (0.016)	2.1	1.33
	Milk component yields (g/d)							
	Fat	279	1165 (4)	-56.7 (12.0)	-70.3 (13.6)	2.85 (0.38)	-0.071 (0.014)	__	2.1	57.3
	Protein	280	1006 (4)	58.4 (10.7)	-30.3 (12.8)	3.60 (0.34)	-0.116 (0.013)	2.70 (0.61)	2.2	48.9
	Lactose	177	1542 (7)	56.2 (19.3)	-71.8 (23.2)	6.11 (0.71)	-0.14 (0.03)	3.03 (1.11)	0.9	77.4
	Milk component contents (g/kg)							
	Fat	280	36.79 (0.10) -2.49 (0.34)	-1.22 (0.38)	-0.044 (0.011)	__	__	1.8	1.60
	Protein	276	31.61 (0.04)	0.80 (0.13)	__	0.022 (0.004) -0.0011 (0.0002)	0.024 (0.007)	2.3	0.63
	Lactose	174	47.82 (0.03)	__	-0.37 (0.11)	__	__	__	2.2	0.44

Nexp=Number of experimental groups; Outlier = Observations with studentized residuals higher than 3 (or lower than -3); RMSE=Root mean square error after adjusting for the effect of experiment. 1 Standard errors of the coefficient are reported in parentheses. Models were chosen based on AIC (see Material and methods). All coefficients were significantly different from 0 at least at the level P<0.05. These coefficients can be used to predict milk responses within the ranges of 5.9 -7.6 MJ/kg DM for NEL and 73 -121 g/kg DM for MP (means ± 2 SD), which reflect the current dataset.

Table 4

 4 Responses of milk yield and milk composition to changes in NEL100 supply (MJ/d) and MP67 supply (kg/d). The co-variables are mean centred on supplies for which: NEL in milk/NEL above maintenance = 1.00, Milk protein yield/MP above maintenance = 0.67.

		Nexp	Intercept	Linear NEL100	Quadratic NEL100	Linear MP67	Quadratic MP67	Outlier (%)	RMSE
	Milk (MJ/d)	277	95.0 (0.2) 1	0.166 (0.017)	-0.0018 (0.0005)	15.09 (1.16)	-17.28 (2.25)	1.3	2.93
	Milk (kg/d)	279	31.65 (0.05)	0.078 (0.005)	-0.0003 (0.0001)	5.40 (0.35)	-3.31 (0.69)	1.6	0.88
	Milk component yields (g/d)						
	Fat	278	1155 (3)	0.611 (0.303)	-0.021 (0.008)	159.18 (20.30)	-238.16 (39.16)	2.3	50.6
	Protein	277	997 (2)	3.137 (0.184)	-0.021 (0.005)	190.00 (12.60)	-192.57 (24.33)	1.8	31.4
	Lactose	177	1519 (3)	4.076 (0.338)	__	282.81 (24.90)	-172.43 (50.47)	0.7	51.5
	Milk component contents (g/kg)						
	Fat	279	36.68 (0.06)	-0.0656 (0.0071)	__	__	__	2.2	1.57
	Protein	275	31.54 (0.03)	0.0270 (0.0034)	__	0.60 (0.24)	-2.00 (0.45)	2.3	0.59
	Lactose	173	47.78 (0.02)	0.0097 (0.0021)	__	__	__	2.2	0.43
	Nexp = Number of experimental groups; Outlier = Observations with studentized residuals higher than 3 (or lower than -3); RMSE=Root mean
	square error after adjusting for the effect of experiment.					
	1 Standard errors of the coefficient are reported in parentheses.					

Annex 2. INRA Systali feed units system

  

	and on a supply basis. Those equations were obtained from standardized dietary NEL and
	MP contents across all treatments by using a common digestive model. Effects of NEL
	and MP supplies were additive for all milk component yield responses. Finally, the Brief description of recent updates
	developed equations accurately describe milk responses over a wide range of dietary NEL Full details for the calculations of net energy for lactation (NEL) and metabolizable protein
	(5.9 -7.6 MJ/kg DM) and MP contents (73 -121 g/kg DM). (MP) values are given in Sauvant and Nozière, 2016 1 . Briefly the update of INRA Systali
	feed units system consisted on quantifying the effect of digestive interactions on nutrients
	supplies and subsequently on NEL and MP values by numerous meta-analyses of
	literature data. The main causes of digestive interactions included in the model are the
	feed intake level (DMI, % BW), the dietary proportion of concentrate and the rumen protein
	balance (RPB). The latter which is the difference between CP intake and CP flow to the
	duodenum (NH3 excluded) is also used, together with the fermentable organic matter to
	calculate the amount of microbial CP measured at duodenum. Therefore, the former
	distinction between MP limited by energy (PDIE) and MP limited by N (PDIN) used in the
	previous version of the INRA MP system is no longer applied and replaced by the couple,
	MP and RPB (Sauvant and Nozière, 2016) 1 . Practically, MP values are equivalent to the
	PDIE and are expressed in grams of protein digested in the small intestine supplied by
	rumen undegradable protein and by microbial protein.
	changes in forage NDF and MP contents, and for responses in milk (yield, component
	yields and composition) to changes in dietary NEL and MP, both on concentration basis

Annex 3. Random model outputs with dietary NEL and MP contents as co-variables

  

	Table S1 Responses of milk yield and milk composition to changes in dietary NEL content (MJ/kg DM) and MP content (g/kg DM). The
	co-variables are mean centred on: NEL = 6.7 MJ/kg DM, MP = 100 g/kg DM.			
		Nexp	Intercept	Linear NEL Quadratic NEL	Linear MP	Quadratic MP	NEL x MP	Outlier (%)	RMSE
	the current work, EB was expressed as NEL in MJ per day and calculated as: [daily DMI Milk (MJ/d) 278 96.14 (1.07) 1 __ -5.25 (0.96) 0.294 (0.024) -0.0088 (0.0010)	0.185 (0.045)	2.4	3.81
	x dietary metabolizable energy (ME) content -(0.607 x BW 0.75 + daily NEL requirement Milk (kg/d) 279 32.15 (0.39) 0.96 (0.28) -1.12 (0.34) 0.110 (0.009) -0.0030 (0.0003)	0.050 (0.016)	2.1	1.33
	for milk / kls ] x kgt where: 0.607 represents the ME requirement for maintenance. The Milk component yields (g/d)		
	coefficient kls is the efficiency to convert dietary ME into milk NEL, calculated as kls = 0.65 Fat 279 1166 (15) -54.3 (11.5) -70.5 (13.2) 2.90 (0.37) -0.078 (0.014)	__	2.1	57.3
	+ 0.247 x [(ME/GE) -0.63] with GE as gross energy. The coefficient kgt is the efficiency to Protein 280 1009 (11) 53.0 (10.1) -35.2 (12.4) 3.83 (0.33) -0.126 (0.013)	2.64 (0.59)	2.2	49.0
	convert NEL from body reserves into milk NEL and also to convert dietary ME into NEL Lactose 177 1546 (24) 49.1 (18.7) -80.5 (22.7) 6.32 (0.68) -0.15 (0.03)	2.94 (1.10)	0.9	77.1
	body reserves. The coefficient kgt is calculated as follow: kgt = kls + 0.15. Milk component contents (g/kg)			
	Fat	280	36.71 (0.31) -2.29 (0.31)	-0.96 (0.37)	-0.056 (0.010)		__	__	1.8	1.63
	1 Sauvant D and Nozière P 2016. The quantification of the main digestive processes in ruminants: Protein 276 31.59 (0.14) 0.69 (0.13) __ 0.018 (0.004) -0.0010 (0.0002)	0.025 (0.007)	2.3	0.63
	the equations involved in the renewed energy and protein feed evaluation systems. Animal, Accepted. Lactose 174 47.82 (0.15) __ -0.38 (0.10) __	__	__	2.2	0.44
	2 Sauvant D, Cantalapiedra-Hijar G, Delaby L, Daniel JB, Faverdin P and Nozière P 2015. Nexp=Number of experimental groups; Outlier = Observations with studentized residuals higher than 3 (or lower than -3); RMSE=Root Actualisation des besoins protéiques des ruminants et détermination des réponses des femelles mean square error after adjusting for the effect of experiment. laitières aux apports de protéines digestibles dans l'intestin (PDI). INRA Production Animales, 28: 1 Standard errors of the coefficient are reported in parentheses. 347-368. 3 National Research Council 2001. Nutrient requirements of dairy cattle, Seventh revised edition. Models were chosen based on AIC (see material and methods). All coefficients were significantly different from 0 at least at the level
	National Academy Press, Washington DC. P<0.05.					
	4 Sauvant D, Ortigues-Marty I, Giger-Reverdin S and Nozière P 2015. Actualisation des besoins et These coefficients can be used to predict milk responses within the ranges of 5.9 -7.6 MJ/kg DM for NEL and 73 -121 g/kg DM for
	efficacités énergétiques des femelles laitières. Rencontre Recherche ruminants 2015, 22: 225-MP (means ± 2 SD), which reflect the current dataset.		
	228.								
	5 Faverdin P, Delagarde R, Delaby L and Meschy F 2007. Alimentation des vaches laitières. In:		
	Alimentation des bovins, ovins et caprins. Besoins des animaux -Valeur des aliments -Tables		
	INRA 2007, mise à jour 2010. pp. 23-58. Editions Quae, Versailles, France.			

Annex 4. Random model outputs with NEL100 and MP67 supplies as co-variables

  

	Table S2 Responses of milk yield and milk composition to changes in NEL100 supply (MJ/d) and MP67 supply (kg/d). The co-variables	
	are mean centred on supplies for which: NEL in milk/NEL supply above maintenance = 1.00, Milk protein yield/MP above maintenance	
	= 0.67.								
		Nexp	Intercept	Linear NEL100	Quadratic NEL100	Linear MP67	Quadratic MP67	Outlier (%)	RMSE
	Milk (MJ/d)	277	95.0 (1.2) 1	0.158 (0.017)	-0.0020 (0.0005)	14.88 (1.14)	-17.34 (2.24)	1.5	2.93
	Milk (kg/d)	279	31.66 (0.42)	0.077 (0.005)	-0.00034 (0.00014)	5.30 (0.35)	-3.33 (0.69)	1.3	0.88
	Milk component yields (g/d)						
	Fat	278	1157 (15)	__	-0.026 (0.008)	174.6 (15.9)	-240.8 (38.9)	2.2	50.8
	Protein	277	997 (12)	3.093 (0.180)	-0.023 (0.005)	184.5 (12.4)	-192.9 (24.2)	1.2	31.4
	Lactose	177	1518 (25)	4.090 (0.333)	__	275.2 (24.6)	-169.7 (50.3)	0.9	51.5
	Milk component contents (g/kg)						
	Fat	279	36.69 (0.29)	-0.073 (0.0068)	__	__	__	2.5	1.57
	Protein	275	31.54 (0.14)	0.0267 (0.0033)	__	0.50 (0.23)	-2.01 (0.44)	2.3	0.60
	Lactose	173	47.78 (0.15)	0.0091 (0.0021)	__	__	__	2.2	0.43
	Nexp = Number of experimental groups; Outlier = Observations with studentized residuals higher than 3 (or lower than -3); RMSE=Root	
	mean square error after adjusting for the effect of experiment.					
	1 Standard errors of the coefficient are reported in parentheses.					
	Interaction between NEL100 and MP67 was not significant for any of the variables studied.			
	Models were chosen based on AIC (see material and methods). All coefficients were significantly different from 0 at least at the level	
	P<0.05.								

Annex 5. Effect of weighting the observations on model coefficients estimate: Milk yield response to change in NEL and MP contents as an example

  

	Table S3 Model comparison for the milk yield response to changes in dietary NEL content (MJ/kg DM) and MP content (g/kg DM). The
	co-variables are mean centred on: NEL = 6.7 MJ/kg DM, MP = 100 g/kg DM.			
		Nexp	Intercept	Linear NEL	Quadratic NEL	Linear MP	Quadratic MP	NEL x MP	Outlier (%)	RMSE
	Milk (kg/d)								
	Model 1	267	32.16 (0.09) 0.81 (0.29)	-1.19 (0.33)	0.098 (0.009) -0.0031 (0.0004) 0.061 (0.016)	2.5	1.26
	Model 2	267	32.18 (0.10) 0.87 (0.29)	-1.29 (0.34)	0.102 (0.009) -0.0031 (0.0004) 0.059 (0.016)	2.5	1.31
	Model 3	279	32.09 (0.10) 0.99 (0.29)	-1.05 (0.34)	0.104 (0.009) -0.0028 (0.0003) 0.050 (0.016)	2.1	1.33
	Nexp=Number of experimental groups; Outlier = Observations with studentized residuals higher than 3 (or lower than -3); RMSE=Root
	mean square error after adjusting for the effect of experiment.				
	1 Standard errors of the coefficient are reported in parentheses.				
	Model 1= Weighting of the observations with their reverse standard error of the mean (SEM) centred on the global average SEM, using
	only the dataset where SEM were reported (Nexp=272); Model 2= No weighting of the observations, using only the dataset where SEM
	were reported (Nexp=272); Model 3= No weighting of the observations, using the complete dataset (Nexp=282).	
	Standard errors of the coefficient are reported between brackets.				
	Models were chosen based on AIC (see material and methods). All predictions were significantly different from 0 at least at the level
	P<0.005.								

Annex 6. Main ingredient of the investigated treatments Table S4 Main

  ingredients of the investigated treatments.

	Variable	Nt	Mean	SD	Minimum Maximum
	Ingredient, % of DM					
	Maize silage	488	35.2	15.8	7.0	97.7
	Alfalfa silage	299	29.4	18.1	1.0	100.0
	Grass silage	205	53.8	19.6	7.0	100.0
	Alfalfa hay	193	23.1	15.5	3.5	81.2
	Ground maize	367	23.2	11.0	1.2	51.9
	Maize gluten meal	128	3.5	3.3	0.3	19.0
	Maize gluten feed	103	8.4	6.8	1.7	33.6
	Dry distillers grains with solubles	93	8.0	6.6	0.2	30.1
	Wheat	168	9.7	6.6	1.0	50.2
	Barley	256	14.1	10.6	1.2	58.2
	Beet pulp 1	158	8.5	8.2	0.1	58.3
	Molasses 2	280	1.8	1.4	0.2	6.8
	Fish meal	136	2.0	1.7	0.2	12.9
	Blood meal	111	1.6	2.1	0.2	9.4
	Soybean meal	614	7.2	5.0	0.2	23.6
	Soybean meal, rumen bypass	162	6.5	4.4	0.3	20.1
	Soybean hulls	160	8.0	6.2	0.2	31.6
	Rapeseed meal	155	5.3	4.5	0.2	24.1
	Fat supplements 3	324	1.4	1.2	0.1	6.0
	Urea	187	0.56	0.45	0.03	3.70
	Statistics on inclusion percentage of feed ingredients were performed only with the treatments
	for which the diet included the ingredient studied.				
	1 Beet-pulp either molassed or unmolassed				
	2 Molasses from either sugarcane or sugar beet.				

Table 1 .

 1 Intake, milk production and calculated nutritional values with INRA Systali feed unit system for weekly data ofLaw et al. (2009). Means are for cows that received the same dietary treatment throughout the entire lactation 1 .

	11.4% CP	14.4% CP	17.3% CP

1 Means of 43 weekly means are presented. Number of cows per treatment was 16, 15 and 16 for 11.4% CP, 14.4% CP and 17.3% CP, respectively. 2 NELpivot = Level of NEL above maintenance supply for which NEL efficiency is 1 and MP efficiency is 0.67; MPpivot = Level of MP above maintenance supply for which MP efficiency is 0.67 and NEL efficiency is 1.

Table 2 .

 2 Intake, milk production and calculated nutritional values with INRA Systali feed unit system for weekly data ofFriggens et al. (1998). Means are for cows that received the same dietary treatment throughout the entire lactation 1 .

	27% concentrate	59% concentrate

1 Means of 42 weekly means are presented (43 for DMI and milk yield). Number of cows per treatment was 5.

Table 3 .

 3 Milk energy yield and milk

	component yields were predicted with a maximum RMSPE of 13.5% (for milk fat yield)
	and a minimum CCC of 0.784 (also for milk fat yield). The slope of the relationships
	between observed and predicted milk energy yield and milk component yields was
	within range of 0.75 and 1.03, indicating no major slope bias. In fact, the largest part
	of the prediction error was the random error component (minimum ED was 75.1% for
	milk fat yield). This quality of prediction was achieved despite large differences in MP

and NEL supply between treatments in dataset 1 (667 g/d in MP and 13 MJ/d

(3.11 

Mcal/d) in NEL, see Table

1

) and in dataset 2 (513 g/d in MP and 29

MJ/d (6.93 Mcal/d) 

in NEL, see Table

2

).

Table 3 .

 3 Summary of observed vs predicted milk energy yield and milk component yields from 2 independent datasets using weekly MP and NEL supply above maintenance as inputs. Predictions were made using response equations centered on MP and NEL pivots (see equations 3 and 4 in the text).

		Dataset 1	N	Observed 2	Predicted 2	RMSPE% 3 ECT% 4 ER% 5	ED% 6	CCC 7	Slope (SE)
	Milk energy yield, MJ/d (Mcal/d)	1 2	645 252	90.3 ± 12.2 (21.6 ± 2.9) (21.1 ± 3.0) 88.3 ± 12.6 85.9 ± 21.8 86.8 ± 19.9 (20.5 ± 5.2) (20.7 ± 4.8)	7.6 10.3	8.1 1.0	9.8 0.0	82.1 99.0	0.848 0.910	0.83 (0.019) 1.00 (0.028)
	Milk component yields, g/d									
	Fat	1 2	645 252	1,115 ± 145 1,084 ± 154 1,115 ± 288 1,117 ± 246	8.9 13.5	10.0 0.0	14.9 0.0	75.1 100.0	0.784 0.843	0.75 (0.022) 1.00 (0.039)
	Protein	1 2	645 252	951 ± 141 858 ± 217	942 ± 145 866 ± 219	9.3 9.6	1.0 0.8	11.6 4.4	87.3 94.8	0.807 0.928	0.79 (0.023) 0.92 (0.023)
	Lactose	1 2	645 252	1,402 ± 224 1,371 ± 201 1,250 ± 360 1,278 ± 328	9.1 10.0	6.1 4.8	1.1 0.8	92.8 94.5	0.822 0.934	0.93 (0.024) 1.03 (0.024)
				3.2		8.2	42.8	5.3	52.0	0.372	

1 Dataset 1:

Law et al. (2009)

, model prediction of the 6 dietary treatments (excluding the treatment used to calculate the pivots) with weekly data was performed from week 1 to week 43. Overall mean of the 3 predictions (using treatments (1) 11.4% CP, (2) 14.4% CP and (3) 17.3% CP to calculate the pivots) are presented. Dataset 2:

Friggens et al. (1998)

, model prediction of the 4 dietary treatments (excluding the treatment used to calculate the pivots) with weekly data was performed from week 2 to week 43. Overall mean of the 2 predictions (using treatments (1) 27% concentrate and (2) 59% concentrate to calculate the pivots) are presented. 2 Mean ± SD.

Table 4 .

 4 Comparison between reduced and full models in AICc, RMSE and slope of the relationships between observed vs predicted milk energy yield and milk component yields from 2 independent datasets See equation 10 in the text. Full: See equation 11 in the text.

							Slope (SE) 4
		Model 1	N	AICc 2	RMSE 3	Early-	Mid-	Late-
						lactation	lactation	lactation
	Law et al., 2009						
	Milk energy yield	Reduced 645 2,361 6.2 (1.48) Full 645 2,260 5.7 (1.36)	-0.85 (±0.030)	-0.72 (±0.036)	-0.70 (±0.034)
		Reduced 645 5,752	86	-	-	-
	Milk fat yield	Full	645 5,613	77	0.62 (±0.038)	0.58 (±0.038)	0.71 (±0.038)
	Milk protein yield	Reduced 645 5,705 Full 645 5,674	83 81	-0.84 (±0.039)	-0.78 (±0.038)	-0.62 (±0.043)
	Milk lactose yield	6 Reduced 645 6,211 Full 645 6,164	123 118	-0.98 (±0.046)	-0.85 (±0.045)	-0.71 (± 0.044)
	Friggens et al., 1998					
	Milk energy yield	Reduced 252 1,099 8.8 (2.10) Full 252 1,017 7.4 (1.77)	-0.70 (±0.041)	-0.79 (±0.073)	-0.97 (±0.082)
		Reduced 252 2,530	151	-	-	-
	Milk fat yield	Full	252 2,447	127	0.58 (±0.062)	0.58 (±0.108)	0.83 (±0.120)
	Milk protein yield	Reduced 252 2,215 Full 252 2,142	81 69	-0.72 (±0.030)	-0.90 (±0.055)	-0.93 (±0.061)
	Milk lactose yield	Reduced 252 2,424 Full 252 2,420	122 121	-0.96 (±0.064)	-1.08 (±0.075)	-0.92 (± 0.053)
	2 Corrected akaike's information criterion.			
	3 Root mean square error, expressed in g/d, except for milk energy yield, in MJ/d and Mcal/d
	in parentheses.						

1

Reduced:

Appendix 3 Table A3 . 1 .

 3A31 Summary of observed vs predicted milk energy yield and milk component yields from the dataset ofLaw et al. (2009) using weekly MP and NEL supply above maintenance as inputs. Predictions were made using response equations centered on MP and NEL pivots (see equations 3 and 4 in the text).

		Pivot 1	N	Observed 2	Predicted 2	RMSPE% 3 ECT% 4	ER% 5	ED% 6	CCC 7	Slope (SE)
		1	215	88.3 ± 12.1 86.3 ± 12.7	5.2	14.1	8.3	77.5	0.903	0.90 (0.021)
	Milk energy yield, MJ/d	2	215	89.4 ± 13.0 92.4 ± 14.1	7.1	21.9	11.5	66.7	0.892	0.85 (0.025)
		3	215	93.0 ± 10.8	86.2 ± 9.6	9.6	58.1	0.2	41.6	0.689	0.95 (0.041)
	Milk component yields, g/d									
		1	215	1,099 ± 145 1,037 ± 151	9.1	36.4	7.2	56.4	0.779	0.83 (0.034)
	Fat	2	215	1,106 ± 151 1,132 ± 170	8.5	7.5	20.0	72.5	0.831	0.75 (0.032)
		3	215	1,140 ± 134 1,082 ± 125	9.1	31.3	3.8	64.9	0.708	0.84 (0.046)
		1	215	924 ± 140	924 ± 145	6.2	0.0	8.3	91.6	0.912	0.89 (0.026)
	Protein	2	215	940 ± 153	994 ± 165	9.2	38.6	8.7	52.7	0.861	0.85 (0.026)
		3	215	988 ± 121	907 ± 101	11.5	49.6	0.7	49.6	0.585	0.90 (0.055)
		1	215	1,367 ± 220 1,361 ± 225	6.2	0.4	6.7	92.9	0.908	0.91 (0.025)
	Lactose	2	215	1,388 ± 242 1,438 ± 205	8.2	19.3	1.6	79.0	0.875	1.07 (0.034)
		3	215	1,451 ± 202 1,313 ± 146	11.7	66.2	3.8	30.0	0.644	1.23 (0.044)
	1			3.2		8.2	42.8	5.3	52.	0.372	

Table A3 .

 A3 2. Summary of observed vs predicted milk energy yield and milk component yields from the dataset ofFriggens et al. (1998) using weekly MP and NEL supply above maintenance as inputs. Predictions were made using response equations centered on MP and NEL pivots (see equations 3 and 4 in the text).

		Pivot 1	N	Observed 2	Predicted 2	RMSPE% 3 ECT% 4	ER% 5	ED% 6	CCC 7	Slope (SE)
	Milk energy	1	126	83.5 ± 20.4 81.5 ± 19.1	9.6	5.8	0.1	94.2	0.918	0.99 (0.037)
	yield, MJ/d	2	126	88.4 ± 22.9 92.1 ± 19.4	10.9	14.4	3.5	82.1	0.899	1.09 (0.040)
	Milk component yields, g/d									
	Fat	1 2	126 126	1,097 ± 276 1,046 ± 227 1,133 ± 300 1,188 ± 245	12.1 14.6	15.0 10.8	2.7 0.4	82.3 88.9	0.864 0.820	1.10 (0.048) 1.04 (0.057)
	Protein	1 2	126 126	818 ± 201 899 ± 227	814 ± 213 917 ± 214	10.1 9.1	0.2 5.1	11.4 0.1	88.4 94.8	0.919 0.930	0.87 (0.033) 0.99 (0.034)
	Lactose	1 2	126 126	1,183 ± 326 1,274 ± 347 1,317 ± 380 1,282 ± 309	10.5 9.6	52.9 8.0	5.9 19.2	41.2 72.7	0.934 0.934	0.91 (0.021) 1.18 (0.031)
	1			3.2		8.2	42.8	5.3	52.	0.372	

Table A3 . 3 .

 A33 Summary of observed vs predicted milk energy yield and milk component yields from 2 independent datasets using weekly MP and NEL supply above maintenance as inputs. Weekly predictions were made using response equations centered on MP and NEL supply above maintenance of one of the treatments (i.e. application of the response equations without any pivot).

		Dataset 1	N	Observed 2	Predicted 2	RMSPE% 3 ECT% 4	ER% 5	ED% 6	CCC 7	Slope (SE)
	Milk energy	1	645	90.3 ± 12.2 85.9 ± 10.9	12.1	16.1	8.7	75.3	0.583	0.70 (0.034)
	yield, MJ/d	2	252	85.9 ± 21.8 83.0 ± 16.7	12.8	7.1	5.1	87.9	0.842	1.15 (0.039)
	Milk component yields, g/d									
	Fat	1 2	645 252	1,115 ± 145 1,051 ± 131 1,115 ± 288 1,067 ± 213	12.2 15.7	22.1 7.5	8.9 1.5	69.0 90.9	0.560 0.765	0.69 (0.034) 1.10 (0.050)
	Protein	1 2	645 252	951 ± 141 858 ± 217	915 ± 122 823 ± 176	14.1 13.3	7.2 9.6	12.5 1.2	80.2 89.1	0.500 0.836	0.61 (0.039) 1.07 (0.039)
	Lactose	1 2	645 252	1,402 ± 224 1,350 ± 191 1,250 ± 360 1,252 ± 312	12.0 12.8	9.6 0.0	3.5 0.4	86.9 99.6	0.681 0.886	0.83 (0.032) 1.03 (0.032)
				3.2		8.2	42.8	5.3	52.0	0.372	

1 Dataset 1:

Law et al. (2009)

, model prediction of the 6 dietary treatments (excluding the treatment used to center the equation) with weekly data was performed from week 1 to week 43. Overall mean of the 3 predictions (using treatments (1) 11.4% CP, (2) 14.4% CP and (3) 17.3% CP to center the equation) are presented. Dataset 2:

Friggens et al. (1998)

, model prediction of the 4 dietary treatments (excluding the treatment used to calculate the pivots) with weekly data was performed from week 2 to week 43. Overall mean of the 2 predictions (using treatments (1) 27% concentrate and (2) 59% concentrate to calculate the pivots) are presented. 2 Mean ± SD.

3 Root mean square prediction error expressed as a percentage of the observed mean.

Table 1 .

 1 Parameters of the regulating sub-models for fat, protein and lactose describing the dynamics of relative priorities C, M and A

	Parameter	Description

2

Conc. date triggers DIP.

  To construct curves of milk fat yield (MFY, g/day) and milk protein yield (MPY, g/day), simple scaling parameters kMFY and kMPY are used to convert kinetics of C and M, generated by the regulating sub-models of fat and protein, into grams of fat and protein (equations 15 to 16 in Supplementary Material S1). As no storage of glucose was considered in the model, milk lactose yield (MLY, g/day) is simply predicted from the dynamic priority ML and a scaling parameter kMLY (equation 17 in Supplementary Material S1). An empirical equation was developed from a large

	 MY kg/day = a + 0.0173 ( 0.0002) × MLY + 0.0043 ( 0.0004)× MPY.  

database of the literature

(Daniel et al., 2016) 

to predict milk yield (MY, kg/day) from milk component yields. Based on 787 treatments means (179 experiments), the following within-experiment relationship (i.e. adjusting for differences between laboratories in milk analyses) was obtained, with a RMSE of 0.24 kg/day:

  The coefficients 0.0173 and 0.0043 indicate that for 1 kg of lactose, 17.3 kg of milk are secreted and for 1 kg of protein, 4.3 kg of milk are secreted, highlighting the importance of lactose in milk secretion. In the model, an intercept a was used to reflect observed decrease in milk lactose content with milk production potential (equation 18 in Supplementary Material S1). Milk composition was simply predicted as the ratio between secretion of fat, protein and lactose and milk yield (equation 19 to 21 in Supplementary Material S1).The parameters kAF, kCF, kAP and kCP are used to convert kinetics A and C (adjusted for the effect of growth) into kilograms of fat/protein being deposited/mobilised. A first set of values for these parameters were obtained based on measured body fat and protein changes from literature (see Supplementary Material S3). These values were then adjusted by calibration against the changes in empty BW observed in dataset 1 (Table2). To construct curves of total body fat (BF) and total body protein (BP), start of lactation values of BF and BP are required. This is done using 2 input parameters:Mature empty BW (MEBW, kg), assumed to be reached in third parity, and body condition score (BCS) at calving under favourable conditions, i.e. reflecting the animals genetically determined level of fatness (BCSc, 1-5 scale). Body fat is calculated as:

	 dΔBF kg/day = A GRβ  F (( )  dt		F kA -C GRβ F ) (( ) 		kC	F	),	(5)
	dΔBP dt		kg/day = A GRβ (( )   P		) (( kA -C GRβ )  P P		kC	P	),	(6)
	Empty body weight and composition. Changes of body fat and body protein during

lactation were predicted from kinetics controlled by regulating sub-models of fat (AF and CF) and protein (AP and CP) with the following differential equations:

  the efficiency of conversion from ME to NEG and kls, the conversion of ME to NEL(Sauvant et al., 2015; Table 2). Growth rates for BP and BF are respectively derived from equations 32 and 33 in Supplementary Material S1. The calculated NEL requirement for growth was in agreement with other feed unit systems(AFRC, 1993; 

	with kgt, NRC, 2001). For pregnancy the net energy content of the gravid uterus (NEGU) was
	first calculated as:										
	 NE preg MJ/day = k  GU	NEL_GU		PR EGα ,				
	 NE milk MJ/day = 39.8  L		MFY 1000	+ 23.9		MPY 1000	+ 16.5		MLY 1000	,	(13)
	Growth requirement in NEL was:					
	 NE growth MJ/day = L 			  BP growth × 23.9 + BF growth × 39.8			,
								gt k × k	ls		(14)

Table 2 .

 2 Parameters of the operating sub-model

			Dataset 1		Dataset 2		
	Parameter	Description	Holstein	Danish	Holstein	Jersey	Equation 1
				Red			
	Milk production						
	kMFY	Scale change applied to (CF+MF) (g/day)	1600	1490	1600	1818	
	kMPY	Scale change applied to (CP+MP) (g/day)	1315	1241	1315	1344	
	kMLY	Scale change applied to ML (g/day)	1950	1950	1950	1915	
	kMY	Intercept adjustment of equation 17 (unitless)		0.4			
	Empty BW and gravid uterus					
	kCF	Scale change applied to CF (kg/day)	2.00	1.80	2.28	1.80	
	kAF	Scale change applied to AF (kg/day)	0.50	1.00	0.90	0.50	
	kCP	Scale change applied to CP (kg/day)	1.00	2.40	1.50	3.75	
	kAP	Scale change applied to AP (kg/day)	0.06	0.12	0.06	0.03	
	MEBW	Mature empty BW (kg)	512-555	540	545	375	24,25,32,33
	BCSc	Body condition score at calving (1-5 scale)	3.25	3.65	3.50	3.30	24,25,32,33
	BCS_BF	From BCS (1-5 scale) to body fat content (unitless)		0.037683		24,25,28,32,33
	BP_FFM	Protein content of fat-free mass		0.215			25,27,29,32,33
	GUcalv	Weight of the gravid uterus before calving (kg)		87			
	NEL requirements					
	EBW_BW	Empty BW/BW ratio (unitless)		0.80			
	FFM_EBW	Fat-free mass / empty BW ratio (unitless)		0.80			
	kM	Maintenance requirement (MJ/kg 0.75 )		0.394			
	kls	Efficiency from ME to NEL (unitless)		0.65			34, 36, 37
	kgt	Efficiency from ME to NEG (unitless)		0.80			34,37
	kNEL_GU	Scale change applied to PREGα for NEL requirement (unitless)		5.5			
	kGU	Efficiency of ME use by the gravid uterus (unitless)		0.14			
	EF	Energy content of 1 kg fat (MJ/kg)		39.8			31,34,37
	EP	Energy content of 1 kg protein (MJ/kg)		23.9			31,34,37
	EL	Energy content of 1 kg lactose (MJ/kg)		16.5			
	[NEL]	Dietary NEL content (MJ/kg DM)		User			
	ME=Metabolizable energy; NEL=Net energy for lactation; NEG=Net energy for body gain				
	1 Equation numbers are from Supplementary Material S1.					

Table 3 (

 3 statistics for parity 1 are in Supplementary Material S6). Mean RMSPE per variable and breed were systematically lower than 8.9%. This illustrates the overall ability of the model to adequately simulate sets of performance for Danish Red,

Table 2 .

 2 Values of POT were 29.1, 35.0 and 24.0 kg/day for DR, H and J cows, respectively. Parameters parity (P) and conception date (Conc. date) were set to 2 and 100 days in milk, respectively.

		1750				
						DR obs
	Milk lactose yield (g/d)	1500 1250 1000 750				H obs J obs DR pred H pred J pred
		500				
		0	50	100	150	200	250
				Days in milk	

in milk Dry-matter intake (kg/d)
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	DR pred
	H pred
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Table 3 .

 3 Summary of observed versus predicted outputs (empty BW, body condition score, dry-matter intake, milk yield, milk component yields, milk component contents) for second parity cows across breeds (Danish Red (DR) with POT 1 =29.1, Holstein (H) with POT=35.0, Jersey (J) with POT=24.0) of dataset 2.

		Observed 2	Predicted 2	RMSPE% 3 ECT% 4	ER% 5	ED% 6	CCC 7
	Empty BW (kg)						
	DR	513 ± 24	511 ± 21	0.8	13.4	45.4	41.2	0.99
	H	497 ± 16	499 ± 17	0.6	56.5	7.4	36.1	0.98
	J	340 ± 10	342 ± 10	1.2	24.3	4.9	70.8	0.92
	Body condition score (1-5 scale)					
	DR	3.47 ± 0.21	3.43 ± 0.17	2.0	37.7	17.1	45.2	0.95
	H	2.96 ± 0.21	2.92 ± 0.22	3.0	24.6	10.4	65.0	0.92
	J	3.01 ± 0.12	3.00 ± 0.16	1.7	1.1	51.2	47.8	0.96
	Dry-matter intake (kg/day)						
	DR	19.6 ± 1.4	18.8 ± 1.2	5.0	71.3	0.0	28.7	0.76
	H	22.0 ± 1.6	20.9 ± 1.6	5.5	82.2	0.6	17.2	0.77
	J	17.3 ± 1.1	17.4 ± 1.3	5.5	0.0	33.4	66.6	0.67
	Milk yield (kg/day)						
	DR	23.3 ± 3.8	23.2 ± 3.3	4.1	1.5	19.3	79.2	0.97
	H	28.2 ± 3.8	27.9 ± 3.9	3.7	10.2	4.2	85.6	0.96
	J	19.0 ± 2.9	19.3 ± 2.8	6.0	8.5	0.8	90.8	0.92
	Milk fat yield (g/day)						
	DR	1084 ± 161	1053 ± 113	5.8	24.4	49.1	26.5	0.95
	H	1268 ± 166	1251 ± 133	5.7	5.2	6.3	88.5	0.90
	J	1164 ± 119	1167 ± 127	4.9	0.2	13.4	86.3	0.89
	Milk protein yield (g/day)						
	DR	843 ± 89	835 ± 100	3.6	5.8	23.1	71.1	0.95
	H	986 ± 69	1004 ± 120	6.3	8.4	76.5	15.1	0.92
	J	786 ± 60	800 ± 95	5.0	10.7	81.4	7.8	0.97
	Milk lactose yield (g/day)						
	DR	1109 ± 210	1090 ± 172	6.5	6.6	14.2	79.2	0.95
	H	1341 ± 198	1289 ± 203	5.6	47.1	2.7	50.2	0.93
	J	900 ± 155	904 ± 142	7.6	0.3	0.2	99.4	0.90
	Milk fat content (g/kg)						
	DR	46.7 ± 2.2	45.7 ± 2.7	2.8	61.1	16.9	22.1	0.88
	H	45.1 ± 3.0	45.1 ± 2.5	2.8	0.4	2.6	97.0	0.91
	J	61.7 ± 4.2	60.7 ± 3.6	8.9	4.8	23.1	72.1	0.31
	Milk protein content (g/kg)						
	DR	36.6 ± 3.3	36.3 ± 3.8	6.2	1.8	23.9	74.4	0.80
	H	35.3 ± 3.4	36.3 ± 3.7	6.3	17.0	15.3	67.7	0.81
	J	41.9 ± 3.7	41.7 ± 4.3	8.2	0.6	31.6	67.8	0.63
	Milk lactose content (g/kg)						
	DR	47.4 ± 1.3	46.9 ± 1.1	2.6	14.3	9.1	76.7	0.53
	H	47.4 ± 0.8	46.1 ± 1.2	2.9	88.2	7.9	3.9	0.51
	J	47.2 ± 1.0	46.6 ± 1.1	2.5	22.7	26.4	50.9	0.47

Table S2 .

 S2 Calculated nutritional values with INRA Systali feed unit system

		Dataset 1 1	Dataset 2 1
		(Trouw Nutrition R&D)	(Nielsen et al. 2003)
	Variables	Mean	SD	Mean	SD
	CP (g/kg DM)	164	13	147	4
	RDP (g/kg DM)	112	9	104	4
	RUP (g/kg DM)	52	7	43	2
	NDF (g/kg DM)	385	26	352	25
	Forage NDF (g/kg DM)	303	50	236	25
	Starch (g/kg DM)	193	26	97	14
	EE (g/kg DM)	36	6	34	0
	Concentrate inclusion (% DM)	34	11	49	0
	NEL (MJ/kg DM)	7.17	0.24	6.64	0.31
	MP (g/kg DM)	90.0	6.5	83.5	1.4
	1 Statistics of 30 514 weekly individual data are presented for dataset 1 and 6 591 weekly
	individual data are presented for dataset 2.			

Table S4 .

 S4 Summary of observed versus predicted outputs (empty BW, dry-matter intake, milk yield, milk component yields, milk component contents) for multiparous cows across milk production potential (M1 is POT 1 =32.8; M2 is POT=39.1; M3 is POT=43.8; M4 is POT=49.4) of dataset 1.

		Observed 2	Predicted 2	RMSPE% 3 ECT% 4	ER% 5	ED% 6	CCC 7
	Empty BW (kg)						
	M1	510 ± 25	485 ± 16	5.5	76.9	3.5	19.6	0.47
	M2	504 ± 19	487 ± 16	3.8	64.7	0.8	34.4	0.52
	M3	505 ± 16	490 ± 17	3.1	48.3	13.5	38.2	0.44
	M4	508 ± 14	497 ± 18	2.7	30.6	33.5	35.9	0.35
	Dry-matter intake (kg/day)						
	M1	20.4 ± 1.8	20.1 ± 1.6	2.4	30.2	8.0	61.8	0.96
	M2	21.6 ± 2.0	21.7 ± 1.8	2.0	3.9	14.3	81.8	0.98
	M3	22.5 ± 2.2	22.9 ± 1.9	3.2	33.1	8.8	58.1	0.95
	M4	24.0 ± 2.2	24.4 ± 2.0	3.1	34.6	2.7	62.6	0.95
	Milk yield (kg/day)						
	M1	26.6 ± 4.4	26.3 ± 4.6	3.9	7.2	9.2	83.6	0.97
	M2	30.6 ± 5.8	31.1 ± 5.4	4.8	10.6	1.2	88.2	0.97
	M3	34.2 ± 6.4	34.6 ± 6.0	4.0	10.0	3.2	86.8	0.98
	M4	38.7 ± 7.2	38.9 ± 6.7	3.2	1.8	7.7	90.6	0.99
	Milk fat yield (g/day)						
	M1	1217 ± 156	1224 ± 167	3.9	1.9	12.0	86.0	0.95
	M2	1342 ± 211	1355 ± 182	5.3	2.6	2.0	95.4	0.92
	M3	1450 ± 231	1454 ± 194	6.3	0.1	3.8	96.1	0.92
	M4	1538 ± 233	1572 ± 207	6.3	10.2	0.2	89.6	0.90
	Milk protein yield (g/day)						
	M1	959 ± 116	982 ± 149	8.9	6.9	37.3	55.8	0.82
	M2	1066 ± 145	1112 ± 169	8.2	27.1	19.3	53.6	0.86
	M3	1161 ± 147	1209 ± 183	8.7	21.6	29.1	49.3	0.84
	M4	1276 ± 155	1325 ± 201	8.5	19.6	35.1	45.3	0.85
	Milk lactose yield (g/day)						
	M1	1216 ± 217	1215 ± 242	5.5	0.0	24.5	75.5	0.96
	M2	1392 ± 284	1426 ± 284	6.7	12.7	2.1	85.2	0.95
	M3	1550 ± 313	1583 ± 316	5.6	14.9	2.0	83.1	0.96
	M4	1741 ± 351	1771 ± 353	5.0	11.4	1.8	86.8	0.97
	Milk fat content (g/kg)						
	M1	46.1 ± 2.5	46.9 ± 3.0	3.2	31.7	22.1	46.2	0.88
	M2	44.2 ± 2.8	44.0 ± 2.8	1.9	6.5	1.2	92.2	0.95
	M3	42.7 ± 3.5	42.3 ± 2.6	3.1	10.0	23.8	66.2	0.94
	M4	40.1 ± 3.6	40.7 ± 2.5	3.9	16.4	38.8	44.8	0.94
	Milk protein content (g/kg)						
	M1	36.4 ± 2.0	37.8 ± 5.4	14.2	7.3	80.1	12.6	0.34
	M2	35.2 ± 2.2	36.2 ± 5.2	13.2	4.5	78.6	17.0	0.45
	M3	34.4 ± 2.4	35.3 ± 5.1	13.1	4.4	74.4	21.2	0.46
	M4	33.4 ± 2.5	34.5 ± 4.9	12.5	6.5	69.9	23.6	0.54
	Milk lactose content (g/kg)						
	M1	45.7 ± 0.7	46.0 ± 1.6	2.5	9.0	78.8	12.2	0.79
	M2	45.4 ± 0.8	45.7 ± 1.7	2.4	7.0	74.4	18.7	0.80
	M3	45.2 ± 0.9	45.5 ± 1.7	2.3	9.7	76.4	13.9	0.86
	M4	44.8 ± 0.9	45.3 ± 1.7	2.6	17.5	68.1	14.5	0.79

Table S5 .

 S5 Summary of observed versus predicted outputs (empty BW, BCS, drymatter intake, milk yield, milk component yields, milk component contents) for primiparous cows across breeds (Danish Red (DR) with POT 1 =29.1, Holstein (H) with POT=35.0, Jersey (J) with POT=24.0 ) of dataset 2.

		Observed 2	Predicted 2	RMSPE% 3 ECT% 4	ER% 5	ED% 6	CCC 7
	Empty BW (kg)						
	DR	458 ± 20	479 ± 29	5.0	83.2	16.4	0.4	0.72
	H	462 ± 20	470 ± 24	2.0	66.8	24.9	8.2	0.94
	J	311 ± 11	322 ± 16	4.5	58.2	23.0	18.8	0.64
	Body condition score (1-5 scale)					
	DR	3.58 ± 0.14	3.48 ± 0.16	3.2	69.0	8.1	22.9	0.76
	H	3.06 ± 0.15	3.05 ± 0.19	2.3	3.8	49.3	46.9	0.94
	J	3.01 ± 0.13	3.08 ± 0.14	3.1	41.9	7.6	50.5	0.78
	Dry-matter intake (kg/day)						
	DR	17.4 ± 1.0	16.7 ± 1.3	3.9	82.6	12.7	4.7	0.86
	H	19.6 ± 1.7	18.5 ± 1.6	5.7	93.2	0.1	6.7	0.81
	J	15.3 ± 1.6	15.3 ± 1.1	5.7	0.4	6.8	92.9	0.85
	Milk yield (kg/day)						
	DR	19.5 ± 1.6	19.3 ± 2.1	4.8	5.9	45.7	48.4	0.90
	H	23.8 ± 2.0	23.3 ± 2.5	4.3	28.1	30.0	41.8	0.92
	J	17.0 ± 1.6	16.0 ± 1.8	8.3	46.2	9.8	44.0	0.70
	Milk fat yield (g/day)						
	DR	886 ± 39	870 ± 54	4.1	18.1	38.2	43.7	0.75
	H	1060 ± 59	1034 ± 63	4.6	26.8	12.9	60.2	0.70
	J	1017 ± 50	965 ± 60	6.8	56.2	14.7	29.1	0.45
	Milk protein yield (g/day)						
	DR	721 ± 16	690 ± 42	6.6	41.5	50.8	7.8	0.29
	H	838 ± 19	829 ± 51	5.3	3.8	83.3	12.9	0.48
	J	690 ± 15	660 ± 40	7.3	35.1	56.3	8.6	0.07
	Milk lactose yield (g/day)						
	DR	956 ± 91	901 ± 115	7.8	54.3	18.7	27.0	0.79
	H	1150 ± 113	1065 ± 136	8.3	78.0	8.7	13.3	0.77
	J	818 ± 92	747 ± 95	11.1	59.9	5.0	35.1	0.63
	Milk fat content (g/kg)						
	DR	45.6 ± 2.1	45.4 ± 2.6	3.0	1.5	36.7	61.9	0.85
	H	44.7 ± 2.3	44.7 ± 2.5	1.1	0.6	13.5	85.9	0.98
	J	60.1 ± 4.0	60.5 ± 3.6	7.2	0.7	25.4	73.9	0.33
	Milk protein content (g/kg)						
	DR	37.2 ± 2.7	36.1 ± 3.7	6.7	18.3	39.9	41.8	0.75
	H	35.6 ± 3.7	35.9 ± 3.6	4.8	5.0	3.4	91.6	0.89
	J	40.9 ± 3.3	41.5 ± 4.3	10.0	2.1	46.0	51.9	0.43
	Milk lactose content (g/kg)						
	DR	48.9 ± 0.8	46.6 ± 1.2	4.9	94.2	3.4	2.3	0.23
	H	48.3 ± 0.9	45.7 ± 1.2	5.4	97.4	1.7	0.9	0.25
	J	48.0 ± 1.0	46.5 ± 1.2	3.5	84.0	5.1	11.0	0.40

1

POT is the parameter controlling the overall effect of milk production potential (see Table

1

in the manuscript). Breed scaling parameters used for the simulation can be found in Table

2

of the manuscript. 2 Mean ± SD 3

Table 1 .

 1 submitted A). Finally, calculated nutritional values (forage NDF, MP and NEL contents) for the high and low treatments were used as inputs. The overall quality of the model at predicting DMI, BW, milk yield, milk component yields, and milk component contents over the whole lactation are detailed in Table2 and 3, for experiment of Law et al. (2009) and Friggens et al. List and values of model parameters adjusted based on average data observed for the highest quality treatment of the 2 data sets: Law et al. (2009) and Friggens et al. (1998).Parameters MEBW and BCSc were adjusted to achieve a minimal difference between observed and predicted BW and BCS at calving. The rest of model parameters were the same than the ones used for the Holstein breed of the dataset 1 inDaniel et al., (submitted A).

	(1998), respectively.

1

See

Daniel et al., (submitted A) 

for full description of each parameter. 2

Table 2 .

 2 Summary of observed vs predicted DMI, BW, milk yield, milk component yields, and milk component contents from highest (17.3% CP) and lowest (11.4% CP) quality treatments ofLaw et al. (2009) 1 .Parity number and averages for milk component yields, NEL and MP supply above maintenance of the highest treatments between 100 and 200 days in milk were used to set parameters P, POT, kMFY, kMPY (seeDaniel et al., submitted A for a full description of the

		Treatment	N 2	Observed 3	Predicted 3	RMSPE% 4	ECT% 5	ER% 6	ED% 7	CCC 8
	DMI, kg/d	17.3% CP 11.4% CP	43 43	18.2 ± 1.7 16.7 ± 1.2	18.1 ± 1.5 17.1 ± 1.5	4.5 8.2	1.2 10.0	0.4 40.2	98.4 49.7	0.867 0.496
	BW, kg	17.3% CP 11.4% CP	43 43	541 ± 25 557 ± 28	459 ± 20 527 ± 19	16.9 5.8	80.2 87.9	15.0 6.0	4.7 6.1	0.079 0.497
	Milk yield, kg/d	17.3% CP 11.4% CP	43 43	31.7 ± 4.3 22.7 ± 1.8	34.5 ± 5.6 29.4 ± 4.4	10.6 31.8	69.3 84.4	19.0 14.5	11.7 1.1	0.804 0.219
	Milk component yields, g/d								
	Fat	17.3% CP 11.4% CP	43 43	1166 ± 129 957 ± 88	1176 ± 107 978 ± 55	4.3 9.6	3.7 4.8	6.4 12.0	89.9 83.2	0.908 0.226
	Protein	17.3% CP 11.4% CP	43 43	1061 ± 103 745 ± 38	1123 ± 123 909 ± 69	11.2 23.1	27.0 90.2	25.8 6.9	47.1 3.0	0.516 0.099
	Lactose	17.3% CP 11.4% CP	43 43	1523 ± 218 1104 ± 79	1551 ± 299 1305 ± 246	7.1 24.3	6.5 55.6	65.7 42.6	27.8 1.8	0.914 0.321
	Milk component contents, g/kg								
	Fat	17.3% CP 11.4% CP	43 43	37.2 ± 2.2 42.3 ± 1.9	34.5 ± 2.7 33.9 ± 4.4	9.3 22.7	61.5 76.0	14.0 20.3	24.5 3.7	0.387 0.004
	Protein	17.3% CP 11.4% CP	43 43	33.8 ± 2.0 33.0 ± 2.0	32.9 ± 3.4 31.5 ± 4.3	8.5 10.1	10.2 21.4	56.9 65.0	33.0 13.6	0.487 0.539
	Lactose	17.3% CP 11.4% CP	43 43	48.0 ± 1.0 48.6 ± 1.1	44.7 ± 1.6 44.2 ± 1.9	7.6 10.3	82.1 79.7	10.9 15.7	7.0 4.6	0.082 0.004
	1									

Table 3 .

 3 Summary of observed vs predicted DMI, BW, milk yield, milk component yields, and milk component contents from highest (59% concentrate) and lowest (27% concentrate) quality treatments of Friggens et al. (1998) 1 . Parity number and averages for milk component yields, NEL and MP supply above maintenance of the highest treatments between 100 and 200 days in milk were used to set parameters P, POT, kMFY, kMPY (see Daniel et al., submitted A for a full description of the

		Treatment	N	Observed 2	Predicted 2	RMSPE% 3	ECT% 4	ER% 5	ED% 6	CCC 7
	DMI, kg/d	59% conc. 27% conc.	43 43	20.4 ± 1.7 16.1 ± 1.2	20.5 ± 1.5 17.1 ± 1.5	3.8 8.8	3.3 47.3	2.0 19.6	94.7 33.1	0.883 0.538
	BW, kg	59% conc. 27% conc.	43 43	635 ± 20 612 ± 25	638 ± 37 617 ± 11	3.1 2.6	2.9 10.3	85.0 57.9	12.1 31.8	0.780 0.684
	Milk yield, kg/d	59% conc. 27% conc.	43 43	31.0 ± 6.9 24.2 ± 3.5	31.5 ± 6.0 25.8 ± 5.0	3.8 11.7	12.6 30.9	45.4 40.8	41.9 28.2	0.983 0.792
	Milk component yields, g/d								
	Fat	59% conc. 27% conc.	42 42	1182 ± 263 1182 ± 186 1075 ± 176 1022 ± 107	6.9 11.8	0.0 17.5	81.9 5.0	18.1 77.6	0.933 0.640
	Protein	59% conc. 27% conc.	42 42	990 ± 194 747 ± 93	998 ± 165 777 ± 97	5.2 8.0	2.5 24.3	19.1 8.5	78.4 67.2	0.958 0.806
	Lactose	59% conc. 27% conc.	42 42	1477 ± 356 1478 ± 311 1074 ± 177 1207 ± 265	4.1 17.1	0.0 52.2	45.7 31.6	54.2 16.2	0.983 0.713
	Milk component contents, g/kg								
	Fat	59% conc. 27% conc.	42 42	37.6 ± 1.7 44.7 ± 3.1	37.7 ± 2.0 40.1 ± 4.0	4.5 13.0	0.6 60.9	35.9 17.6	63.6 21.4	0.559 0.255
	Protein	59% conc. 27% conc.	42 42	31.6 ± 1.6 30.9 ± 1.9	31.8 ± 2.0 30.4 ± 2.8	2.8 4.7	8.1 13.7	38.4 55.3	53.6 31.0	0.879 0.814
	Lactose	59% conc. 27% conc.	42 42	46.7 ± 1.1 44.0 ± 0.8	46.6 ± 1.1 46.3 ± 1.5	1.2 5.6	0.6 88.3	7.0 9.0	92.4 2.7	0.849 0.268
	1									

Friggens et al. (1998) Law et al. (2009) Figure 6

  Comparison between observed (symbols) and predicted values (lines) of body weight relative to days in milk for the 2 extreme nutritional treatments. In Friggens et al. (1998): 27% of concentrate (○, stippled line) vs 59% of concentrate (•, solid line). In Law et al. (2009): 11.4% of CP (○, stippled line) vs 17.3% of CP (•, solid line).

Table 1 :

 1 Simulation of milk component yields response to change in NEL and MP supply

	(expressed relative to pivot)			
	Inputs (NEL, MP)	Milk fat yield response (g/d)	Milk protein yield response (g/d)	Milk lactose yield response (g/d)
	A 1 : -30 MJ/d, -460 g/d	-161	-241	-289
	B 2 : +30 MJ/d, 368 g/d	26	119	203
	C: Amplitude (B-A)	187	360	492
	D: Equation RMSE	50.6	31.4	51.5
	D/C*100 (%)	27%	9%	10%
	1 mean -2 SD (NEL100: 0.45 -2 * 15; MP67: -46 -2 * 207)	
	2 mean + 2 SD (NEL100: 0.45 + 2 * 15; MP67: -46 + 2 * 207)	

Fat supplements included oils from vegetables (maize, rapeseed, soybean and sunflower) or from fish or Ca-salt of fatty acids, tallow and yellow grease.

Root mean square prediction error expressed as a percentage of the observed mean.

Error due to intercept bias, as a percent of total MSPE.

Error due to slope bias, as a percent of total MSPE.

Error due to disturbance, as a percent of total MSPE.

Concordance correlation coefficient (scale from -1 to 1).

Slope of predicted vs. observed regression as determined in PROC REG (SAS Institute Inc., Cary, NC, USA).

Slope of the relationship between observed vs predicted. Early-lactation: <15 weeks in milk; Mid-lactation: 15≤ weeks in milk <30; Late-lactation: ≥30 weeks in milk

Root mean square prediction error expressed as a percentage of the observed mean.

Error due to intercept bias, as a percent of total MSPE.

Error due to slope bias, as a percent of total MSPE.

Root mean squared prediction error expressed as a percentage of the observed mean.

Error due to intercept bias, as a percent of total MSPE.

Error due to slope bias, as a percent of total MSPE.

Error due to disturbance, as a percent of total MSPE.

Concordance correlation coefficient (scale from -1 to 1).
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Les réponses laitières des vaches aux apports protéiques et énergétiques

La première étape a été de quantifier de la façon la plus précise possible l'effet des apports de protéines métabolisables (PDI) et d'énergie nette (NEL) sur l'ingestion de matière sèche, ainsi que sur la production et la composition du lait de la vache laitière. Pour ce faire et étant donné la grande diversité d'essais publiés dans la littérature sur le sujet, il nous a semblé opportun d'utiliser une approche par méta-analyse. Les essais publiés dans la littérature dont l'objectif était d'étudier l'effet de l'alimentation sur la production laitière ont donc été rassemblés dans une grande base de donnée. Suite à cela, les valeurs nutritionnelles des rations ont été calculées en appliquant la dernière version du système d'unité d'alimentation INRA, Systali (Sauvant and Nozière, 2016). Les différents essais ont ensuite été codés en fonction (1) des objectifs annoncés dans les publications originales et (2) des variations intra-essais de la teneur en PDI et NEL. Ceci a permis de constituer une sous base d'essais focalisés sur l'effet des PDI et/ou de NEL (282 essais, 825 traitements). Le nombre conséquent d'essais a permis de couvrir une large diversité de régime, en particulier de fourrages, et donc une grande partie des teneurs plausibles en PDI et NEL susceptible d'être rencontrées en situations pratiques. Les teneurs moyennes en PDI et NEL étaient respectivement (moyenne ± écart-type) de 97 ± 12 g/kg MS et 6,71 ± 0,42 MJ/kg MS. Afin de s'assurer de la précision des valeurs PDI et NEL de cette sous base, nous avons confronté les mesures de flux de protéine au duodénum (115 traitements) à celles prédites par Systali, ainsi que les mesures de digestibilité de la matière organique (474 traitements) à celles prédites. Cette comparaison, effectuée en intra-essais n'a montré aucun biais sur aucun des 2 critères, laissant indiquer que les valeurs PDI et NEL sont non biaisées. Il convient de signaler que la variabilité inter-essais était, comme souvent, très importante. Exprimés en apports journaliers, les PDI et NEL au-dessus de l'entretien était très corrélés entre eux (Figure 2A, R 2 ajusté = 0.59). Pour tenter de réduire cette

MPpivot is the level of MP above maintenance supply for which MP efficiency is 0.67 (g/d), and NELpivot is the level of NEL above maintenance supply for which NEL efficiency is 1(MJ/d). MP, NEL, MPY and MEY are given as input and NELpivot and MPpivot are the variables to be found to satisfy E1 and E2.

To solve these equations the symbolic toolbox of Matlab® was used. Due to the nature of the equations (2 quadratic effects within each equation), there are 4 combination of values for NELpivot and MPpivot. These values were obtained by using the Matlab function solve which provides symbolic solutions for algebraic equations. When evaluating numerically the 4 couples of solutions obtained, two give systematically complex numbers and were discarded. Between the 2 real solutions, the chosen solution was the one with smaller differences between MP and MPpivot, and between NEL and NELpivot.

When applying the symbolic derived solutions to a large database of the literature (1299 treatment means), all four solutions had complex numbers in 19.3% of the cases. When the four solutions contained complex numbers, it was then decided to calculate the pivot values by setting an optimization problem that minimizes the following cost function F F = E1 + 10.716 * E2

Error due to disturbance, as a percent of total MSPE.

Concordance correlation coefficient (scale from -1 to 1).

Slope of predicted vs. observed regression as determined in PROC REG (SAS Institute Inc., Cary, NC, USA).

Chapter 4

Modelling homeorhetic trajectories of milk component yields, body composition and dry-matter intake in dairy cows: Influence of parity, milk production potential and breed The model predicts desired dry-matter intake as an outcome of net energy requirements for a given dietary net energy content. The parameters controlling milk component yields and body composition changes were calibrated using 2 datasets in which the diet was the same for all animals. Weekly data from Holstein dairy cows was used to calibrate the model within breed across milk production potentials. A second dataset was used to evaluate the model and to calibrate it for breed differences (Holstein, Danish Red and Jersey) on the mobilization/reconstitution of body composition and on the yield of individual milk components. These calibrations showed that the model framework was able to adequately simulate milk yield, milk component yields, body composition changes and dry-matter intake throughout lactation for primiparous and multiparous cows differing in their production level.

Keywords: dairy cow, milk composition, dynamic model, energy

Implications

The effect of production potential or physiological status of dairy cattle is not always adequately described in applied models for nutrient requirements and feeding management. Accordingly, we developed a model of homeorhetic regulation, complementary to current feed unit systems. The model was calibrated based on two large datasets characterized by groups of animals under the same ration but expressing large differences in production potential and breed. This model provides a robust basis against which to predict performance responses to dietary change.

Supplementary Material S2

Effect of Pregnancy

1.1. In the regulating sub-model

The effect of pregnancy on the lactation curves was included in the regulating submodel and assumed to influence the shift between the dynamic priorities of partitioning between milk and body reserves. Pregnancy was represented by a simple exponential function (unit-less):

DIP and DP are the days in pregnancy and the length of the pregnancy, respectively.

The conception date triggers DIP.

Figure S1

. Function PREGα relative to days in pregnancy (DIP). Parameters values can be found in Table 1 of the manuscript.

As can be seen in Figure S1, the function PREGα goes from 0 when non-pregnant, to 1 at the end of pregnancy. The parameter kPREGα controls the shape of the exponential function and was calibrated on the milk yield difference between non-pregnant and pregnant cows assessed by the test-day genetic evaluation model from Leclerc (2008).

The effect of PREGα on the regulating sub-model was applied through the following equation, where PREGβ is used as a multiplier of the parameter kMA (in equations [START_REF] Andrew | Direct analysis of body composition of dairy cows at three physiological stages[END_REF]4,6,7,9 and 10 in Supplementary Material S1):

Body protein and body fat relative to days in milk

Available data from literature with measured body fat and protein changes relative to days in milk were selected. A total of 8 publications (72 treatments means, 13 intraexperiment comparisons) were used: Belyea et al. 1978;Martin and Ehle, 1986;Chilliard et al., 1991;McGuffey et al., 1991;Gibb et al., 1992;[START_REF] Andrew | Direct analysis of body composition of dairy cows at three physiological stages[END_REF]Komaragiri and Erdman, 1997;Komaragiri et al., 1998. In Adjusted body protein and fat were then used to calibrate parameters kAF, kCF, kAP and kCP, that control the size of fat/protein being deposited/mobilised. These values were then adjusted by calibration against the changes in empty BW observed in dataset 1 (see manuscript). The final result of these calibration is shown on Figure S4 across 3 milk production potentials (POT=20, 35 and 50kg) for an animal with mature Supplementary Material S4

Model calibration using dataset 1

The model was calibrated against data of multiparous cows from dataset 1. For some parameters, others datasets were used in combination with dataset 1 (see details in Table S1). Parameters not listed in Table S1 were either fixed by the user (POT, POTREF, P, DP, Conc. date, [NEL]) or based on others sources described in the text as they are introduced: BCS_BF and BP_FFM from NRC ( 2001), GUcalv and kNEL_GU from Bell et al. (1995), EBW_BW and FFM_EBW from literature dataset detailed in Supplementary Material S3, kM, kls and kgt from Sauvant et al. (2015), kGU from Ferrell et al., 1976. 

Table S1. Source of data used for the calibration of model parameters

Parameters

Model calibration using dataset 2

A subset of dataset 2 (parity 2) was used to derive the 7 breed scaling parameters, i.e. adjust the relative secretion of milk components (kMFY, kMPY, kMLY) and changes in body composition (kCF, kAF, kCP and kAP) according to breed. The set of parameters for milk composition were estimated through a least square procedure performed with the simplex algorithm of the Modelmaker 3.0 software (Cherwell Scientific Ltd, 2000) using values estimated with dataset 1 as default values and 100 convergence steps.

Scaling parameters for body composition were estimated iteratively based on observed changes in BCS and empty BW relative to calving of the multiparous cows from Dataset 2 as follows. First, kAF and kCF were adjusted to achieve a minimal difference between observed and predicted BCS. Second, kCP and kAP were adjusted to achieve a minimal difference between observed and predicted empty BW. Finally, steps 1 and 2 were repeated until model fit was considered graphically satisfactorily. Before the estimation of those scaling parameters, POT was changed to match the observed peak of lactation in second parity for each breed. Additionally, MEBW and BCSc were changed so that predicted calving empty BW equal observed calving empty BW and predicted BCSc equal observed BCSc. The estimated scaling parameters are displayed in Table 2 of the manuscript (Dataset 2).

Model identifiability

The full model was tested for identifiability. For that purpose, Matlab software GenSSI [START_REF] Chis | GenSSI: a software toolbox for structural identifiability analysis of biological models[END_REF], which uses the generating series approach, was used. When all 24 parameters related to identifiability testing were considered as totally unknown the analysis concluded that the model is not globally identifiable. However, assuming the initial conditions of the compartments C and M are known (i.e. kMF, kMP, kML, MFt0, MPt0, MLt0 = all parameters dealing with the effect of potential) the identifiability analysis led to the conclusion that the model is structurally locally identifiable.

| P a g e POT is the parameter controlling the overall effect of milk production potential (see Table 1 in the manuscript) Mean ± SD Root mean squared prediction error expressed as a percentage of the observed mean.

Error due to intercept bias, as a percent of total MSPE.

Error due to slope bias, as a percent of total MSPE.

Error due to disturbance, as a percent of total MSPE. Concordance correlation coefficient (scale from -1 to 1). A dynamic model of a dairy cow, designed to predict whole lactation curves for dry-matter intake (DMI), milk yield, milk composition and body weight change is described. The model is a combination of two previously described models. The first quantified important homeorhetic regulation (effect of lactation, gestation and growth) on animal performance across a range of milk production levels, and the second quantified the effect of nutrition on DMI, milk yield and milk composition. The integration of these two models into one was achieved by using a common pivot nutritional situation, where metabolizable protein (MP) and net energy for lactation (NEL) efficiency are 0.67 and 1 respectively. Dynamic pivot curves were thus estimated relative to days in milk, from which the responses could be predicted. In order to be used, the model required few input parameters, such as actual animal performance and diet fed, that can be derived in practice. These inputs are used to key the model into animal type (breed, parity, production capacity) on that farm and generate whole lactation curves of production for the current diet fed. From there, the consequences of dietary changes on those curves can be predicted by providing new values of ration composition (for NEL, MP and forage neutral detergent fibre). The combined model was evaluated with 2 independent data sets, where different dietary treatments (effect of dietary level of crude protein or concentrate) were applied during the whole lactation. The prediction of whole lactation curves for DMI, milk yield and milk component yields of the highest dietary quality treatments were globally satisfactory with CCC range (and RMSPE range) from 0.516 to 0.914 (from 4.3% to 11.2%) in the first data set and from 0.883 to 0.983 (from 3.8 to 6.9%) in the second data set. The prediction accuracy of the consequences of the dietary change for DMI, milk yield and milk component yields on the second dataset was superior to the first dataset. In the first data set, CCC range from 0.099 to 0.496 and RMSPE range from 8.2% to 31.8%, whereas in the second data set, CCC range from 0.538 to 0.806 and RMSPE range from 8.0 to 17.1%. Such contrasting results were mainly explained by the accuracy of the prediction of change in NEL and MP supply (therefore DMI, NEL and MP) between the two dietary treatments.

Chapter 5 Incorporation of dairy cow responses to change in dietary composition into a model that generates lactation curves of performance for cows of different potential

Keywords: homeorhesis, milk response, potential, energy and protein parameters). Parameters MEBW and BCSc were adjusted to achieve a minimal difference between observed and predicted BW and BCS at calving. 2010) were constructed from one single experiment. Although the design of this experiment was adequate and powerful for quantification of response to simultaneous change in energy and protein supply, it is only one experiment. In contrast, the meta-analytic approach used in Chapter 2 assembled a large number of experiments, and therefore a large diversity of rations fed. Additionally, the principle difference is the integration of the animal potential effect, which generalizes its utilization. This approach enables to move the response curves up or down along the pivot efficiency line according to animal potential. It should be noted that this method has not attempted to measure potential in any way, but instead estimates it based on NEL and MP efficiency. This enables to run a first diagnosis with respect to the current plane of nutrition in relation to the type of animal. Having established this base point and the subsequent response to additional nutrients, feed unit systems can then be used to formulate the diet according to different objectives (feed efficiency, maximizing production). Ultimately, by combining an economic module to the model (feed and milk prices), the ration that would optimize profit for the farmer could be designed.

Theoretically any feed unit system (NRC, CNCPS, CVB, INRA, NorFor, Feed into Milk, etc) should be suitable to supply NEL and MP data, as long as it has similar accuracy and precision as the system used to develop the equations. A comparison between latest versions of each major feed unit systems (NRC, 2001;Thomas, 2004;Volden, 2011;[START_REF] Van Duinkerken | Update of the Dutch protein evaluation system for ruminants: The DVE/OEB2010 system[END_REF][START_REF] Van Amburgh | The Cornell Net Carbohydrate and Protein System: Updates to the model and evaluation of version 6.5[END_REF]Sauvant and Nozière, 2016), with respect to accuracy of prediction of digestive outcomes and nutrient supply could give valuable information on the interchangeability of the various feed evaluation systems.

The response equations developed were embedded in a dynamic model of the lactation (presented in Chapter 4) to deal with the effect of physiological status (lactation, gestation, growth) on milk yield and composition as well as dry-matter intake, body weight and body composition. This model explicitly integrates genetically driven trajectories for milk component yields and body components, all affected by the animal potential and animal maturity. Those trajectories, associated with the response curves, are very valuable to predict the long-term (i.e. one lactation) consequences of different diets on milk yield and composition. The value of these trajectories has been recognized by feed unit systems laitières au sein du modèle dynamique, rendu possible grâce à l'utilisation d'une situation nutritionnelle pivot commune aux deux modèles. Le modèle ainsi combiné a été évalué avec les deux ensembles de données, utilisés dans la deuxième partie (Friggens et al., 1998 ;Law et al., 2009) dans lesquelles différents traitements alimentaires (effet de la teneur en concentré et effet de la teneur MAT, respectivement) ont été appliqués pendant toute ou partie la lactation. La prévision des courbes de lactation pour la MS ingérée, la production et composition du lait des rations haute (en concentré pour Friggens et al., 1998 ;et en MAT pour Law et al., 2009) était globalement satisfaisante avec des écarts type de prédiction allant de 3,8% à 11,2% (exprimés en pourcentage des moyennes observées) et des CCC allant de 0,516 à 0,983. En revanche, la prédiction des conséquences d'un changement de régime alimentaire sur l'ingestion de MS, la production et composition du lait était nettement moins Title : Dynamic prediction of milk yield and composition responses to dietary changes in dairy cows Keywords : Dairy cows, milk responses, production potential, nutrition, modelling Abstract : In order to better cope with the increasing diversity of objective in dairy production (e.g. feed efficiency, animal health, animal longevity, etc.) in a context of high volatility of feed and milk prices, quantification of animal's multiple responses to dietary changes is of particular interest to help dairy farmers in optimizing the diet. The main aim of the present study was to develop and evaluate a model to predict the responses in dry-matter intake, milk yield, milk component yields and contents to changes in dietary composition in dairy cows. A metaanalysis of the literature was conducted to quantify dry-matter intake response to changes in diet composition, and milk responses (yield, milk component yields and milk composition) to changes in dietary net energy (NEL) and metabolizable protein (MP) in dairy cows. A key point in the development of these response equations was that they could be apply on animals of varying production potential. This was achieved by expressing MP and NEL supply relative to a pivot nutritional status, defined as the supply of MP and NEL resulting to MP efficiency of 0.67 and NEL efficiency of 1. Based on MP and NEL efficiency, an approach was proposed to estimate the pivot MP and NEL supplies, around which the response equations can be applied. Evaluated with two independent datasets, this approach predicted milk yield and milk component yields responses to change in MP and NEL supply with a good accuracy for diets that are substantially different, and across all stages of lactation. In another model, the effect of physiological status (lactation stage, gestation, growth) on animal performance, i.e. milk yield, milk component yields, body composition change and dry-matter intake, were quantified across a range of animal potential. It was found that the model structure was adequate to simulate performance of different dairy breeds (Holstein, Danish Red and Jersey). To predict the long-term consequences of a dietary change, response equations, centred on the pivot nutritional status, were integrated into the dynamic model. This integration has been possible by applying the pivot concept into the dynamic model. This way, lactation pivot curves were calculated, from which response equations are applied. The model built is the first to integrate the two major biological regulations (homeostasis and homeorhesis) in dairy cows that predicts animal performance using a precise definition of milk potential.

Conference and symposium proceedings

Daniel JB, Van Laar H, Warner D, Dijkstra J, Navarro-Villa A and Pellikaan WF 2014.

Passage kinetics of dry matter and neutral detergent fibre through the gastro-intestinal tract of growing beef heifers fed a high-concentrate diet measured with internal δ13C and external markers. In: 30th Proceedings of the Australian society of animal production, 8-12 September 2014, Canberra, Australia. A key point in the development of these response equations was that they could be apply on animals of varying production potential. This was achieved by expressing MP and NEL supply relative to a pivot nutritional status, defined as the supply of MP and NEL resulting to MP efficiency of 0.67 and NEL efficiency of 1. Based on MP and NEL efficiency, an approach was proposed to estimate the pivot MP and NEL supplies, around which the response equations can be applied. Evaluated with two independent datasets, this approach predicted milk yield and milk component yields responses to change in MP and NEL supply with a good accuracy for diets that are substantially different, and across all stages of lactation. In another model, the effect of physiological status (lactation stage, gestation, growth) on animal performance, i.e. milk yield, milk component yields, body composition change and dry-matter intake, were quantified across a range of animal potential. It was found that the model structure was adequate to simulate performance of different dairy breeds (Holstein, Danish Red and Jersey). To predict the long-term consequences of a dietary change, response equations, centred on the pivot nutritional status, were integrated into the dynamic model. This integration has been possible by applying the pivot concept into the dynamic model. This way, lactation pivot curves were calculated, from which response equations are applied. The model built is the first to integrate the two major biological regulations (homeostasis and homeorhesis) in dairy cows that predicts animal performance using a precise definition of milk potential.

Titre : Prédiction dynamique des lois de réponses de production et composition du lait aux régimes alimentaires chez la vache laitière Mots clés : Vaches laitières, lois de réponses, potentiel de production, nutrition, modélisation.

Résumé: Afin de répondre à la diversification des objectifs de la filière laitière (ex. efficacité alimentaire, santé et longévité des animaux, etc.), et ceci dans un contexte de forte volatilité des prix du lait et des intrants, la quantification des réponses multiples aux changements de régimes alimentaires représente un intérêt afin d'aider les producteurs laitiers à optimiser la ration des animaux. Le principal objectif de ce travail a consisté à développer et évaluer un modèle de prédiction des réponses de l'ingestion, de la quantité et composition du lait aux changements de régimes alimentaires chez la vache laitière. Une méta-analyse a ainsi été appliquée sur une grande base de données de la littérature afin de quantifier la réponse de l'