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Résumé

Résumeé

Le travail de these décrit dans ce document stdeti@utour de la construction d'un
modele de la vache laitiere. Ce modéle consisteEoémh modeles dynamiques, mécanistes et

déterministes correspondant a des niveaux de emedon différents de la vache et
présentant une fonctionnalité spécifigue. Ces nexlerespectivementéléonomique

énergétique et meétabolique s’agencent entre eux de facon hiérarchiqgue et sont

interdépendants (Figure 1).
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Figure 1 Agencement hiérarchique et connexion dedefes téléonomique, énergétique et métabolique,

Le modéle téléonomiquecf( Partie Il.1) se situe au niveau de l'animal ent tan
gu’organisme vivant assurant sa survie et la péenie son espece et possede une fonction
de pilotage du modeéle énergétique. Il s’agit d’'uadale de ladynamique des priorités
d’'une femelle entre les fonctions de croissancegekgion des réserves corporelles et de
reproduction au cours de sa vie rythmée par laessien de cycles de reproduction. Ce
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modéle produit une trajectoire de référence etrémie modele énergétique a travers deux
voies traduisant I'hnoméorhese et I’homéostase.

Le modele énergétiquef( Partie 11.2) se situe au niveau du métabolismegétigue de
I'animal et possede une fonction de prédiction plxformances. Il s’agit d’'un modele de la
dynamique de partition de I'énergie ingérée entre les flux de croissance, d’entretitn,
gestation, de lactation et de mobilisation et sigekdes réserves corporelles. Ce modele
simule la production et la composition laitiere cl@issance foetale et le poids du veau a la
naissance, l'ingestion, et les variations de masske composition corporelle de la vache au

cours de sa vie et durant les cycles gestatioatiaot

Le modéle métaboliquef; Partie 11.3) se situe au niveau du métabolismeriotganes et
possede une fonction d’interprétation métabolige® ftux de matiere du modéle énergétique.
I s’agit dun modéle de ladynamique des flux de glucose, d’acides aminés,
d’acétate/butyrate, de propionate, de triglycérigied’acides gras non-estérifiés conditionnés
par les flux de matiére du modéle énergétique awscde la lactation (production de lait,
ingestion, variations de réserves). Ce modéle sifad teneurs en triglycérides du foie et des

métabolites circulants dans le plasma au coura theetation.

Si I'implémentation de la connexion entre les medéiéléonomique et énergétique est
effective, celle entre les modéles énergétiqgueétbolique n’est pas formellement réalisée.
Elle est ici uniguement mise en perspective dansmissure ou ces modeles sont
techniquement compatibles. L'agencement hiérarehags trois modéles forme un ensemble

conceptuel cohérent présenté comme une étapevdd ttans un projet global.

L’introduction de ce document positionne le congert les objectifs de ce travail. La
premiere partie de ce document présente le pr@emnddélisation qui fonde ce travail a
travers ses enjeuxf( Partie 1.1), les points de vue adoptés pour leesgmtation du systeme
vache laitiere» (cf. Partie 1.2) et les éléments de connaissances is@bitf. Partie 1.3). La
deuxieme partie de ce document concerne la descrigtt modéle proposé a travers celle des
trois sous-modeles qui le composent : modéle télddigue des priorités, modele énergétique
prédictif des performances zootechniques et modei¢abolique explicatif des flux de
métabolites. La conclusion de ce document contide$ propositions d’amélioration,

d’extension et d’utilisation du modéle ainsi qus gerspectives de travail.
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Abstract

The work described in this document is centredhenbiuilding of a dairy cow model. The
whole model is composed of three dynamic, mechaniahd deterministic models
corresponding to three different levels of représtgon of the cow. Each model has a specific
functionality. These models, respectively dendildonomic energetic and metabolic are

linked through a hierarchical structure and arergependent (Figure 1bis).
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Figure 1bis Hierarchical layout and connectionhaf teleonomic, energetic and metabolic models,

The teleonomic modekf. II.1) consists in a representation of the anine&nsas a living
organism ensuring its own survival and the contilomeof its species. This model is aimed at
driving the energetic model. The model describesdgmamic of the priorities of a female
mammal between functions of growth, body reservenitoong and reproduction along its
lifetime punctuated by successive reproductive esg/clThis model produces a reference
trajectory used to control the energetic modeldlotwo paths corresponding to homeorhesis

and homeostasis.
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The energetic modelcf. 11.2) consists in a representation of the animaérgetic
metabolism and is aimed at predicting performanidee model describes théynamic
partitioning of energy between flows for growth, maintenance, gestatiactation and body
reserves mobilization and storage. The model sitsilanilk yield and composition, foetal
growth and calf birth weight, intake and changed®ady mass and composition of a dairy
cow throughout lifetime and during reproductive legc

The metabolic modekt. 11.3) consists in a representation of the animataholism at the
inter-organ level and is aimed at interpreting perfance predicted by the energetic model as
metabolites flows. The model describesdigaamic of flows of glucose, amino acids, acetate
+ butyrate, triacylglycerides and non-esterifiettyfaacids associated with material flows of
the energetic model during lactation (milk yieldtake, body weight changes). The model

simulates liver triacylglycerides and plasma meligdscontents during lactation.

The connexion between the teleonomic and energeidels is effective, but that between
the energetic and metabolic models has not beemattyr done but only put into perspective
since these two models are technically compatikie. hierarchical layout of the three models

forms a consistent set proposed as a stage ofiwarkvhole modelling project.

The introductive part of this document presentsdbetext and the objectives .The first
part of this document presents the modelling ptofeoough its stakescf. 1.1), the view
points adopted for the representation of tdairfy cow systein(cf. I.2) and the mobilized
elements of knowledgecf 1.3). The second part of this document conceresptiesentation
of the proposed whole model through the descriptbthe three sub models: teleonomic
model of priorities, energetic model of animal pemance and metabolic model of
metabolites pathways. The conclusive part of thixzudhent contains perspectives of

improvement, extension and use of the model asagabutlooks of work.
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Introduction

Introduction

« Il n'y a de réel que dans une relation toujoursale et précaire entre un observateur (plus
exactement sa conscience), des observés et desnnsts d'observation »

Jean-Paul Baquiast
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Introduction

Contexte

Ce travail s’inscrit dans un contexte de profondesgations de I'élevage des animaux
domestiques et en particulier dasvins laitiers. L'élaboration de produits animaux destinés
a étre utilisés par I'homme n’est plus aujourd’lauseule composante de I'activité d’élevage.
Son enracinement a un territoire fait d’hommeseepdysages ; le statut de I'animal comme
étre sensible, organisme génétiguement modifiablgreduit tracable ; les enjeux de
compétitivité a I'échelle mondiale et de durabildés systemes d’élevage et des filieres ;
I'évolution des paysans devenus techniciens, emngors ou encore gestionnaires
d’écosystemes ; les obligations de respect demtestesociétales, des demandes des
consommateurs et des normes sanitaires et enviramiales ; les objectifs de maitrise de la
qualité des produits et des pratiques. Ces aspentsautant de contraintes a intégrer par la
Recherche, dans la mise au point raisonnée, I'étialu et la promotion de techniques et de

systemes d’élevage innovants.

Une conséquence fondamentale de cette multiplitaties dimensions a mettre en
perspective est lehangement de paradigmeale la nutrition animale ayant émergé a la fin du
XXM sigcle. L'objectif central, inscrit dans un schémraductiviste, de couverture des
besoins nutritionnels pour I'expression maximale lf@mimal d’un potentiel génétique n’est
plus gu’'une composante de I'objectif global de coghpnsion et dprédiction des réponses
multiples des animaux aux régimes et pratiques alimentaj@msuvant, 1999. Les
dimensions de production, d’efficacité, de rejéts,qualité des produits, de santé et de bien-
étre sont ainsi considérées comme une résultantealgl du fonctionnement de I'animal
(Dormont et al, 2000). Cette approche s'inscrit dans la problématiqoiensifique de
flexibilité des réponses animales avec pour ortertapratique I'idée de leur pilotage par
'alimentation. Ce changement de paradigme tradwmié modification essentielle de la
représentation de I'animal d’élevage dont le stéwdlue dans un premier temps de celui
d’« unité de productiom dont on optimise les performances a celuidlfitité de gestion

dont on maitrise le fonctionnement. Les travaurrgdiques actuellement en essor autour des

!Sauvant, D., 1992. Systemic modeling in nutriti@eproduction Nutrition Developmed®, 217-230.

2Dormont, D. et le groupe de travail « Alimentati@mimale et sécurité sanitaire des alimen®apport du groupe de travail
« alimentation animale et sécurité sanitaire damahts » [en ligne], Maisons-Alfort : AFSSA, 27 juillet PO, [référence
du 8 janvier 2008]http://www.afssa.fr/
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capacités d’'adaptation des animaux aux évoluti@sscdnduites, autour du bien-étre animal,
mais aussi en génomique, en protéomique, en métaimpie et globalement autour de la
biologie intégrative tendent a prolonger cette éttoh du schéma de représentation de
I'animal d’élevage. Du point de vue zootechniquanimal redevient ®rganisme vivanp a
part entiére, étre sensible, hautement régulé, tigéeénent déterminé, élaborant des
phénotypes et des produits par des processus figigices s’articulant de fagon intégrée
depuis les genes jusqu’aux fonctions. Du point de eonceptuel, cette évolution se traduit
par une représentation danimal en tant que systeme complexd®’une maniere générale,
les orientations de recherches agronomiques s'@@atn aujourd’hui autour d’'un enjeu

central et fédérateur : convoler avec la complexit&ivant.

Approche

La prise de conscience de la complexiéy( du cosmos, des organismes vivants, des
sociétés humaines, des systémes artificiels darfatiumaine) s'est accompagnée au”®X
siécle du développement deapproche systémique (De Rosnay, 1975 Les objets
complexes sont réfractaires a l'approche cartésiastassique reposant sur un schéma de
causalité linéaire et par laquelle la complexité résluite a ses composants élémentaires.
L’approche systémique propose un schéma de repadisendu réel qui permet I'étude du
fonctionnement des systémes dans leur ensembée céfisiste en une démarche globale et
interdisciplinaire qui s’attache aux échanges elaseparties du systeme et qui raisonne par

rapport a I'objectif du systeme.

La systémique est une discipline différenciée aliférents niveaux d’analyse s’attachant
a I'ontologie des systemes (en tant que représentde la connaissance), a leur technologie
(cybernétique, théorie de l'information, théoriesdeux, etc.) et a la science des systemes
dans le cadre d’'une théorie générale des systévivesBertalanffy, 196§ ou de I'étude de
systémes particuliers, comme les systemes biolegig8es domaines d’applications sont
extrémement variés en biologie, mais aussi en segehumaines, sociales et économiques et

en informatique.

® De Rosnay, Joél, 197Be Macroscope. Vers une vision globaaris : Le Seuil (col. Points), 305 p.
4 Von Bertalanffy, Ludwig, 1968. General System TlyepFoundations, Development, Applications. New K dBeorges
Braziller (traduction francaise : Théorie Générade dystémes. Paris : Dunod, 1973, 295 p.
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Le concept moderne de systeme sur lequel reposééledoppements de la Systémique
s’est forgé principalement a travers les travauxLddwig Von Bertalanffy (biologiste,
fondateur de la Théorie Générale des Systemes €68%),1de John Von Neumann
(mathématicien, fondateur de la Théorie des jeux 18#4), de Norbert Wiener
(mathématicien, fondateur de la Théorie de la comaation ou Cybernétique en 1947), mais
aussi de Claude Elwood Shannon (ingénieur éleetrjcfondateur de la Théorie de
'information en 1948), de Warren Sturgis McCullogteurophysiologiste, inventeur de la
bionique), et de Jay Wright Forrester (ingéniewrcticien, fondateur de la Théorie de la

Dynamique des Systémes dans les années 50).

Le découpage systémique peut se révéler arbiteain@n-univoque. Sa réalisation releve
du principe de pertinence selon lequel Toxite description sera acceptable a condition
gu'elle soit cohérente, c'est-a-dire qu'elle saitdf d'un point de vue déterminé. Une fois ce
point de vue adopté, certains traits, dits pertisesont a retenir : les autres, non pertinents,
doivent étre écartés résolumen(Martinet, 1967).

La démarche systémique est mise en ceuvre a trdgeqsrocessus technique de
modélisation qui dans son sens général correspond a la trptisariabstraire d’une réalité
concréte. Ce processus est une démarche itérativénearistique d’agrégation de
connaissances dans un formalisme mathématiquaega@ela un objet d’étude aux contours

définis et associée a un objectif fixé qui prederiature et 'ampleur de la tache.

L’approche systémique et la modélisation, en tam §ltres d’analyse pour extraire,
synthétiser et diffuser de la connaissance, peemettle mener une action qui s'inscrit
parfaitement dans les missions de I'INRA (Goffiret al, 2004). La modélisation en
sciences animales a déja fait ses preuves depuestnemtaine d’années et constitue

indiscutablement un levier de progres.

La philosophie générale et la méthodologie de Iaté&yique sont adoptées pour la

réalisation de ce travail focalisé sur une reprgem de I'animal en tant que systéme.

® Martinet, André, 1967Eléments de linguistique généraRaris : Librarie Armand Colin, 217 p.
® Goffinet, B. et le groupe de réflexion Modélisatiba modélisation a I'lNRA[en ligne], Paris : INRA, 2006, [référence du
25 avril 2007] http://www.inra.fr/mia/doc/rapport_modelisation_\p@af
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Objectif

L’objectif central de ce travail de these est lgadléppement d’'umodele mathématique
de la femelle en lactation en se focalisant sur leache laitiére pour des raisons de
disponibilité de données et d'importance pratiqhet objectif se décline a trois niveaux : la
représentation des mécanismes de régulation, dtacpich des performances zootechniques et

I'intégration des principaux flux métaboliques.

L’attention est centrée sur I'animal dans son efdemonsidéré comme l'unité productive
du systeme d’élevage et modélisé en tant qu’ebiit®gique active (Friggens and Newbold,
2007Y, exprimant au cours de sa vie un potentiel génétipns un environnement fluctuant,

deéfini dans son milieu d’élevage par le systemérdentation.

Un des enjeux de ce travail est d’intégrer des méoees clefs de régulations a I'origine
descapacités adaptativesies bovins femelles. Ces régulations sont encpdigr envisagées
comme le déterminant de la flexibilité des réponsexiuctives aux variations du régime
alimentaire (Bocquieet al, 2004). Un autre enjeu concerne l'incorporation de paraes
dont les variations sont destinées a simuleralaabilité génétique entre les animaux. Ces
clefs de modulation du fonctionnement du modéleveftti permettre d’ouvrir la porte a des
connections avec les travaux de généticiens (Db&%itkon et al, 2007§ et de développer
un modele a l'échelle du troupeau composé d'unéecan de modeles présentant des
spécificités individuelles. Enfin, ce travail prg@oune exploration de différents niveaux de
représentation de [l'animal conduisant a différentapproches de modélisation

complémentaires.

Le modele est envisagé a la fois comme un outiltération des connaissances sur les
processus biologiques déterminant I'élaboration g@esduits animaux et un outil de
simulation des réponses productives a difféerergaad de conduite d’élevage. Ces finalités
sont en parfaite cohérence avec les enjeux et onssdu département PHASE de

compréhension du fonctionnement animal et d’évalonates pratiques.

" Friggens, N.C. and Newbold, J.R., 2007. Toward®kdical basis for predicting nutrient partitioginthe dairy cow as an
example Animall, 87-97.

8 Bocquier, F., Blanc, F., Agabriel, J. and Chilliai, Régulations biologiques de la composante anirdake systémes
d’élevage. In : Chia, E., Dedieu, B., Mouilin, C. H.T&hit, M. (éd.),Transformation des pratiques techniques et fleixibil
des systémes d’élevadédontpellier, France, 15-16 mars 2004. MontpellitdRA SAD TRAPEUR, Agro M., 2004.

® Doeschl-Wilson, A.B., Knap, P.W., Kinghorn, B.P. avidn der Steen, H.A.M., 2007. Using mechanistiarehigrowth
models to estimate genetic parameters of biologiaék.Animal 1, 489-499.
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Partie | Projet de modélisation

« Quand un bon sculpteur modeéle des corps humidims représente pas seulement la
musculature, mais aussi la vie qui les réchauffe »

Auguste Rodin
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Enjeux

1 Enjeux

Ce chapitre présente les enjeux de ce travail ebduit les idées clefs qui structurent la

démarche.

Le principal objectif de la construction d’'umodele de la vachest de produire uautil
de simulation des performancesd’'un animal évoluant au cours de sa vie dans un

environnement d’'élevage.

Cet objectif positionne la problématique de modéiis des performances au niveau de la
prédiction de la dynamique des variables d’intérét zootearesgprincipalement la quantité
de lait produit et sa composition, la quantité id&nts ingérés mais aussi la taille et la
composition de sa masse corporelle. D’autres Viasapeuvent étre considérées telles que
celles relatives a la reproduction de I'animalt{fié¢, durée de gestation, poids du veau, ...),
a ses rejets (émission de gaz et excrétion d’'examé&)y a sa consommation d’eau, ses

échanges de chaleur, son état sanitaire, etc.
Cet objectif de modélisation s’attache a répondeecauestion €ombien ?».

Il existe différentes voies possibles pour produiree réponse a cette question. Une
approche, dite mécaniste s’attache a modélisephésomenes biologiques sous-jacents a
I'élaboration des performances. Cette voie intezrd@ question du eomment 2 et la
performance est considérée par agrégation de nwdédes niveaux sous-jacents. Le corpus
des connaissances actuelles sur le fonctionnemelaiglgue de I'animal est probablement
encore insuffisant pour y parvenir. Une autre apipeo dite empirique propose une
reproduction du fonctionnement global de I'aninGétte voie propose directement une mise
en équation du eombien . La performance est alors envisagée comme urn& sm
réponse a une entrég’il s'agisse par exemple de la quantité de letpit en fonction de la
guantité d’aliments ingérée (dans une perspectvsimulation) ou a l'inverse de la quantité
d’aliments ingérée en fonction de la quantité die peioduit (dans une perspective de
recommandation). Ces questions dwombien 2> et du <«omment » opposent la

reproduction du fonctionnement global d'un systemhget d'étude a la représentation des
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déterminants de son fonctionnement. Une autre apprpossible s’attache a appréhender la

finalité du systeme a travers la question gwourquoi ?» (Friggens and Newbold, 2007).

Un enjeu de ce travail de these est d’explorereandttre en relation ces différentes voies
a travers un montage original formant un modeél&eéhelle de I'animal composé de trois
modéles connectés, chacun étant spécialisé poabjentif : gouverner, prédire et expliquer.
Dans ce modeéle hybride, lepeurquoi ?» permet de construire la réponse a la question

«combien > et le «combien 2 fonde I'examen de la question daamment 3.

La problématique de construction d’'un modéle daipt®n des performances au niveau
animal peut se réduire a la celle de la modélisati® lapartition des nutriments entre les
fonctions physiologiques. Cette question mobilises ckfforts de recherche en sciences
animales depuis plus d’un demi-siecle. La figurei@me reportée par Kerth (2005) propose
un schéma générique décrivant la modulation deati@is de tissus adipeux, musculaire et
osseux par le niveau d’alimentation. Ce schéma»qgdicitement présenté comme un modéle
de priorité pour les nutriments (Figure 2). L'idée d’ordre mhéorité entre les tissus apparait
ici comme une composante du mécanisme de régulasisurant la survie de I'individu dans

une situation de restriction alimentaire.

Medium —
Low

Minor weight loss — —
Major weight loss — — —

Figure 2 Cité par Kerth (2005kig. 2.18 A model of priorities for nutrients dugirgrowth at any rate or
during body weight loss.

Le schéma de Owen (1978) décrit le principe dealditppn des nutriments chez la vache

sous un angle mécanique (Figure 3) a l'aide d'ualvevde partition qui représente les
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chemins possibles de I'apport alimentaire versaié du les réserves, et la contribution
éventuelle des réserves pour assurer la sortidevéag. Cette valve représente I'opération de

régulation a méme d’étre réalisée, selon la pégrdur les chemins.

Intgke —= e

Maintenance Body
of bady / reserves
Wasks function ,-'{
( faeces, /
urine, /
methane) Partition valve

Figure 3 Owen (1978Figure 11.1 Model cow

Ces représentations illustrent la problématiqueratnen nutrition animale de la partition
des nutriments entre fonctions physiologiques : roemt cette partition est-elle modulée
selon l'alimentation ? comment évolue-t-elle aursode la vie de I'animal, selon son état

physiologique, son génotype ?

Un enjeu de ce travail de thése est de proposerappeoche globale pour tenter de
répondre a ces questions a travers laquelle latipartdes nutriments déterminant les
performances correspond aitajectoire de vie d'un génotype a travers un envionnement

alimentaire.

La production d’'un modéle de prédiction des perfomoes implique une exigence de
fiabilité. Un modele doit étre capable de reprogludes situations observées et capable de
prédire des situations inexplorées. Ce second psirfbondamental. La démarche classique de
construction d'un modéle repose sur sa calibrati@st-a-dire sa mise en conformité avec des
observations, puis sa validation, c'est-a-dire afrontation a d’autres observations pour
évaluer I'étendue de son domaine de validité. Demsmgles typiques concernent le type
d’aliment, le stade physiologique, la race, etcuri® maniére générale, I'objectif est de
produire unmodele génériquequi demeure valable quelque soit le génotype aeirial,

quelque soit I'environnement dans lequel il évatguelque soit son état physiologique. Une
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solution souvent mise en ceuvre consiste a produneestructure générale du modéle et a
proposer des paramétrages spécifiques selon lexteriimodele de croissance selon la race,
coefficient d’efficacité énergétique selon la faant etc.). Une autre option consiste a se
focaliser sur les déterminants du fonctionnememwiobique de I'animal. Plutét que de
représenter les réponses associées a une seérientiextes, l'idée est de représenter
directement les mécanismes de modulation de lans&pa des variations du contexte, c'est-a-
dire lesrégulations. L’ambition d’étendre le domaine de validité desdales et la volonté de
reproduire au mieux le fonctionnement des orgamssmants, systemes complexes
hautement régulés, ont naturellement conduit d@iffé&sr auteurs a proposer des modéles de

régulations.

Dans sa définition la plus large, le concept deulagn renvoie aux notions d’interaction
entre éléments instables, de critere ou de remtrele comparateur. C’est Lavoisier qui
importe le mot «égulateur» de la mécanique vers la physiologie animale B{eXe siécle
avant que le mot régulation» ne soit par la suite proposé. Dans le Premiend& sur la
Respiration des Animaux (Lavoisier et Seguin, 1788yoisier écrit : 4a machine animale
est principalement gouvernée par trois régulatepmscipaux», (respiration, transpiration,
digestion) empruntant clairement au domaine de &camique le concept de fonction
d’équilibre dans le vivant. Claude Bernard utiliseé aussi des métaphores d’inspiration
meécanique lorsqu’il évoque le mode dei& oscillante» des animaux supérieurs ou lorsqu’il
développe le concept de constance du milieu intéri@nimal est en relation avec son milieu
«de facon telle que son équilibre résulte d’'une cwle et délicate compensation établie
comme par la plus sensible des balancg€Bernard, 1878). Il est aujourd’hui acquis qae |
régulation est ldait biologiquepar excellence, impliquée dans le fonctionnemenvidant
depuis la morphogénése jusqu'a l'adaptation auxditions du milieu. Le principe de
régulation repose sur I'existence d’'une norme, dtection des déviations par rapport a la
norme et [lactivation des mécanismes de rétabliseemde la norme. L'étude
interdisciplinaire de la structure des systemesrdéipulation est le principal objet de la
cybernétigue Cette science se focalise sur les interactioriee esystémes gouvernant et
gouverneg, au niveau desquelles s’organisent deddsode circulation d’'information. L’angle
d’'attaque scientifique de la question des régutatise situe a un niveau biomoléculaire
impliquant la description du comportement de réses, les transports d’ions, I'activation
d’enzymes, etc. Les connaissances actuelles sunéeanismes sont insuffisantes pour étre

agrégées au niveau d'un modele a I'échelle derfiahentier. Classiquement, les travaux de
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modélisation de I'animal ont ainsi eut recours a dpproches théoriques pour injecter dans
des modéles des fonctions de régulations ajustunt t¢comportement a des contextes
variables. Dans la définition de la fonction deul@gon comme fonction de préservation de
l'intégrité d’'un tout, ou encore fonction de maami d’'un bon fonctionnement, d’une
constance, d’'un équilibre, la notion derme est centrale. Les motsirtégrité », «bon»,

« constance», «équilibre» évoquent la méme idée d’une norme sous-jacBatg. Cannon
(1932), cette norme est un état dtonéostaseest la propriété régulatrice associée a son
rétablissement. Pour Waddington (1957), cette nastaine trajectoire ethlbméorhéseest
I'extension dynamique de 'homéostase. Waddingtilisel le terme «chreod» pour nommer
cette trajectoire qui représente la norme commeddeoulement d'un ensemble de
phénomenes. Le termeckreod» fixe ainsi le concept déterministe de norme,psupdes
régulations. Cette trajectoire est par ailleursisagee comme une composante génétique de

I'individu.

Un enjeu de ce travail de thése est de proposer appgoche qui incorpore une
représentation des propriétés d’homeéorhese et dbetase et la représentation du concept de
norme comme trajectoire de référence des perforesar@ette notion de référence exprimant
I'idée d’une trajectoire dans un environnement saodraintes. Cette approche propose de
faire évoluer la mise en équation des performariéesa travers la somme d'un effet du
génotype(G), de I'environnement (E) et de leur interactionf=G+E+G* E) vers une

fonction globale de la forme = f (G, E).

La prédiction des performances de l'animal est sitpeement envisagée de fagon
cloisonnée en se focalisant sur une fonction :seeoice, lactation, gestation, ingestion. Un
enjeu de ce travail est de proposer une approchgtigoe qui appréhende les interactions
entre ces fonctions en envisageant leur signiboaéin tant que composantes d’un processus

unique desurvie de I'organisme pour la pérennité de son espe

Un autre cloisonnement classiquement effectué dassapproches de modélisation
concerne la race (laitiere ou bouchere) ou I'esggboein, ovin, caprin, etc.). Un enjeu de ce
travail est de proposer une approche génériqueecoant une femelle de mammifere.
L’adoption d’'un point de vue générique et la fosafion sur les mécanismes moteurs de
régulation est envisagée comme une option a mérgeerdire la validité du modéle

développé.
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Ce travail propose enfin de faire coexister desic#@mations théoriques pour I'élaboration
des modeles avec le recours a de nombreuses dopibéegraphiques pour en garantir la
fiabilité. L’enjeu étant de mettre en conformitéplage de variation des sorties des modeles

avec celle émergeant de la compilation de basésmuieces.

L'enjeu clef de ce travail est de tendre non pluta aéalisation d’'un autre modéle
compilant une série d’équations mais vers la rétiis du prototype d’uranimal virtuel,
défini comme un modéle de I'animal dans son ensemi®ntenant sa propre norme de
fonctionnement, ses propres meécanismes d’adaptationcontraintes alimentaires et ses

propres traits d’expression d’'une variabilité indielle.
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2 Systeme objet d’étude

Ce chapitre présente les points de vue adoptés diaiee travail pour la représentation de
'animal et qui fondent la construction des modelea représentation procede par des
décompositions dont les lignes de coupe relévens dartains cas de I'arbitraire et d’'un

point de vue personnel envisagé comme une altgmatix positions classiques.

L’organisme dans son ensemble est envisagé a s$rdk@s niveaux de représentation
reposant sur une conception de I'animal en tantpjoeessus finalisé, en tant qu’interface
physiqgue et en tant que machine biologique. Ceftmmposition permet de considérer les
trois composantes essentielles qui instituent paésentation de I'animal sous forme d’un
systeme: la coordination de son fonctionnement pouoéalisation d’'un but, la subordination
de son fonctionnement a des échanges avec le ndéewie et I'organisation de son
fonctionnement a travers différents niveaux hidrapges constitués d’éléments en

interaction.

Conceptuellement, cette démarche de représentetiemine depuis un point de vue en
« bofte noire» *° pour lequel I'animal est une entité fonctionnelers un point de vue en

« boite blanche> au sein de laquelle s’organise sa fonctionnalité

2.1L’animal en tant que processus

Une caractéristigue fondamentale du vivant estigzodition a se multiplier dans I'espace
et se perpétuer dans le temps. Cet énoncé triviatient la base a partir de laquelle est
élaboré le premier niveau de représentation dénffain Dans cette perspective, un organisme
est envisagé comme un processus par lequel lano@@tdu vivant est assurée. Son existence
replacée aux échelles de la population et de la&rgéon joue le réle d'un relais. Cette
représentation donne un sens au fonctionnemeradiiple de I'individu dans sa dimension

de véhicule de la forme de vie dont il est un repnéant. Son existence individuelle est

10 Termes utilisés par Norbert Wiener : un point de w black box » s'intéresse aux entrées et auiesatu systéme vu
comme un élément dans son environnement ; un gdeintie « white box » s'intéresse aux élémentsrietedu systéme et
aux déterminants de son fonctionnement.
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aliénée a une condition de vecteur de la péremi@tée qu'il est, et sa survie est un moyen
d’assurer la survie d’'une substance dont il n’est gorteur, de la vie dont il n'est qu'une
expression. Cette vision de I'organisme réduit apoocessus de continuation est I'angle
classique des travaux sur I'évolution des espéceslividu est le vecteur de transmission du
patrimoine génétique de I'espéce d'une génératidiaudre. Au sein d’'une population, il

représente une variante particuliere soumise aélection naturelle et ouvre un chemin

possible pour I'évolution de I'espéce a laquellegpartient.

La considération de l'individu en tant que matériiexpression et de propagation d'une
information permet de concevoir le fonctionnementdgique de l'individu a travers un but.
L’animal est vu comme un processus finalisé etaiatmle vue place la reproduction comme
une finalité principale. Le terme téléonomie (deaqtelos: fin et nomos: loi) désigne le
concept scientifique de finalité. Cette notion repeur un postulat d’objectivité qui reconnait
le caractere téléonomique des étres vivants et tadue «dans leurs structures et
performances, ils réalisent et poursuivent un grej@Monod, 1970).

La conception téléonomique du vivant ouvre la pecspe d'une vision globale de
I'organisation biologique, nécessité soulignée p@ornish-Bowden (2007) face a
I'accumulation de données expérimentales issués pltéomique et a la quasi-absence d’'un
cadre général interrogeant la nature méme de I@aig organiser cette connaissance. Cet
auteur rappelle que la questiomuwest-ce que la vie 8 posée par Erwin Schrddinger en
1944 n’a mobilisé au cours de la seconde moitié XXf™ siécle que peu d'intérét
scientifique, la question ducomment ? accaparant les esprits et sollicitant les avesicé
technologiques.

La notion de finalité est par ailleurs fondamentale systémique. Dans ses origines
communes avec la cybernétique, la systémique &stedéomme la science des organisations
finalisées (Wiener, 1948) et la définition de systeéproposée par Joél de Rosnay (1875)
incorpore explicitement la notion fondamentale d¢ &n fonction duquel s’organisent les
éléments du systeme. Dés Aristote (330 av. J&Jchuse finale»> est identifiée comme une

des composantes de la compréhension méthodiquebfis du monde.

1 Un systéme est définit par Joél de Rosnay (197 «un ensemble d'éléments en interaction dynamiquanisé en
fonction d'un bub.
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L’idée centrale de la représentation de l'animaltent que processus est d'assumer
I'existence d’une finalité et d’en proposer unenfatisation a travers un ensemble de forces
motrices pilotant le fonctionnement de I'organisdags son ensemble. L’utilisation du terme
processus permet d’agréger différentes composacieds : celle d’'une suite continue
d’'opérations élémentaires, celle de mode opératdigefacon de faire et celle de résultat

déterminé.

L’animal en tant que processus est vu a traversemchainement de phénomeénes
biologiques selon un schéma dynamique qui orgalaisecalisation d’'un but. L’animal-
processus est ainsi résumé en la trajectoire démotgpe a travers un environnement
potentiellement contraignant. Cette trajectoirestibme un chemin nécessaire, référence qui
tend a étre privilégiée dans la mesure du possibonstitue un chemin optimal, équilibre
qui tend a étre retrouveé lorsque des déviations isgposees par le milieu. Dans le domaine
de la biologie du développement, le termehreod» a été proposé par Waddington (1957)
pour définir ce concept de trajectoire et introdua propriété d’homéorhése qui désigne les
mécanismes de retour a cette trajectoire. Pressi&ate apres l'intuition de Claude Bernard
(1865) qui identifie le maintien d’'un état d’égbie physiologique interne comme une
composante fondamentale du vivant, Waddington iétalcadre conceptuel pour décrire les
systemes vivants. L’'homéorhése est ainsi définimnge une extension de la propriété
d’homéostase proposée par Cannon (1929 ; 193®8sarchnt les mécanismes de retour a un
état d’équilibre physiologique. Waddington captlidee que les organismes ne tendent pas
simplement a maintenir un état mais un enchainemgmamique d’'états, c’'est a dire une
trajectoire. En sciences animales, la notion dealifin est mobilisée pour formaliser les
mécanismes de régulation (Sauvant, 1994), classigue décomposés en termes

d’homéostase et d’homéorhése (Bauman and Curi@®)19

La représentation de I'animal en tant que proces$isiadisé repose sur ce concept de
trajectoire. La finalité est traduite en une trgoo@r y aboutir et cette trame est utilisée pour
diriger le fonctionnement physiologique de I'animglle incarne un pilotage, un controle
biologique centralisé, rationalisé et finalisé. filtage, placé a un niveau d’organisation
supérieur est ensuite différentié pour modulereftet a des niveaux d’organisation inférieurs

et représenter des contributions indirectes anklifé globale de survie de I'espéce.

La formalisation de cette trame repose sur la di&fin de priorités associées a des

phénomenes biologiques élémentaires. Chacune darioeisés est orientée en fonction d’'un
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but qui correspond a une composante du processuspdeduction. La finalité globale de
I'animal en tant que processus est ainsi décompas@eiorités qui constituent des opérations
élémentaires organisant sa realisation. Cette figaten repose sur linterprétation de
'animal-processus en une potentialité phénoméngleg globale ventilée entre les
phénomenes élémentaires pour traduire leur impoetaglative au cours du cycle de vie de

'animal.

Les phénomenes élémentaires sont représentésames de compartiments et le concept
de priorité d'un phénoméne élémentaire est cappare I'intermédiaire d’'une substance
immatérielle contenue dans un compartiment a umarmbsdonné. La quantité de cette
substance traduit I'importance relative du phénamétémentaire et la circulation d’'une
quantité totale unitaire de cette substance eage&dmpartiments traduit le déroulement du
processus en termes d’enchainement ordonné de pkérse élémentaires. L’animal-
processus est ainsi représenté par une dynamiqueriaiétés qui formalise sa finalité,
organise son accomplissement et en régit 'abamisat. L'animal en tant que processus est
ainsi réduit a un programme, une procedure, umeetran scenario, une trajectoire dont le but

est de «wurvivre pour se survivre (Bricage, 2002).

Les transitions entre les stades physiologiquds ¢e de I'animal, moments du cycle de
vie et étapes du processus, sont interprétés equartransfert de priorités entre phénomeénes
élémentaires. A I'échelle de la vie de l'individa, priorité est transférée depuisraitre »
vers «equilibrer ses réservesa mesure que I'individu se développe et devieature, puis
de «équilibrer ses réserves vers «ieillir » a mesure que la vitalité de l'individu déclirte e
gu’il perd son statut d'adulte en état de procrdea. priorité «croitre » concerne la
construction biologique de I'individu. La prioritévieillir » traduit le déclin de la priorité
«equilibrer ses réserves La priorité «@quilibrer ses réserves concerne I'établissement
d'un état physiologique maternel propice a invedans un cycle de reproduction. Cette
priorité, orientée vers l'individu, exprime un potel reproductif dans la mesure ou cette
priorité est potentiellement transférable vers ecetle survie de la descendance et
effectivement transférée lorsqu'un cycle de repotidn démarre au moment de la
conception. Au cours d’'un cycle de reproductiorpriarité est transférée depuigeuilibrer
ses réserves a travers un enchainement de phénomenes élérasngai constituent des
étapes de procréation et des aspects de la prigiotgale de survie de la descendance:

«assurer la survie du foetas «assurer la survie du nouveau-péet «assurer la survie du
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jeune». A mesure que le jeune acquiert son autonomi@riarité est transférée vers
« équilibrer ses réserves traduisant un désinvestissement maternel daoygcle reproductif
en cours au profit d’'un réinvestissement materrmlirde cycle suivant. Ce transfert de
priorité en boucle représente un arbitrage ente® survivre» (survie de l'espece) et
«survivre pour se survivee (survie de I'individu) (Bricage, 2002). La prit&i«assurer la
survie du fcetus concerne l'investissement maternel dans la demtion au cours de la
période de vie intra-utérine du foetus, jeune erexievLa priorité «assurer la survie du
nouveau-né& concerne la transition au moment de la parturjtde l'investissement maternel
dans la reproduction entre les phases intra- ed-exérines du cycle. La prioritéassurer la
survie du jeune concerne l'investissement maternel dans la cemtion au cours de la vie

extra-utérine du jeune, adulte en devenir.

Cette représentation se positionne a un niveaurglegiegénérique et I'animal en tant que
processus est réduit & son statut essentiel ddléedgemammifére. Elle permet de concevoir
une trame de fonctionnement de I'organisme endaatprocessus, délibérément déconnectée
des processus biologiques et dont elle déecritnialifé. Cette trame est une partition au sens
de la ventilation d'une potentialité phénoménologiqglobale entre des phénomenes
élémentaires dont elle quantifie la dynamique deripé au cours du temps et également une
partition dans son statut d'écriture du fonctioneaemglobal de I'organisme dont elle

orchestre les fonctions physiologiques.

Le modele téléonomique décrit dans la partie IstLume formalisation mathématique de
cette partition dynamique des priorités. Le modéhergétique décrit dans la partie 1.2
consiste en une transcription de la partition dyigae des priorités en une partition
dynamique de I'énergie. Le modele métabolique t@ans la partie 11.3 consiste en une
interprétation en termes de flux de métabolites, ftiex de matieres déduits de la partition

dynamique de I'énergie.

2.2 L’animal en tant qu’interface

L’animal dans son milieu de vie est un site d’égemnde matiére, d’information et
d’énergie. Ces échanges impliqguent des entrées,sde®s et un stockage transitoire.
L’animal en tant gqu’interface est le siége de tfamsations des flux de matiere,
d’information et d’énergie qui transitent en soinset de conversions de ces flux entre eux.

Dans une représentation enbgite noire» l'animal est un systéme ouvert dont le
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fonctionnement et la survie repose sur ces échamgmsimal en tant qu'interface est une

frontiére entre son milieu physiologique interns@h milieu physique externe.

Les principaux échanges se produisant au niveaul’aémal-interface sont ceux
impliquant de la matiere sous forme de moléculgamgues pouvant de par leur nature étre
des sources d’énergie chimique. Les échanges djiénée I'animal avec son environnement
sont de nature thermique ou mécanique, sa fondgomotion produisant un travail, source
d’énergie. La représentation de I'animal en tarintgrface est le support des approches de
modélisation empirique de I'animal, percu comme boée noire (Figure 4). Ces modéles
s’attachent a relier quantitativement entre euxelesées et sorties de I'animal. Ce point de
vue est I'approche classique de la zootechnie '‘qtEsesse aux productions de I'animal en
réponse a des pratiques s’exprimant principalenpamt des modulations qualitative et

quantitative des entrées du systeme animal.

- Animal
ingestion insémination

lactation
gestation

croissance

Figure 4 Représentation de I'animal en tant quifatee.

Cette représentation de I'animal en tant qu'intfast le niveau d’approche du modele
énergétique décrit en Partie 11.2. Ce modele remtésune partition statique» de I'énergie
métabolisable ingérée entre les fonctions de @oiss d’entretien, de lactation, de gestation
et de gestion des réserves corporelles. A ce nidéaterface, des coefficients d’efficacité

sont utilisés pour convertir les flux d’énergieferx de matieres.

2.3L’animal en tant que machine

La représentation de I'animal en tant que machiashe a décortiquer de facon plus ou

moins élaborée les mécanismes sous-jacents détarimiélaboration des réponses agrégées
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au niveau de l'animal-interface. Les traits fondataax qui caractérisent un organisme
vivant sont son organisation structurelle et laac#g fonctionnelle qui s'y élabore. Ces
champs de compréhension du vivant focalisés sigttastures et les fonctions sont les objets
d’études de I'anatomie et de la physiologie. Lag&spntation de I'animal en tant que machine
repose sur la description de 'agencement de seepa@onstitutives et des processus dont
elles supportent le déroulement. L'utilisation dernte «machine» fait implicitement
référence aux notions de fonction, d’assemblagepdieeils, de capacité mais aussi de
pilotage. Les développements de la cybernétiqumsenourris d’aller-retour entre systemes
artificiel et systemes biologiques, édifiant ailessterme de machine en un concept générique
« qui permet de concevoir les divers types ou clagseganisations activefd’'une] extréme
diversité, des machines purement physiguep aux machines biologiques et sociates
(Morin, 1977). En tant que concept et dans sonrpné¢ation cybernétique le concept de
machine incarne une représentation du fonctionnegiebal d’'un systéme finalisé a travers
son fonctionnement intime au niveau de ses strasfuglles-mémes envisagées en tant que
systemes. Pour Morin (1977), le systéme est la g de base, I'wnitas multiplex» :
unité elle-méme composée d'unités. L’animal en taré machine est ainsi une entité dont

I'organisation s’exprime a travers des niveauxdrigniques présentant une unité a différentes

échelles :

Atome Elément chimique de base

Molécule Assemblage d’atomes
Cellule Unité vivante de base

Tissu Ensemble de cellules semblables participameaméme fonction

Organe Association de tissus

Systeme Regroupement d’organes

Organisme Etre vivant dans son ensemble

hY

Les processus a ces niveaux systémiques, depaofsadl’ivers le supra- s’agrégent en
fonctions émergeant a I'échelle de I'organisme dsors ensemble. La vue d’ensemble des
structures et des fonctions qui composent le sclggmaral de représentation de la vache en

tant que machine biologique est abordée a trawessnoreaux, depuis le niveau atomique
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jusqu’a lI'organisme. Cette démarche suit le chegmainlequel une représentation compléte de

I'animal peut se concevoir.

Cette démarche permet de mettre en Ilumiere les liBoapons extrémes de la
représentation sur laquelle repose ce travail Gapsrspective générale de modélisation d’'un
animal ambitionnée au sein du département PHASHENIRA, depuis les génes jusqu’aux

fonctions.

2.3.1Niveau atome

Le niveau atomique releve de la traduction de Boigme sous la forme d’'une formule
chimique pouvant approximativement s’écrire : 1g950550N33Ca15P10K 4S3NaCloMQg),
(Campbellet al, 2006). Ce niveau de représentation n'est pasmpatt: il donne sous cette
forme une formulation statique et indifférenciée duant. Le seul aspect de ce travall
relevant du niveau atomique se limite aux consta@ra d’équilibre dans la steechiométrie du

carbone dans modéle métabolique.

2.3.2Niveau molécule

Au niveau moléculaire, le vivant est constitué dea’ions minéraux, de glucides,
d’acides aminés, de lipides et de leurs précursealgsnucléotides et de macromolécules
(protéines, acides nucléiques et de polysaccharides structure de I'organisme et les
processus biologiques qui s’y déroulent reposetimeament sur des transports, des

interactions et des transformations de ces molgécule

La composition chimique d’'un organisme fournit umesure de la quantité des principales
classes de molécules qui constitue sa masse cbepdtéassiquement, elle correspond a la
partition de cette masse en lipides, protéinesgegeaninéraux ¢f. revue historiqgue en Annexe
1 et revue méthodologique en Annexe 2). Cette tfmarts’établit sur I'animal vide, c’est-a-
dire apres vidange des contenus des tractus digeggestas du reticulo-rumen et des
intestins) et uro-génital (contenu vésical, foefugdes et annexes fcetales). Cette partition
releve conceptuellement et techniquement d'unerulggin des niveaux d’organisations
Supérieurs pour ne retenir qu’une description deriacture chimique globale de I'organisme.
L’évolution de cette partition au cours de la veel@nimal permet d’identifier et de quantifier
la balance entre les phénomenes d’anabolisme etatibolisme de ces constituants
chimiques. Ces flux d’échanges résultent du méistnel global de I'organisme, a l'interface
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entre un milieu actif, siege de transactions madéms et un milieu passif, site de stockage

de molécules.

La structure du modéle métabolique repose sur epeesentation de I'organisme en des
compartiments de molécules sous des formes stoakéesant une masse corporelle et des

formes libres impliquées dans des processus.

La masse corporelle est ainsi définie dans ce mgu la somme de masses homogénes
composees de lipides réeduit a un compartiment igéydérides, de protéines réduit a un

compartiment d’acides aminés polymeérisés, de minéead eau.

Une base de données sur la composition corporeiieique des bovins a été réalisée en
amont de ce travail. Ces données ont permis d'anede fournir des reperes quantitatifs et
d’autre part de développer un modele empiriqueadeomposition corporelle de la vache
intégrant notamment la note d’état corporel commédipteur de la quantité de lipides
corporels, permettant ainsi de relier des mesutesieeau de I'animal entier avec des
estimations au niveau chimique. Ce travail (Marmimd Sauvant, 2005) est présenté en

Annexe 3.

Les métabolites circulants sous une forme libreésgntés dans le modéle métabolique
sont les acides gras, le glycerol, les triglyc&jden pool formé de I'acétate et du butyrate, le
propionate, le glucose, les acides aminés souseftibre ou désaminée et le lactate. Outre les
transferts de ces métabolites entre des zonesraiogtes, les principales transactions entre

eux sont détaillées dans la partie 1.3

2.3.3Niveau cellule

Ce travail n’incorpore pas de représentation eipli&au niveau cellulaire. En particulier, il
n'invoque pas d’identification de type cellulairgalipocytes, hépatocytes, lactocytes, etc.).
Les transactions meétaboliques considérées dans odelen métabolique sont en effet
représentées de fagcon globale sans aucune conrasaorun fonctionnement a I'échelle de la
cellule. L'idée d'approcher le fonctionnement destis ou dorganes a travers une
représentation générique du meétabolisme du typgelaieé constituant son unité de base est
conceptuellement séduisante. C’est probablementchlemin a suivre pour envisager

I'élaboration des performances d’'un animal dans démarche intégrative depuis les genes
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jusqu’aux fonctions. L'opérationnalité de cette gmhe reste aujourd’hui a démontrer mais
des avancées significatives allant dans ce serdépmeté produites (Van Milgen, 2002).

2.3.4Niveaux tissu et organe

L’architecture du modéle métabolique est organi&éwravers trois sites anatomiques
correspondant & des tissus (tissus protéique, stisglipeux et sand, et cing sites
anatomiques correspondant a des organes (rumestims; utérus, foie et mamelle). Cette
représentation est utilisée pour qualifier des paol@ métabolites a ces niveaux anatomiques.
Le modele métabolique n’incorpore pas en tant agleube représentation détaillée du
fonctionnement de ces tissus et organes, mais peopoe architecture minimale impliquant
ces structures au titre des transactions métalasliglefs qui s’y exécutent.

L’appareil digestif est en soi un systeme objetutié dont la représentation peut s’établir
a plusieurs niveaux : en tant que processus détap@rovisionnement de I'organisme en
éléments nutritifs absorbables, en tant gu’interfactre le milieu extérieur a I'animal (cédant
un flux de matiére alimentaire et recevant un ftlex matiére fécale) et son milieu interne
(recevant des flux de métabolites) et en tant gaehine composée d’une séquence d’organes
réalisant les fonctions élémentaires (buvée, inggsimastication, salivation, rumination,
fermentation microbienne, expulsion de gaz, digestthimique, transport péristaltique,
déshydratation et défécation) participant a la fioncglobale de nutrition de I'organisme.

La glande mammaire est en soi un systeme objetidBétiont la représentation peut se
concevoir a plusieurs niveaux : en tant que prasedsdié a 'approvisionnement du jeune en
éléments nutritifs, en tant qu’interface entre iéeu interne de I'animal au sein duquel sont
prélevés les précurseurs des constituants du falese citernes de la mamelle au sein
desquelles est sécrétée le lait et en tant queineacbmposée d’'unités sécrétrices réalisant

les étapes élémentaires participant a I'élaboratiofait.

2.3.5Niveau systeme

Le niveau systéme fournit un prisme d’analyse iséasur les fonctions physiologiques.
Un organisme animal peut ainsi étre décrit a tmddr systemes vitaux présentant une unité

fonctionnelle physiologique (Tableau 1). Ces syst®raont indissociables, présentent des

12 e sang est un tissu conjonctif liquide, c’est Bedin ensemble de cellules de méme origine, reg¢esien ensemble
fonctionnel, séparées par une matrice extracelkulajuide, le plasma.
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recouvrements anatomiques et fonctionnent de fagoordonnée. Ils constituent un

découpage artificiel de I'organisme, propre a ailifar I'étude.

Les systemes respiratoire, cardiovasculaire, ugnymphatique et tégumentaire sont des
systemes supportant les fonctions vitales esskastigde I'animal. Elles participent a cet égard
au maintien de I'animal dans un état physiologigtable autorisant la réalisation des autres
fonctions physiologiques. Les systemes squelettiquesculaire et la majeure partie du
systeme nerveux forment I'appareil locomoteur. lleygiologie associée a ces systemes

reléve principalement des sciences vétérinaires.

Les systemes pertinents pour la représentationnmiei d’'une vache laitiere sont les
systémes digestif, reproducteur et métabolique.ggstemes et les fonctions physiologiques
gu’ils supportent sont en effet directement impéigwans I'élaboration d’'une des principales
productions animales d’'intérét zootechnique : ie @est au niveau de ces systemes que se

jouent les mécanismes clefs a l'origine de la \mlité des réponses productives.

Le systéme endocrinien forme un ensemble compl8aa. action est différenciée en de
multiples régulations spécifiques agissant au nivé@s autres systéemes et les connaissances
sur son fonctionnement global sont aujourd’hui eacgarcellaires. Sa fonction de
coordination globale de I'ensemble des fonctiongspitogiques n’est pas considérée ici en
tant que tel. Ce systéme est envisagé a travergotetions physiologiques (nutrition,
reproduction, métabolisme) dont il module le foostiement. A ces niveaux, les réseaux
d’actions hormonales ne sont pas considérés damétd@d mais sous I'angle fonctionnel de
leur action régulatrice globale en réponse a unmtugation. Il s’agit d’une représentation
empirique en &oite noire» qui S’attache aux principaux effets de modufatidu
fonctionnement des autres systemes, en établisk@utement un lien entre I'effet et sa
finalité. Cette représentation est réductrice duntpale vue endocrinologiqgue mais
opérationnelle pour intégrer des meécanismes delatgu c'est-a-dire une coordination
réaliste des fonctions physiologiques d’intérétteobnique et donner au systéme animal dans
son ensemble une cohérence de fonctionnement. ldglenééléonomique est a ce titre un
modele de la régulation hormonale, fonction ceatd systéme endocrinien et le modéle

éenergétique un modele du systeme métabolique.
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2.3.6Niveau organisme

L'imbrication des modéles téléonomique, énergétigeie métabolique reléve d'une
représentation de I'animal vache» dans son ensemble. Cette construction ne prouaslie
par agrégation de tous les niveaux d’organisatiératchiques constitutifs mais recherche un
squelette minimal a méme d’aboutir a une reprétientapérationnelle et évolutive de
I'animal. Cette représentation repose sur l'idéd db découplage des fonctions d’'un modeéle
global par l'intermédiaire de sous modéles : lactmm de pilotage est centralisée au niveau
du modeéle téléonomique, la fonction de prédictishassignée au modele énergétique et la

fonction explicative est assignée au modéle méigiel

Tableaul  Systemes biologiques.

Systéme Structures anatomiques principales Fonction

Respiratoire Narines, pharynx, larynx, trachée, poumons, RESPIRATION

diaphragme. Echanges gazeux avec l'air
atmosphérique (fourniture dx@t

élimination du CQ)

Digestif Bouche (langue, dents, glandes salivad)res NUTRITION
cesophage, reticulo-rumen, omasum, abomasumgyée, ingestion et digestion des
intestin gréle (duodénum, jéjunum, iléon), aliments, absorption des produits et
pancréats gros intestin (ceecum, colon rectum), expulsion des gaz issus de la digestion,
anus. échanges hydriques et excrétion des

matieres fécales.

Reproducteur  Appareil génital (vulve, vagin, cervix, utérus, REPRODUCTION

.t . , i . , i i
ovair€) et glande mammaife Insémination, fécondation, gestation et
parturition.
Cardiovasculaire Ceeur, artéres, veines, capillaires, sang. IRRIGAY IO

Circulation du sang (transport des
nutriments, des gaz, des déchets, des

hormones).

Urinaire Reins, uretéres, vessie, urétre. EPURATION

Filtration du sang (épuration des
toxines et des déchets du métabolisme
et régulation de I'équilibre
hydroélectrolytique), sécrétion de

l'urine et miction.
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Métabolique Foie, vésicule biliaire, tissu adipeux ENERGETIQUE
Transformations moléculaires,
stockage et transferts d'énergie
(anabolisme et catabolisme)

Lymphatique Vaisseaux et ganglions lymphatiqueslt@o DEFENSE

osseuse, rate, thymus, lymphe.

Renouvellement et circulation de la
lymphe (transport des éléments du
systéme immunitaire, anticorps et

macrophages)

Endocrinien Glandes endocrines : épiphyse, hypothalamus, REGULATION HORMONALE

hypophyse, thyroide, thymus, surrénales, pancrég&crétion dans le milieu interne (sang

endocrine, ovaires.

et lymphe) des hormones et
coordination des fonctions

physiologiques.

Nerveux Organes sensoriels (ceil, oreille, naseaysjeme PERCEPTION & COORDINATION

nerveux central (cerveau, moelle épiniere), nerfs§gtection et traitement des stimuli,

ganglions nerveux des systémes nerveux
périphérique et autonome (sympathique et

parasympathique), liquide céphalo-rachidien ;

intégration et émission des messages
nerveux, et coordination des activités

végétatives et motrices.

Musculaire Muscles

MOTION

Mouvement des parties du corps et de

substances a l'intérieur du corps.

Squelettique Os, tendons, ligaments, cartilage.

FEDRRT

Structuration physique du systéeme
corporel et protection des organes

internes

Tégumentaire Peau, phanéres, glandes sudoripasébaatées.

INTERFACE

Interface avec le milieu externe:
protection mécanique, perception

sensorielle, thermorégulation.

Torgane du « systéme exocrine » présentant une foritdionnelle biologique de sécrétion dans le eniliextérieur de
substances (suc, sueur, salive, sébum, lait) jraerlmédiaire d'un canal mais ne présentant pasitdufonctionnelle

physiologique.
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3 Connaissances

Ce chapitre reléve d'une revue de la littératures'attache a passer en revue les éléments
de connaissance clefs de la biologie de la vachenqurrissent le travail de modélisation.
Cette partie est structurée péonctions physiologiques croissance, gestation, lactation et
ingestion. Les graphiques inclus dans cette pamtésentent des compilations de données de

la littérature.

L’étude de lavariabilité des cinétiquesles principales variables d’intérét zootechniques
(aliment ingéré, quantité de lait produit et poidsde I'animal) au cours de la lactation a fait

I'objet d’'une étude par méta-analyse (Martin andiant, 2002) présentée en Annexe 4.

En complément de cette revue ddéments de biologjeune revue desravaux de
modélisationréalisés a différents niveaux systémiques imphigume modélisation de la
vache est présentée en Annexe 5. Cette revuerediuste a travers une grille de lecture

systémique proposée comme alternative aux typclatgssiques.

3.1 Croissance

La croissance consiste en un flux d’accumulationtidsus constitutifs de la masse
corporelle. C’est la fonction biologique qui assliaegmentation de la taille et de la masse
corporelle d’un individu conduisant a I'acquisitiofun format adulte. L’externalisation des
tissus par I'animal intervient au moment de la naetl’'animal (réforme dans un contexte
d’élevage) : formellement le systéme animal céde earcasse qui constitue potentiellement
un produit pour la filiere de commercialisationvi@nde bovine.

La masse corporelle de l'animal intervient dansteceteprésentation comme un
compartiment de stockage sous forme de tissus duantion des ressources alimentaires
ingérées au cours de sa vie. Cette représentatiarivaau de I'animal-interface définit la
croissance de fagon agrégée, en tant que procdsdaboration d'un poids vif. De fagon
synthétique, cette représentation formalise simptemi’idée que l'animal produit un

ensemble de tissus dont la masse augmente au deusa vie. Le pattern globalement
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curvilinéaire de la dynamique du poids vif d'unraai a I'échelle de sa vie est présenté en
Figure 5.
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Figure 5 Evolution du poids vif avec I'age de valaitieres : Données de la littérattirpour différentes
races (Pie Noire, Jersey & Guernsey, CroisementigRo Pie Rouge) a différents stades
physiologiques (croissance, entretien, lactati@stagion, stadgsre- oupostpartun.

Les tissus constitutifs de I'animal sont au couessdn existence le site d’exécution des
fonctions vitales de I'organisme qui font intervenie facon continue et simultanée des
processus d’'anabolisme et de catabolisme. De lpluspissance, résulte d’'une succession de
phases de croissance différentielles a I'échelle clempartiments anatomiques et d’'une
succession de phases de stockage et de déstockageedle des cycles de reproduction. Le
cours de la lactation est ainsi associé a un pathgmamique du poids vif illustré en Figure 6
a travers un faisceau de cinétiques collectées ldalittérature (Martin and Sauvant, 2002).
Le pattern de la dynamique du poids vif au courtadeansition entre les phases de gestation

et de lactation est présenté en Figure 7 a trawerompilation de cinétiques collectées dans

13 Eckles, 1920 ; McCandlish, 1922 : Bartlett, 192@2artlett, 1926b ; Espet al, 1932 ; Ragsdale, 1934 ; Hilder and
Fohrman, 1949 ; Ellenberget al, 1950 ; Reicet al, 1951 ; Campbell an Flux, 1952 ; Matthews and Falmmi 954 ; Davis
and Hathaway, 1956 ; Morrison, 1956 ; Burt, 1957ayiB, 1957 ; Crichtoret al, 1959 ; Crichtoret al, 1960 ; Swanson,
1960 ; Martinet al, 1962 ; Wickersham and Schultz, 1963 ; SwansonHintbn, 1964 ; Batlet al, 1965 ; McDaniel and
Legates, 1965 ; Milleet al, 1967 ; Swanson, 1967 ; Hollat al, 1972 ; Rakes and Davenport, 1972 ; Lamb and Barker,
1975 ; Grieveet al, 1976 ; Bergluncet al, 1980 ; Herland and Wiktorsson, 1982 ; leteal, 1982 ; Fisheet al, 1983 ;
Lebengarts et al, 1984 ; Butler-Hogpal, 1985 ; Linet al, 1985 ; Reddy and Basu, 1986 ; Ribas and Ponce dg L6866 ;
Heinrichs and Hargrove, 1987 ; Johnral, 1987 ; Pikina, 1987 ; Polyakat al, 1987 ; Singh and Bath, 1987 ; Hocking
et al, 1988 ; Mooreet al, 1990 ; Akbulutet al, 1993 ; Berg and Ekern, 1993 ; Grabowskal, 1993 ; Perkt al, 1993 ;
Andrewet al, 1994 ; Dhoueet al, 1995 ; Groen and Vos, 1995 ; Hoffmenal, 1996 ; Koenen and Groen, 1996 ; Kuati
al., 1996 ; Colburret al, 1997 ; Hoffman, 1997 ; Kerit al, 1998 ; Vacelet al, 1999 ; Freethet al, 2000.
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la littérature. A I'échelle du nycthémere, des &ioins de poids vif reflétent des variations de
la quantité d’aliments ingérés transitant dansdettis digestif (Paquagt al, 1971 ; Maltzet
al., 1997).
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Figure 6 Evolution du poids vipostpartumde vaches laitiéres : Données de la littérafuppur des
animaux primiparesef pointillés bleuset multiparesdn rougé.

Une représentation simplifiee de 'animal en tantirgerface n’est ainsi pas suffisante
pour appréhender de facon complete les variatiensod poids vif. Et c’est a un niveau de
représentation de I'animal en tant que machineofique qu’elles peuvent se concevoir, en
s’'appuyant notamment sur une décomposition de lasen@orporelle en compartiments

différentiés et en représentaniminimaleur spécificités fonctionnelles.

La vitesse de croissance n’est en effet pas la np@uaetous les constituants anatomiques
de l'organisme et il existe globalement un gradidaepuis la téte jusqu’a l'arriére train
(Owens et al, 1993), la maturité du cerveau étant par exemftieinge avant celle du
squelette, des muscles et des dépodts adipeux inrartaires. Ce phénomeéne de croissance

différentielle par vagues est connu sous le nonilodfeétrie et induit une modification

14 Rook and Campling, 1965 ; Mohrenweiser and Donk2671; Swanson, 1967 ; Brostet al, 1969 ; Cowan, 1970 ;
Decaen, 1970 ; Wiktorsson, 1971 ; Wiktorsson, 19B3osteret al, 1975 ; Lodgeet al, 1975 ; Eversoret al, 1976 ;
Johnson, 1977 ; Vérité and Journet, 1977 ; Wohdt@lark, 1978 ; Johnson, 1979 ; Kronfedal, 1980 ; Garnsworthy and
Topps, 1982 ; Holteet al, 1982 ; Pinchasoet al, 1982 ; Donker, 1983 ; Johnson, 1983 ; Kretiral, 1983 ; Llahret al,
1983 ; Holteret al, 1984 ; Taylor and Leaver, 1984a ; 1984b ; DeBet985 ; DePeters, 1989 ; Staptéesl, 1990 ; Kertz
et al, 1991 ; Wohltet al, 1991 ; Holter and Hayes, 1992 ; Hol&gral, 1993 ; Osterseat al, 1997 ; Tolkampet al, 1998 ;
Soder and Holden, 1999.
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morphologique au cours de la croissance, les dépfitsturels osseux et protéiques
intervenant avant les dép6ts fonctionnels de gras.
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Figure 7 Evolution du poids viperipartum de vaches laitiéres : Données de la littératuppur des
animaux primiparesef pointillés bleuset multiparesdn rougé.

Dans le modéle énergétique, le poids vif est déocm@dpen une masse non-labile
structurelle déterminant le format global de I'aalmune masse non-labile fonctionnelle
jouant le réle d’'un compartiment de réserve d’émgrgn compartiment utérin dont les
variations de masse refletent la croissance du sfoatw cours de la gestation et un
compartiment digestif dont les variations de massfietent les variations de contenus
digestifs induits par 'ingestion d’aliment. Dareshodéle métabolique, la décomposition du
poids vif de I'animal procéde d’'une compartimematdu poids vif vide en ses constituants

chimiques (lipides, protéines, eau et minérawenein compartiment de contenus digestifs.

La croissance est considérée au niveau du modélentémique en tant que priorité de
réalisation d’'une masse non-labile mature, fiagwiori et envisagée comme la formalisation

d’'un déterminisme génétique. Cette priorité impase partition de I'énergie au niveau du

15 Bartlett, 1926b ; Blaxter, 1944 ; Burt, 1957 ; Brosteal, 1958 ; Swanson, 1960 ; Castle and Watson, 196itkéfsham
and Schultz, 1963 ; Swanson and Hinton, 1964 ; Hii®68 ; Schmidet al, 1971 ; Rakes and Davenport, 1972 ; Lamb and
Barker, 1975 ; Smitlet al, 1978 ; Strickland and Broster, 1981 ; Bellogtsal, 1982 ; Macleodtt al, 1983 ; Gordon, 1984 ;
Butler-Hogget al, 1985 ; Boisclairet al, 1986 ; Taylor and leaver, 1986 ; Hockiagal, 1988 ; Siebeet al, 1988 ;
Goehringet al, 1989 ; VanSauet al, 1993 ; Berg and Ekern, 1993 ; Degiral, 1995 ; Groen and Vos, 1995 ; Grumraéer
al., 1995a ; Peyrauet al, 1996 ; Hoffmaret al, 1996 ; Kertzet al, 1997 ; Hoffman, 1997 ; Morrisost al, 1999 ; Wedeet

al., 1999 ; Freethet al, 2000.
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modéle énergétique qui provisionne et oriente leab@isme dans le sens d’'une accrétion de
masse non-labile. A mesure que cette masse s’dppa son niveau mature la priorité a la
croissance decroit. Cette coordination entre ledébes téléonomique et énergétique permet
de formaliser une représentation de nature homtquee de la croissance mais aussi
homéostatique dans la mesure ou le niveau d’appmtgétique conditionne la vitesse de
croissance. Cette approche reliant le niveau dent@i la proportion d’énergie dédiée a la
croissance est une application du modele de déwefopnt ontogénétique proposé par West
et al. (2001). Cette partition est par ailleurs consid@émme sensible a I'équilibre entre les
masses labile et non-labile avec I'hypothése quoedportion d’énergie dédiée a la croissance
est accrue lorsque le niveau de la masse labilenedessous d’un seuil critique. Cette priorité
temporairement exacerbée induit notamment unesanece accélérée de la masse non labile
aprés une phase de restriction énergétique. Cepeésentation permet de reproduire la
croissance compensatrice a travers une augmentdtiobesoin énergétique et donc de
I'ingestion, et une augmentation du gain de masselabile, structurellement plus riche en

protéines. Cette construction est cohérente agecdenaissances actuelles sur ce phénomene.

Les variations de la masse labile résultent égalerde couplage entre les modéles
téléonomique et énergétique. Au niveau du modédegétique, anabolisme et catabolisme de
la masse labile sont dépendants de I'écart entnensgeau courant et un niveau qualifié
d’optimal, fixé a priori et envisagé au méme titre que la masse non-latateare comme la
formalisation d’un déterminisme génétique. Ces @gous d’anabolisme et de catabolisme ont
ainsi un fonctionnement qui tend a maintenir la seatabile & un niveau d'équilibre.
L’expression de ce fonctionnement basal est mochdéde modele téléonomique qui prescrit
des séquences physiologiques au cours desquegbestiEtre inhibé, laissant ainsi se produire
des déviations du niveau d’équilibre. Il existesailes phases durant lesquelles des réserves
corporelles peuvent étre mobilisées ou accumulédsrestion des orientations pilotées par le
modele téléonomique et du niveau d’'apport énergétitnversement, des phases accordent
une priorité maximale au rétablissement du niveéquilibre de la masse labile. La priorité a
la croissance a un effet inhibiteur sur cette fateeaappel, de telle sorte que la construction
d’'une masse non-labile précede la constitutioradadsse labile. Cette représentation permet

de rendre compte indirectement du gradient d’alloméntre dépdts musculaire et adipeux.

Les modifications de composition corporelle au sade la croissance sont classiquement

représentées globalement ou partiellement a trdeefermalisme allométrique de Huxley
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(1932). La croissance d'un constituant chimique amatomique est ainsi envisagée
relativement & la croissance d’'un autre élémendetiensemble dont il est constitutif, qu’il
s’agisse par exemple du poids vif vide par rapparpoids vif (Robelin, 1990 ; Hoddt al,
2004), de la masse délipidée par rapport au pofdgde (Keeleet al, 1992) ou a la masse
protéigue (Hoctet al, 2004), de la masse protéique par rapport a |aenddlipidée (Robelin,
1990) ou de la masse lipidique par rapport au peitside (Keeleet al, 1992 ; Robelin,
1990. Le modéle de Robelin (1990) repose sur cette appradravers laquelle la croissance

des différents tissus est déduite de la croissglodxle de I'animal.

La croissance différentielle des masses labileoatlabile n’est pas explicitement établie
dans le modeéle énergétique par un formalisme atiigqué@ mais résulte d’une évolution des
priorités au cours de la croissance de I'animags€Cainsi au niveau du modele téléonomique
que se jouent les déterminants de l'allométrie dassance. Ces notions de priorités
décroissantes et de contr6le en amont sont déjafizees dans le modele de Oltjetnal.
(1986) qui hiérarchise les anabolismes protéiqudipadique, et utilise la dynamique
d’accrétion d’ADN comme force motrice de la croissa Dans les approches focalisées sur
le besoin énergétique de la croissance, la forcwicaoest résumée dans une courbe de
référence calibrée pour un type d’animal. La contfmwscorporelle est déduite par allométrie
(INRA, 1989 ; AFRC, 1993) ou par analogie avec ealune composition de référence
(NRC, 1989 ; SCA, 1990). Ces approches fournisgest formules de calcul de I'énergie
associée a la composition d’'un gain de poids etidohles systemes de recommandations
alimentaires des bovins en croissance. Dans le ima@eHoch et Agabriel (2004a ; b), il n'y
a pas de partition a priori de I'énergie et la éonaotrice de la croissance est I'énergie ingérée
pas I'animal. Des affinités différentes pour cedteergie induisent I'accrétion différentielle
des constituants chimique de la carcasse ef®gGartier. Dans le modéle de Frareteal.
(1987), la croissance est considérée au niveaubwolé&ae et ce sont les pools de métabolites
qui pilotent la croissance. Les priorités d'utitisas des métabolites sont ainsi régulées par le
jeu de constantes d’affinités des compartimentsadiaulation.

La dynamique du poids vif a I'échelle de la vie ldmimal implique une diminution
progressive de la vitesse de croissance avec &adjexistence d’'une asymptote associee a
I'idée de déterminisme génétique du poids a ma&uette dynamique présente une allure
sigmoide lorsqu’elle incorpore la croissance foadajguis la conception. Le point d’'inflexion

de cette courbe, qui correspond a la transitioredas phases de croissance auto-acceélérée et
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auto-inhibée (Brody, 1945) est classiquement imé&écomme le moment de la puberté et
localisé aux alentours de 60% du poids a maturité.

La représentation adoptée dans ce travail integrkcgement deux composantes du poids

mature : un niveau mature de masse non-labile atweau d’équilibre de la masse labile.

L’idée d’'un poids a maturité et d'un déterminisménétique a sa réalisation présuppose
une relative invariance de la masse corporelletadud relative constance de la composition
chimique de la masse corporelle délipidée d’'unviddi adulte (Figure 8 et Figure 9) est
cohérente avec ce point de vue dans la mesurdeoaagistitue un critere satisfaisant pour la
détection d’'un stade mature. La maturité de la massporelle délipidée est ainsi envisagée
par le biais de la stabilisation de sa composittbimique. En revanche, I'élasticité des
réserves corporelles, principalement constituédpities dans les tissus adipeux et liée a leur
réle de réservoir d’énergie, impose d’affiner ladgsovif a maturité a travers un indicateur
d’état d’engraissement a maturité. Cette distimcéatre format et état corporel est appliquée
par Cundiff (2003) qui utilise pour caractérises l@aces bovines un indicateur de rapport
entre masses corporelles maigre et grasisa(xto fat ratio») en complément de I'indicateur
de format a maturité. Il existe par ailleurs urséaau d’évidences autour de I'existence d’un
niveau «normal» de réserves adipeuses envisagé comme I'expneddio déterminisme
génétique (Friggengt al, 2004) et dont I'équilibre est supposé mettre amvree des
mécanismes de régulation de la prise alimentairduemétabolisme (théorie lipostatique,
Kennedy, 1953).

La représentation de la croissance en tant qusa@ah d’'un état mature est un point de
vue classique et la plupart des fonctions mathémes du temps utilisées pour simuler la
croissance pondérale des animaux incorpore exgfigiht un parametre d’asymptote. La
question de la nature biologiquement factuelle athématiquement artefactuelle de cette
asymptote a été posée par certains auteurs (Knl§i&3 ; Ricker, 1979) et d’autres ont
proposé des formalismes mathématiques pour unsesartie indéterminée (Tanaka, 1982 ;
1988) ou dont 'asymptote est a méme de varieroaumscde la croissance selon les conditions
du milieu (Thornley and France, 2005 ; Thornéal, 2007).
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Figure 8
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Evolution de la teneur en eau de la massporelle délipidée en fonction de I'age depuis la
fécondation (age depuis la naissance + durée datiges 280 jours). Données bibliographigtfes
et modeéle synthétique. A : ensemble des donnée&s8lx jours. B : zoom sur 1500 jours.

16 Haighet al, 1920 ; Moultoret al, 1922 ; Moultonet al, 1923a ; Esskuchen, 1931 ; Meigsal, 1935 ; Hopper, 1944 ;
Paloheimo, 1944 ; Ellenberget al, 1950 ; Henseler and Jentsch, 1973 ; Feetedll, 1976a ; Lonsdale, 1976 ; Foot and
Tulloh, 1977 ; Robelin and Geay, 1978a ; Robetiml, 1979 ; Fortinet al, 1980 ; Thompsoet al, 1981 ; Birdet al, 1982

; Chigaru and Holness, 1983 ; Tyrrell and Haalar@831; Odwongcet al, 1984 ; Wright and Russel, 1984 ; Arnatlal,
1985 ; Robelin, 1986 ; Gibb and Baker, 1987 ; Badlegt Lawson, 1989 ; Gibb and Baker, 1989 ; Bucklesl, 1990 ; Gibb
and Baker, 1991 ; Gibb and Baker, 1992b ; Ande¢wal, 1994 ; Blomeet al, 2000.
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Figure 9
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Evolution de la teneur en protéine de ksse corporelle délipidée séche en fonction dee 'ag
depuis la fécondation (dge depuis la naissance réedde gestation, 280 jours). Données
bibliographique¥’ et modéle synthétique. A : ensemble des donné&es580 jours. B : zoom sur

1500 jours.

S Haighet al, 1920 ; Moultonet al, 1922 ; Moultonet al, 1923a ; Meig®t al, 1935 ; Hopper, 1944 ; Paloheimo, 1944 ;
Ellenbergeret al, 1950 ; Henseler and Jentsch, 1973 ; Feetadl, 1976a ; Lonsdale, 1976 ; Foot and Tulloh, 19R®belin
and Geay, 1978a ; Robelat al, 1979 ; Fortinet al, 1980 ; Thompsoet al, 1981 ; Birdet al, 1982 ; Chigaru and Holness,
1983 ; Tyrrell and Haaland, 1983 ; Odwongfoal, 1984 ; Wright and Russel, 1984 ; Arnatal, 1985 ; Robelin, 1986 ;
Gibb and Baker, 1987 ; Bailey and Lawson, 1989 ; Gibt Baker, 1989 ; Bucklest al, 1990 ; Gibb and Baker, 1991 ;
Gibb and Baker, 1992b ; Andrest al, 1994 ; Blomeet al, 2000.

49



Partie | Projet de modélisation
Connaissances

Toutes les approches de modélisation de la craiesdas bovins integrent I'existence a
priori d’'un niveau mature éventuellement variabl&re races et individus, soit explicitement
par l'intermédiaire d’'un poids vif maximal (Robelid990) ou de tailles maximales de
compartiments corporels (Hookt al, 2004 ; Keeleet al, 1992) soit implicitement par
I'intermédiaire de la saturation d’'une variable pitotage (Oltjenet al, 1986) ou de la
diminution programmée du taux de croissance (Dani#91). Le concept méme de maturité

n'est par ailleurs pas compléetement standardiséqldrand Bennett, 1991).

L’approche adoptée ici consiste a proposer un neodella force motrice qui représente
explicitement une dynamique de priorités a un nivgénérique et I'utilise pour réguler la
répartition des flux d’énergie entre les tissus. €mtrole s’opére a la fois a travers
'expression d’'un besoin énergétique pour la radbm d'une croissance génétiquement
programmeée et l'adaptation de cette croissanceéeigie disponible. Dans le modéle
téléonomique, croissance et mobilisation/reconstitudes réserves sont des priorités. Dans
le modéle énergétique, ces processus sont desifumergie. Dans le modéle métabolique,
seuls sont interprétés les flux d’anabolisme etatabolisme des lipides et de protéines au

cours de la lactation.

3.2Insémination et gestation

L’insémination correspond a l'introduction de sperdans I'appareil génital de la vache,
réalisée quasi-systématiquement aujourd’hui derfaautificielle. La nature de ce flux est
déterminée par le programme d’amélioration génétidu troupeau et son occurrence par la
politique de mise a la reproduction des animauxrigdé d’attente volontaire apres
parturition, programme de détection des chalemmgement de synchronisation des chaleurs,
etc.). Ce flux est un transfert discret (acte \ndédire) et son efficience se traduit par son

succes, c'est-a-dire la fécondation de la vache.

La parturition correspond a I'expulsion d'un veautarme de la gestation. Formellement,
le processus de gestation consiste en un fluxowkiaccumulation d’'un ensemble de tissus
(le feetus et les annexes faetales) au sein d’'un adiment de stockage transitoire (I'utérus
de I'animal) et s’acheve par un transfert discretdntenu de ce compartiment vers le milieu
extérieur. L’efficience de ce flux se traduit paniabilité du veau. Conception et parturition
correspondent a des événements au cours du cpctEluetif. Ils sont considérés en tant que
tels au niveau du modele téléonomique dont ilsnngtht le fonctionnement cyclique et au

niveau du modeéle énergétique dont ils bornentdiwdlle de temps de gestation durant lequel
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la croissance du feetus et des annexes fcetalesegéngr besoin. Le cycle reproductif est
ainsi considéré de facon trés simplifiée, les aéitesints biologiques de la fertilité étant
ignorés. Cette représentation integre uniquemeaidate de conception pour chaque cycle de
reproduction (age de la vache pour le premier cgtletervalle apres parturition pour les
cycles suivants) et une courbe de croissance paledde I'utérus gravide au cours de la
gestation. Cette courbe est détermiadxiori par le poids du veau a la naissance (Figure 10),

lui méme déterminé priori par le poids de la vache a maturité (Figure 11).
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Figure 10 Croissance foetale du veau au cours giestation : Données de la littératiire

La durée de gestation est gouvernée par I'interam&ddu modele téléonomique, le moment
du vélage étant celui de l'investissement matemakimal dans le développement intra-
utérin du veau. Cette approche généere impliciternaeetrelation entre durée de gestation et

poids du veau a la naissance (Figure 12), liéeuaweno du cycle de reproduction.

8 Buchem, 1909 ; Bergmann, 1921 ; Hammond, 1927 ;uebsn, 1931 ; Swedt al, 1937 ; Hatctet al, 1941 ; Winterset
al., 1942 ; Nichols, 1944 ; Swett al, 1948 ; Ellenbergeet al, 1950 ; Beckeet al, 1951 ; Meltonet al, 1951 ; Méakela,
1956 ; Joubert et Van Marle, 1959 ; Lyne, 1960 bibrtet al, 1972 ; Ferrelket al, 1976 ; Eleyet al, 1977 ; Chewet al,
1979 ; Anthonyet al, 1986 ; Sultaret al, 1987 ; Bellowset al, 1990 ; Reynoldst al, 1990 ; Ferrell, 1991 ; House and Bell,
1993 ; Okano, 1994 ; Zhargg al, 1999.

51



Partie | Projet de modélisation
Connaissances

55 -

50 -

454

40

354

Poids du veau & la naissance (kg)

* Qe [ ® Ayrshire
30 - L] o ° 0O Shorthorn
x Frisonne
6\ - o © Guernsey
25 o Holstein-Frisonne
—— e Holstein
—— < Jersey
209 Lo 4 Pie-rouge suédoise
9 Bovin laitier
15 T T T T T T 1
200 300 400 500 600 700 800 900
Poids vifpostpartum(kg)

Figure 11 Relation entre poids du veau a la natssahpoids de la vachmstpartumpour différentes races
de vaches laitieres : Données de la littérafuee modéles linéaires synthétiques pour des veaux
male (trait plein) et femelle (trait pointillé) dace Holstein et Jersey.

19 Eckles, 1916 ; Henry and Morrison, 1917 ; EcklgXl9 ; Fitchet al, 1924 ; Joubert and Van Marle, 1959 ; Ridleal,
1963 ; Wickersham and Schultz, 1963 ; Swanson d@ntbi| 1964 ; Broster and Tuck, 1967 ; Gleeson, 197&dgeet al,
1975 ; Yadavat al, 1976 ; Gardneet al, 1977 ; Heitzmaret al, 1979 ; Huth and Schmidt, 1979 ; @stergaard, 1%® et
al., 1981 ; Lairdet al, 1981 ; Collieret al, 1982 ; Holteret al, 1986 ; Berglund and Philipsson, 1987 ; Stelwagemh a
Grieve, 1992 ; Kume and Bicoku, 1993 ; Lacastsal, 1993 ; Troccon, 1993 ; Moore, 1994 ; Troceatral, 1994 ; Kertzet
al., 1997 ; Hansemt al, 1999 ; Negash, 1999 ; Keadyal, 2001 ; Johanson and Berger, 2003.
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Figure 12 Relation entre durée de gestation etspdidveau a la naissance pour différentes raceades
laitieres : Données de la littérattftet modéles synthétiques (veatixet &, races Holstein et
Jersey).

20 Eckles, 1919 ; Fitclt al, 1924 ; Dinkhauseet al, 1944 ; Ellenbergeet al, 1950 ; Brakekt al, 1952 ; Davist al, 1954

; Footeet al, 1959 ; Huth, 1962 ; Ridleat al, 1963 ; Andersen and Plum, 1965 ; Boyd and Haf§51%verett and Magee,
1965 ; Touchberry and Bereskin, 1966 ; DeTena Andt8id3 ; Romita, 1973 ; Beardsleyal, 1974 ; Gianola and Tyler,
1974 ; Hocking, 1974 ; Koubek, 1974 ; Muller and &b, 1974 ; Oldenbroek, 1974 ; Dijkstatal, 1975 ; Beardslegt al,
1976 ; Eliya and Christensen, 1976 ; Guaraginal, 1976 ; Manriqueet al, 1976 ; Philipsson, 1976 ; Serraebal, 1976 ;
Vos et al, 1976 ; Laurijsen and Oldenbroek, 1977 ; Morga®i/71; Everittet al, 1978 ; Fisher and Williams, 1978 ;
Gaillard, 1978 ; Martineet al, 1978 ; Veris, 1978 ; Arbaban-Ghafouri, 1980 ; &gke and Togun, 1980 ; Gaillard, 1980 ;
Lazarevic and Novakovic, 1980 ; Meijering, 1980 ;e@tet al, 1981 ; Erbet al, 1981 ; Gaillard, 1981 ; Leeuwen and
Ziljstra, 1981 ; Little and Harrison, 1981b ; Gaitl, 1982 ; Dast al, 1984 ; Oldenbroek, 1984 ; Bhuyan and Mishra, 1,985
Oferrall et al, 1985 ; VonKorn and Langholz, 1985 ; Holedral, 1986 ; Sangt al, 1986 ; Shiret al, 1986 ; Berglund and
Philipsson, 1987 ; Epparet al, 1987 ; Trilket al, 1988 ; Graveret al, 1990 ; Guilbaulit al, 1990 ; Hagger and Hofer,
1990 ; Oferrall and Ryan, 1990 ; Roeyal, 1990a ; Rooyet al, 1990b ; Anonymous, 1991 ; Rémoatal, 1991 ; KB-
Mitteilungen, 1993 ; Troccon, 1993 ; Kojima, 199Zhanget al, 1999 ; Jacobseat al, 2000 ; Perfieldet al, 2002 ;
Johanson and Berger, 2003.
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3.3 Lactation

hY

La lactation correspond a la sécrétion de lait armamelle de la vache dont
I'externalisation du systéme animal est opérédgtnite dans un contexte productif et par la
succion du veau dans un contexte naturel. La nalwifdux de lait produit est classiquement
résumeée par sa teneur en ses trois principaux cs@gsporganiques (lactose, lipides et
protéines) et interprétée en énergie (Perrin, 1968rel and Reid, 1965) exprimant ainsi la
fonction de lactation dans une unité équivalentelfe utilisée pour résumer l'ingestion. La
composition du lait est relativement constante @n dges ordres de mammiferes (Oftedal,

1984) et constitue un trait caractéristique d’'usgeeee (Figure 13).

Les données moyennes de composition du lait deevaah I'ensemble de la lactation
reportées dans la littérature sont généralemenpdses entre 3.0% et 6.0% pour les lipides,
3.0% et 4.0% pour les protéines et 4.5% et 5.0% f[wolactose. Ces différences traduisent
des différences entre races bovines, entre indivilune méme race et des différences liées
aux régimes alimentaires des animaux. C’est quiviiment et qualitativement la
composition du lait en matiére grasse qui variplls en réponse a des variations de régime
(Grummer, 1991 ; Palmquist al, 1993).

Le processus de sécrétion de lait dans les citedeeda glande mammaire est un
phénomeéne continu alors que I'éjection du lait pibdu cours de la traite ou de l'allaitement
est un phénoméne discret. La représentation addptéece travail et sa modélisation au pas
de temps du jour n’integre pas de distinction esé@étion et éjection. La production de lait
est considérée a cette échelle de temps commeuxircdhntinu, la quantité de lait produite
chaque jour étant implicitement un flux de matidmtant du systéeme animal. Ce flux
intervient au cours des périodes de lactation deleuinoment de la mise bas qui constitue un
«eévenement animal (régie interne) jusqu’au moment du tarissemauit apnstitue une
«opération humaine (régie externe). Au cours de la lactation, largité et la composition
du lait varient selon un pattern dynamique caratique illustré en Figure 14, Figure 15 et
Figure 16 a travers un faisceau de cinétiques atés dans la littérature (Martin and
Sauvant, 2002). Le pattern dynamique de la couderdduction laitiere au cours de la
lactation est souvent décrit a I'aide du modelendeod (1967), dont le formalisme dérivé
d’une fonction gamma permet de résumer la cinétigtravers trois criteres synthétiques : un
niveau de production, une date de production mdeiraiun taux de décroissance de cette

production apres le pic.
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Figure 13 Composition du lait en lipides, protéime¢sgylucides dans la classe des mammiféres (5&espe
parmi 9 ordres, Oftedal, 1984), I'ordre des artiigies (20 especes, Oftedal, 1984) et I'espéce
Bos taurug5 races, Bremel, 1995).

Dans le modéle métabolique, la glande mammaireepsésentée a son niveau d’interface
a travers laquelle des précurseurs prélevés dasanlg (glucose, acides aminés, glycérol,
acétate+butyrate et acides gras) sont convertigotose, protéines et triglycérides constitués
d’acides gras a chaines courtes ou longues. Danmao®le a vocation explicative, la
dynamique de production laitiere au cours de ltatam est fixée priori par I'intermédiaire
du modele de Wood dans sa version modifiee par @h&t981), et interprétée en termes de

flux de ses précurseurs métaboliques. La représmmtde la glande mammaire est également
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limitée dans le modele énergétique a son niveautatface qui convertit un faisceau de flux
d’énergie orientés vers la fonction de lactation uenfaisceau de flux de matieres (eau,
lactose, protéines et lipides). La quantité de padduite s’élabore dans ce modeéle par un
compromis entre une reéalisation potentielle et wéalisation effective. La réalisation
potentielle est déterminée au niveau du modelenéldique qui formalise une priorité a la
fonction de lactation dans une perspective d’acdssgment de la finalité particuliére
d’assurer la survie du jeune dans la finalité dgebde pérennité de I'espéce. Cette
formalisation agit comme une force motrice qui geume |'orientation du meétabolisme
énergétique vers la production de lait. La quartédait potentielle est alors régie a travers
cette gouvernance dynamique sans dimension etersran facteur d’échelle qui quantifie un
niveau propre a I'animal et capture l'idée d’'unpasté génétique. La réalisation potentielle
est traduite en un besoin énergétique et conditiomm équilibre de fonctionnement du
métabolisme énergétique lorsque ce besoin est dopaeune ingestion qualifiée d’optimale.
L'apport d’énergie effectif par I'alimentation, gtriaduit les conditions environnementales,
peut imposer une déviation de cet équilibre, darsehs d’un exces ou d’'un déficit d’énergie.
Le modele énergétique contient une formalisatiothBraatique d’'une regle de partition de
cette déviation : un ajustement du fonctionnemenitatganisme dans son ensemble est ainsi
établit exprimant la réalisation effective de laghuction laitiere. Le couplage des modéles
téléeonomique et énergétique formalise ainsi unldgeiparmi des équilibres potentiels de
fonctionnement de l'organisme et les transitionsreerces états lorsque les conditions

alimentaires sont plus au moins favorables a l@abliésement.

La notion de pilotage élaboré de facon intime an de I'organisme a déja été incorporée
dans des approches de modélisation de la lactdfiten.est notamment formalisée a travers
une «hormone de lactation par Neal et Thornley (1983). D’autres auteumnsme Dijkstra
et al. (1997), Friggen®t al, 1998, Pollot (2000) ou Vetharaniagh al. (2003a ; 2003b) ont
également cherché a représenter la lactation eorpoant les mécanismes clefs de la
biologie de la glande mammaire (différentiationwaire, apoptose, activité sécrétoire, etc.).

L’invocation d’'un potentiel de lactation et sa cerion a un déterminisme géenétique est
eégalement classique pour individualiser des prafégsproduction laitiere. Ici, le potentiel
correspond a un équilibre incorporant un fonctioneet global du métabolisme énergétique

et non un maximum. Dans le modéele métabolique,ammeétre de potentiel est également
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utilisé pour dérouler les transactions métaboligassociées a des niveaux de production

laitiere variables.

La philosophie générale adoptée dans ce travail pguésenter la lactation releve d’'une
reconsidération de sa signification dans la fomctle reproduction. La sécrétion de lait est la
fonction de la glande mammaire, glande exocrirergdne sexuel femelle, et sa finalité est la
nutrition extra-utérine du jeune en relais de Fugqui assure cette fonction de nutrition au
cours de la gestation. Ce point de vue, bien qudamentalement évident et naturel, n’est
pas celui, classique, qui envisage plus la lagtatiomme une fonction de transformation

d’une ration alimentaire que comme une composamidisée de la reproduction.
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Figure 14 Evolution de la production laitiére awrsde la lactation de vaches laitiéres : Donnéesad
littératuré™ pour des animaux primiparean(ble)) et multiparesdn rouge.

2 Rook and Campling, 1965 ; Swanson, 1967 ; Brasdtat, 1969 ; Decaen, 1970 ; Brostdral, 1975 ; Lodgeet al, 1975 ;
Eversonet al, 1976 ; Johnson, 1977 ; Vérité and Journet, 19®Dhlt and Clark, 1978 ; Johnson, 1979 ; Kronfetdhl,
1980 ; Garnsworthy and Topps, 1982 ; Hokearl, 1982 ; Pinchasoet al, 1982 ; Donker, 1983 ; Johnson, 1983 ; Llatr
al., 1983 ; Holteret al, 1984 ; Taylor and Leaver, 1984a ; 1984b ; DeBeted85 ; DePeters, 1989 ; Stapdtsal, 1990 ;
Kertz et al, 1991 ; Wohltet al, 1991 ; Holter and Hayes, 1992 ; Hol&dral, 1993 ; Osterseat al, 1997 ; Tolkamget al,

1998 ; Soder and Holden, 1999.
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Figure 15

Figure 16
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Evolution de la production de matiéressges du lait au cours de la lactation de vacthi@rés
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Evolution de la production de matiérestgigues du lait au cours de la lactation de vaches
laitieres : Données de la littératétgpour des animaux primipareen( bley et multipares €n
rouge.

22 Rook and Campling, 1965 ; Swanson, 1967 ; Decaer) 18rosteret al, 1975 ; Eversomt al, 1976 ; Johnson, 1977 ;
Wohlt and Clark, 1978 ; Johnson, 1979 ; Kronfetdal, 1980 ; Donker, 1983 ; Johnson, 1983 ; DePet&&5 1 Staplest
al., 1990 ; Kertzt al, 1991 ; Wohltet al, 1991 ; Holter and Hayes, 1992 ; Osterseal, 1997 ; Tolkampet al, 1998.

2 Rook and Campling, 1965 ; Decaen, 1970 ; Johnsaty, 1%vohlt and Clark, 1978 ; Johnson, 1979 ; Krahtelal, 1980

; Donker, 1983 ; Johnson, 1983 ; Wodittal, 1991 ; Osterseet al, 1997 ; Tolkamget al, 1998.
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3.4Ingestion

L’ingestion correspond a I'entrée d’aliments etadiede boisson dans I'appareil digestif de
la vache. La nature de ce flux est déterminéegsainigrédients de la ration mise a disposition
de la vache dont le choix reléve des pratiquesesiu de I'élevage et de la sélection par
'animal qui exprime ses préférences pour les alisieplus ingestibles et digestibles.
L’ingestion n’est pas un flux continu a I'échelle dycthémeére mais intervient par phases en
alternance avec les activités de rumination et ué® (Dulphy and Faverdin, 1987). Ces
phases sont constituées d’'une succession de piiggantaires regroupées au sein de repas
(Tolkampet al, 1998 ; Tolkamp and Kyriazakis, 1999a ;1999b)iséal principalement aux
moments des distributions d’aliments, aux leversaeichers du soleil et dont la répartition
pour un individu donné est liée a son statut soaialsein du groupe. Ces aspects du
comportement alimentaire mettant en jeu des méoasisd’expression de la faim et de la
satieté a court terme sont ignorés dans le mod&ie lé pas de temps est le jour et dans

lequel l'ingestion est en conséquence considérgammun phénomene continu.

Dans le modéle énergétique, l'ingestion est coméaé&ous forme d’un flux de matiére
seche converti en un flux d’énergie métabolisahle apnstitue I'entrée du métabolisme
énergétique et sous forme d'un flux de matiérechaitransitant au sein d’'un unique
compartiment digestif dont il influence la masseanB le modele métabolique, le flux
d’aliment ingéré est traduit en cing flux de métabs qui constituent I'entrée alimentaire du
systeme animal : flux d’acides gras volatils abésripar I'organisme a travers la paroi
ruminale (acétate+butyrate et propionate) et fliacides aminés, de glucose et d’acides gras

absorbés par I'organisme a travers la paroi intaki

Dans le modele métabolique, dont I'objectif esttBrprétation des échanges intervenant
au niveau du systeme productif en termes de tréosacmétaboliques, la dynamique de la
quantité ingérée a I'échelle de la lactation egtda priori. Le pattern caractéristique de cette
dynamique est illustré en Figure 17 a travers uscéau de cinétiques collectées dans la
littérature. Dans le modéle énergétique, la dynamid’ingestion a I'échelle de la vie de
'animal est envisagée comme une réponse. Le moti@onomique gouverne des
orientations physiologiques qui expriment au niveaumodele énergétique des besoins en
énergie pour assurer des processus et une capgauvigque a ingérer qui traduit un
encombrement tolérable du reticulo-rumen. La dénéitergétique de la ration détermine

ainsi une quantité d’aliments a ingérer pour couees besoins. L'ingestion est alors
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représentée par une gquantité requise pour coumriniveau de besoin énergétique et une
quantité permise pour saturer un niveau de potaatighysique. La quantité effectivement
ingérée consiste finalement en un compromis erggevaleurs : elle est au plus égale a la
quantité permise, au moins égale a la quantitéise égale a une quantité qui peut excéder
le besoin strict de I'animal dans la mesure ou plemet d’améliorer I'état corporel de

I'animal.
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Figure 17 Evolution de la quantité de matiére séolgérée au cours de la lactation de vaches legier
Données de la littératufepour des animaux primiparesn(bley et multiparesén rougg.

La compréhension des mécanismes régulant I'ingestio sa prédiction a partir des
caractéristiques des aliments et de [I'état phygiglee de l'animal relévent d'une
problématique centrale en sciences animales. Dgmdéis de 50 ans, le lien entre des
variations de niveau de production laitiere et\msations de niveau d’ingestion alimente les
débats et mobilise des efforts de recherche (Faverdal, 2007). La question soulevée
appelle deux points de vue alternatifs sur la foncdrice dans la représentation de I'animal-
interface : «ush» (les entrées font les sorties) opud » (les sorties font les entrées)
(Drackleyet al, 2006).

24 Brosteret al, 1969 ; Brosteet al, 1975 ; Cowan, 1970 ; Decaen, 1970 ; DePeter§ 18@Peters, 1989 ; Eversehal,
1976 ; Garnsworthy and Topps, 1982 ; Hokeéral, 1982 ; Holteret al, 1984 ; Holteret al, 1992 ; Holteret al, 1993 ;
Johnson, 1977 ; Johnson, 1979 ; Johnson, 1983tz Keal, 1991 ; Kronfeldet al, 1980 ; Krohret al, 1983 ; Llahret al,
1983 ; Lodgeet al, 1975 ; Mohrenweiser and Donker, 1967 ; Osterseal, 1997 ; Pinchasoet al, 1982 ; Rook and
Campling, 1965 ; Soder and Holden, 1999 ; Stapteal, 1990 ; Swanson, 1967 ; Taylor and Leaver, 1984884b ;
Tolkampet al, 1998 ; Vérité and Journet, 1977 ; Wallace, 19%@ktorsson, 1971 ; Wiktorsson, 1973 ; Wohlt andrila
1978 ; Wohltet al, 1991.
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Classiguement, l'ingestion est envisagée a traleysconcepts de capacité physique et
celui de couverture énergétigue d'un besoin. Lestésyes d’alimentation développés a
travers le monde et de nombreux travaux de modéliseeposent sur une formalisation de
ces concepts. En France notamment, l'utilisatios deités fourrageres (Vermorel, 1978 ;
Vermorelet al, 1987) et de 'unité d’'encombrement (Jarrigeal, 1979) pour caractériser les
aliments en sont l'illustration. A la suite desvimax de Conraeét al.(1964), des approches de
modélisation reposant sur une double prédictigrhysique» et «énergétique> ont été
développés (Hyppdla and Hasunen, 1970 ; Forbeg 18ristensen and Ingvartsen, 1986 ;
Dulphy et al, 1987 ; Mertens, 1987). Dans ce travail, encombrénphysique et besoin
énergétique interviennent dans la détermination lae quantité d’aliments ingéreés.
L’originalité réside dans l'introduction d’une noti de besoin énergétiqualikféré » en plus
du besoin énergétiqueirstantané». Le besoin instantané est associé a la coueedes
besoins énergétiques pour la réalisation des psasephysiologiques en cours (pour la
croissance, l'entretien et la reproduction) ; lesdie différé correspond au stockage de
I'énergie sous forme de réserves permettant latitotisn d’'un état corporel propice a la
réalisation des processus physiologiques futurs p@miculier, les dépenses énergétiques
associés au cycle de reproduction a venir). Cefteesentation incorpore explicitement une
régulation de l'ingestion liée au niveau des résgmorporelles dont les principes relévent de
la théorie lipostatique invoquée au début des anbepar Kennedy (1953). Cette théorie
suggere I'existence d’'un état d’équilibre des néseicorporelles agissant comme une force de
rappel et gouvernant la prise alimentaire dan®tg lterme. L'incorporation du niveau des
réserves corporelles dans la prédiction des geéantiigérées par une vache a déja été
effectuée dans des approches de modélisation (Etlial, 2006b). Dans le modele
energeétique, l'ingestion est représentée commefamaion régulée a un niveau global par
I'intermédiaire du modele téléonomique, et implicaiesi de fagcon concertée les demandes
associées a I'ensemble des fonctions physiologidoes celle de gestion a long terme des
réserves corporelles. En revanche, la régulatiohirggestion liée aux caractéristiques de la
ration alimentaires est limitée a la considératiersa densité énergétique. Il existe en effet de
nombreux niveaux de caractérisation des alimeaspéce végétale, constituant de I'appareil
végétatif, type de sous-produit, forme de présematclasse d’aliment, composition
chimique, granulométrie, digestibilité, etc. Cevemiux permettent une sophistication de
'information relative au matériau alimentaire eufnissent potentiellement des clefs pour
apprécier le déroulement du processus digestif dansensemble. La caractérisation des

aliments et la compréhension de son influence surdigestion s’inscrivent dans la
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problématique d'interprétation des aliments en &wnde nutriments assimilables par
'organisme, qui eux mémes déterminent I'élaboratibes performances animales. Les
systemes d’alimentation développés pour ratioraliasbmentation du bétail se fondent sur
I'utilisation d’une référence commune pour carastrles aliments en termes d’apports et les
fonctions biologiques de l'animal en termes de bes@e principe a historiquement été
introduit au XIX™ siécle par Thaer (1809) qui fut vraisemblableniergremier & envisager
comment évaluer des aliments en termes de produétidravers cette question simple :
«Quelle quantité d’'un aliment donné est nécessawar ge substituer a un aliment de

référence sans induire de modification de producfoe.
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« The best material model of a cat is another, refgrably the same, cat »
Norbert Wiener
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1 Modele téleonomique

La description du modele téléonomique est présesuas la forme d’un article soumis a

la revue Animal :

Martin O and Sauvant D 2009. Modelling dairy livestk lifetime performance.
1.Teleonomic trajectories of life function priorigis. Animal (submitted®).

2 Accepté aprés la soutenance de these sous la fokagtin, O. and Sauvant, D., 2010a. A teleonomic maa
describing performance (body, milk and intake) durhg growth and over repeated reproductive cycles tlwughout the
lifespan of dairy cattle. 1. Trajectories of life function priorities and genetic scaling. Animal (in pess).
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Modelling dairy livestock lifetime performance.

1. Teleonomic trajectories of life function priorit ies

O. Martin® and D. Sauvant

UMR Physiologie de la Nutrition et Alimentation, INRA-AgroParisTech, 16, rue Claude Bernard,

75231 PARIS cedex 05, France

"E-mail: olivier.martin@agroparistech.fr

This is the first paper of a short series of two accompanying papers describing a teleonomic
model of lifetime performance of dairy livestock. The conceptual framework is based on the
coupling of a regulating sub-model providing drives to rule the work of an operating sub-
model. The regulating sub-model describes the dynamic partitioning of a mammal female’s
priority between life functions targeted to growth (G), ageing (A), balance of body reserves
(R), and nutrient supply of the unborn (U), newborn (N) and suckling (S) generations. The so-
called GARUNS dynamic pattern of priorities defines a teleonomic trajectory goal-directed to
the survival of the individual for the survival of its life form. The operating sub-model
describes changes in body weight and composition, fetal growth, milk yield and compaosition,
and food intake over lifetime and during phases of gestation and lactation of repeated
reproductive cycles. This dynamic pattern of performance defines a reference trajectory of a
female livestock under normal husbandry conditions and feed regimen. Genetic parameters
are incorporated in the model to scale individual performance and simulate differences within
and between breeds. The model was calibrated in dairy cows with literature synthetic data.
The model was evaluated by comparison with simulations of previously published models of
body weight, body condition score, milk yield and composition, and food intake. Model
simulations with varying values of genetic parameters are shown in graphs. The model

allows to simulate the range of variability of dairy cattle performance.

Keywords: teleonomic model, reproductive cycle, dairy cow, lactation, body reserves
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Implications

This model of lifetime performance of dairy livestock opens new perspectives in the
field of modelling animal physiology and provides a prototype of an integrative whole
animal model. This work involves (1) an innovative conceptual framework by focusing
on priorities for physiological functions, (2) a holistic view of growth, reproduction and
nutrition, (3) a combination of genotype and environmental effects in the prediction of
performance, and (4) a generic formalism with scaling parameters allowing to

simulate different animal genotypes.

Introduction

“Prediction of nutrient partitioning is a long-standing problem of animal nutrition that
has still not been solved. Another substantial problem for nutritional science is how to
incorporate genetic differences into nutritional models. These two problems are
linked as their biological basis lies in the relative priorities of different life functions
(growth, reproduction, health, etc.) and how they change both through time and in
response to genetic selection” (Friggens and Newbold, 2007). This statement, made
in the context of dairy cattle nutrition modelling, highlights the importance of being
able to describe the changing priorities of an animal as it ages, through repeated
reproductive cycles, and over successive generations.

Ultimately, relative priorities change to ensure the survival of the individual and to
maximize the production of viable offspring. The achievement of these two major
overlapping goals involves two main regulatory mechanisms: homeostasis and
homeorhesis. The survival of the individual implies a continuous maintenance of a

non-lethal physiological state in a fluctuating environment. Homeostasis is the
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tendency to maintain such an internal physiological equilibrium (Bernard, 1865;
Cannon, 1929; 1932) and refers to the reactive and appropriate changes to restore a
physiological state perturbed by environmental constraints. The production of viable
offspring involves a genetically driven time-based succession of physiological
processes. This can be seen as a schedule of changing dominance of the following
main goal-directed functions: growth to reach maturity, investment in reproduction to
produce and rear offspring, and modulation of body reserves to safeguard
physiological requirements for future reproduction and counter seasonal changes in
food availability. Within a given species, this schedule has a characteristic pattern
with variation between individuals. Homeorhesis is the tendency to home on to such
a physiological dynamic process (Kennedy, 1967) and refers to the orchestrated
changes in metabolism necessary to support a dominant physiological state
(Bauman and Currie, 1980). In animal nutrition, homeorhesis, also coined teleorhesis
(Bauman and Currie, 1980) (“directed flow”) or teleophorhesis (Chilliard, 1986)
(“towards a goal”), explain the changes in partitioning of circulating nutrients during
different developmental and physiological stages.

The term homeorhesis (“similar flow”) was introduced by Waddington (1957) to
expand the concept of homeostasis (“similar state”) and to capture the idea that what
living things really hold “constant is not a single parameter, but a time-extended
course of change, that is to say, a trajectory”. While homeostasis is the property of a
system that returns to a particular state, homeorhesis is the property of a dynamic
system that returns to a trajectory. Waddington introduced the term chreod
(“necessary path”) to describe the trajectory itself. From the modelling standpoint,
this distinction between the end and the means-to-the-end is an essential point, and

the properties of homeorhesis and homeostasis can be seen respectively as the
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77 long- and short-term components of the general process that make living organisms
78 follow a trajectory in their physiology despite disturbing environmental conditions.
79 This trajectory being compatible with life, genetically determined and evolutionarily
80 targeted to ensure species continuation.

81 The problem pointed out by Friggens and Newbold (2007) concerns the integration
82 of homeorhetic and homeostatic regulations in nutrition models in which the animal
83 would be considered “as an active biological entity with its own ‘agenda™ (Friggens
84 and Newbold, 2007). Following this idea, the modelling of a trajectory, i.e., a
85 schedule of priority of life functions genetically designed and acting as an
86 homeorhetic driving force and an homeostatic reference state, should be the starting
87 point (Friggens et al., 2004). Several nutrition models of lactating animals, mainly in
88 cattle, have been published in the last 20 years (e.g., review in Sauvant, 1992; 1996;
89 Tedeschi et al.,, 2005; Chalupa et al., 2004). Homeorhetic and homeostatic
90 regulations were generally not the main focus of these modelling approaches
91 although they contained control or retro-control components implicitly or explicitly
92 incorporated in the model core. Control mechanisms with homeostatic properties
93 have been used in models to smooth the short term failures of adjustment between
94 input and output (Sauvant, 1994). Homeorhetic type controls have been introduced in
95 a few nutritional models by the way of meta-hormones. This concept refers to the
96 empirical modelling of complex hormonal systems by a theoretical hormone used as
97 a driving variable (e.g., lactation hormone (Neal and Thornley, 1983), anabolic and
98 catabolic hormones (Sauvant and Phocas, 1992; Baldwin, 1995; Martin and Sauvant,
99 2007). In Danfaer (1990), growth hormone and insulin actions on metabolism was

100 explicitly modelled. These (meta-)hormones formalize in mechanistic animal models
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101 the idea of control of the operating subsytem (involving metabolic pathways) by a
102 higher level regulating subsytem (simulating endocrine controls) (Sauvant, 1994).
103 However, none of these approaches explicitly focused on the modelling of
104 homeorhetic and homeostatic regulations by incorporating the teleonomic concept of
105 an inherent trajectory. This idea was pioneered by Friggens et al. (2004) in
106 developing a genetically driven pattern of body lipid change through pregnancy and
107 lactation in dairy cattle, seen as a trajectory safeguarding reproductive success
108 (Friggens, 2003), and used in a model of feed intake regulation in dairy cow (Petruzzi
109 and Danfaer, 2004). In a model of dairy goat energy metabolism, Puillet et al. (2008)
110 explicitly represented a regulating sub-system producing dynamic drives for gestation
111 and lactation although this model was not designed to deal with variability in nutrition
112  supply.

113 We propose in a short series of two accompanying papers a modelling approach,
114 explicitly incorporating a goal-directed trajectory of priority aimed at generating
115 homeorhetic and homeostatic regulations. This model is designed for dairy livestock
116 and applied to the dairy cow. The model consists of two sub-models. The regulating
117 sub-model describes the dynamic partitioning of relative priorities between growth,
118 reproductive functions and body reserves constitution/reconstitution during lifetime
119 punctuated by successive reproductive cycles. The concept of priority embodies the
120 idea that the coordination of physiological functions is goal-directed toward the
121 preservation of life for the reproduction of life form (Bricage, 2002). From this
122 teleonomic view, the process of living is considered as the dynamic partitioning of an
123 overall priority between priorities associated with elementary life functions. These
124 trajectories of priority are used to generate a reference pattern of physiological

125 processes, which represents a genetically driven pattern of lifetime performance and
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126 establishes homeostatic set-points for the operating sub-model (Paper 1). In the
127 operating sub-model, this pattern of performance is interpreted into a dynamic
128 partition of energy required for growth of body tissues, maintenance, pregnancy and
129 lactation, which determines a desired level of dietary energy input. Finally, in
130 response to the actual level of energy intake, this partition is modulated by the way of
131 an homeostatic regulation function, which apportions the difference between
132 energetic supply and demand between physiological processes (Paper 2). Thus, the
133 concept of priority at the regulating sub-model level provides teleonomic drives used
134 in the operating sub-model to formalize homeorhetic regulations of lifetime
135 performance and homeostatic regulations of energy partitioning.

136 The whole model allows the prediction of milk yield and composition, foetal growth,
137 calf birth weight, intake, and body mass and composition changes in dairy cows over
138 their lifespan and during repeated gestation/lactation cycles.

139

140 Model description

141 Rationale
142 The regulating sub-model (Figure 1.1) describes the partition of a mammal female’s
143 priority over lifetime t (d) between six components of the goal of maximizing the

144  number of viable offspring:

145 * G achieve growth of the mother to maturity by body mass accretion during the
146 developmental stage of life;

147  A: achieve ageing of the mother to death by reducing investment in repair
148 processes resulting in a decline of the ability to perform vital functions;

149 * R: balance body reserves of the mother to maintain favourable reproductive
150 conditions by storage or mobilization;
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151 « U : complete intrauterine growth of the unborn generation (the embryo in the
152 gravid mother uterus) during pregnancy;,

153 * N: supply nutrients to the newborn generation (the neonate) by lactation
154 initiation and body reserve mobilization at the transition time between
155 gestational and lactational stages of the reproductive cycle;

156 e S: supply nutrients to the suckling generation (the nursing young substitute by
157 the milking machine in dairy production context) by lactation persistency.

158 The so-called unborn, newborn and suckling generations consist physically of the

159 same young that suckles its mother after birth. The distinction between them is made
160 from the physiological standpoint of the maternal functions involved in their survival,
161 i.e., gestation, lactation and the transition phase between them which involves
162 mobilization of body reserves. At parturition, there occurs the transfer of the function
163 of supplying nutrients to the offspring from the placental uterine unit to the mammary
164 gland.

165 The concept of priority is formalized as a dimensionless quantity flowing through
166 these compartments: from G to R during growth, from R to A with ageing, and
167 cyclically through R, U, N and S during reproductive cycles (Figure 1.2). An
168 essential feature of the model is the steadiness of the overall priority the dynamic
169 partition of which is described by the regulating sub-model.

G+A+R+U+N+S=1 (1)

170 Forthwith, the term priority is employed in the sense of the “quantity of relative
171 priority” represented by each of these state variables. An important point is that, at
172 the level of the regulating sub-model, the value of a given priority only quantifies the

173 overall relative rank of superiority of a goal, not the intensity of the physiological
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174 processes involved in its achievement. Thus, for instance, a priority of 1 implies a
175 paramount importance but not necessary a maximal realisation.

176

177  Priority components

178 Growth. Priority G to growth represents the investment in the construction of a
179 mature individual and is linked to the level of achievement of a mature structural body
180 mass, assumed to be an individual genetic trait. The main component of this
181 investment is the allocation of available energy to build tissue. In a general model for

182 ontogenetic growth (West et al., 2001), the guantity
183 1—(currentweight/matureweight)%1 was defined as the proportion of total available
184 metabolic energy fuelling the production of new biomass, the remaining quantity

185 (currentweight/matureweight)%1 being the proportion of total available metabolic

186 energy allocated to maintenance and other functions. This partition of energy is
187 assumed to mirror the partition at the conceptual level of priority and the differential

188 equation for G is defined consistently with the analytical rule given by

%,
Gzl—(ﬂ] , (2)

M
189 where W and W,, are respectively the current and mature non-labile body weights

190 (see (22) in the operating sub-model section).

191 The differential equation for G is

= (3)

192 with G, =1-(W, /W, )’ and where W, is the non-labile body weight at birth (see in

193 the model development section).
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194 The flow d (development) from G to R is defined to update G according to

195 changes in W with respect to ( 2 ) and is given by

d:—l M
aw o At (4)

196 Formally, this flow represents the synchronization of the regulating sub-model with
197 the operating sub-model according to the achieved level of maturity. By this way,
198 priority to growth is updated according to its level of completion and follows a
199 curvilinear pattern (G - 0 and A+ R+U + N +S - 1 with age as W - W,, with age).
200 Priority defined by 1-G=A+R+U + N +S is the overall priority to functions of the
201 mature, fully-developed individual (Figure 1.3).

202

203 Ageing. Priority A to ageing represents the relative loss in other priorities. The
204 increase in A with time relies on the progressive decline with age of the ability to
205 perform the work of life, including survival and reproduction (Brody, 1924).

206 The differential equation for A is
$=s (5)

207 with A, =0.

208 The flow s (senescence) from R to A is arbitrarily formalized with a logistic function:
s=oDA1- A), (6)

209 where o (d?) is the fractional rate of senescence.

210 To initiate the flow s (s=0 while A=0), a discrete transfer from R to A is triggered

211 at first conception to set A to 10 (arbitrarily small quantity):

t=tc(0):>{2+1:2t18:3, (7)
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212 where tC(O) (d) is the age at first conception (see further).

213 The underlying assumption is that the senescence process starts when animal first
214 involves in reproduction. The flow s induces a sigmoid shape for A (Figure 1.2) and
215 causes the integral transfer of the sum of relative priorites to A (A- 1 and
216 G+R+U+N+S - 0 with age). Thus, the flow s delimits an interval within the
217 animal lifespan during which the regulating sub-model is functional. The asymptotic
218 value A =1 represents the state of being old but not necessary dead, i.e., a state of
219 fully expression of processes of senescence leading to death. A sigmoid pattern
220 rather than an exponential one was chosen to capture this idea and to avoid the a
221  priori definition of a time at which A=1. Priority defined by 1-(G+ A)=R+U +N +S
222 is the overall “available capital of priority” to functions of the individual in age of
223 procreating and is maximal within a lifetime period during which G + A is at nadir.

224

225 Reserves. Priority R concerns the goal of balancing body reserves assuming the
226 existence of an optimal target level of body reserves (Friggens, 2003) maintained by
227 physiological processes of storage and mobilization. Storage of body reserve occurs
228 for the construction of this level during developmental stage of life and takes place for
229 the reconstitution of this level during reproductive cycles. Mobilization occurs at
230 parturition as part of the lactation physiological process and is targeted by N (see
231 further) but also takes place for the deconstruction of excessive level of body
232 reserves constituted during overfeeding periods (see paper 2). Relying on Friggens
233 (2003), the view taken here is that the changes in body reserves are to a large extent
234 genetically driven and follow a trajectory which is a natural component of the
235 reproductive cycle to support the evolutionary goal of maximizing reproductive

236 success. The body reserve reconstitution at the end of a reproductive cycle allows
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237 the restoration of the individual mother body state and is targeted to the
238 accomplishment of the subsequent reproductive cycle. From that standpoint, through
239 the balance of a body condition compatible with reproduction, priority R traduces a
240 potential maternal investment in reproduction: R is loaded during developmental
241 stage of life (flow d), progressively unloaded by senescence (flow s) and cyclically

242 discharge (flow p) and reloaded (flow w) during reproductive cycles.

243 The differential equation for R is

dR
—=d-s-p+w, 8
- p (8)

244 with R_ =1-G_, = (WM, ).

245 Since U+N+S=0 during non-reproductive stages of life, priority R=1-(G + A)
246 quantifies the level of potential investment in reproduction, i.e., a “quantity of priority”
247 potentially conveyable from R to U, which increases during development and
248 decreases in elderly animals. The key role of R as a source for priority to
249 reproduction in the model reflects the crucial importance of energy storage in body
250 tissues in reproduction of mammals. As seen in Figure 1.2, priority R oscillates
251 during the reproductive stages of life defining “opportunity peaks” of body reserves
252 reconstitution between reproductive cycles. During non reproductive stages, R
253 shows a continuous and undisturbed pattern traducing a priority to stabilize body
254  reserves to an optimal level.

255

256 Unborn generation. Priority U to the unborn generation represents the maternal
257 investment to complete successfully the current pregnancy.

258 The differential equation for U is
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au _
dt

P, (9)

259 with U, =0.
260 The flow p (pregnancy) from R to U is derived from a model of fetal growth (Laird,

261 1966) with the assumption that priority U to pregnancy is proportional to foetal
262 growth (see Appendix A) an is given by

a[ﬂn[éjw if £<U<1-(G+A)-¢

p= : (10)
0 elsewhere

263 with Z =eexd-In(¢)/(l-exp-a 7)) and &=c@/W, , where W, is the theoretical

264 ~maximum neonate birth weight assumed to equal W;, a and w are parameters

265 defined in Laird (1966), and 72 is the theoretical maximum pregnancy length. This
266 classic and generic Gompertz-based model of embryonic growth was chosen
267 because of its generic form in which only the time and weight scales of process differ
268 among avian and mammalian species. The parameter @ is the initial foetus weight at
269 conception and the variable ¢ is thus the relative proportion of the neonate weight at
270 conception, and corresponds to the initial investment in pregnancy at the start of the
271 reproductive cycle. The flow p only occurs when the animal is pregnant, i.e., U > ¢,
272  and while the animal can invest in procreation, i.e., U <1- (G + A)- £. Conception is
273 defined as a periodic discrete event starting at age at first conception and repeated
274  cyclically during each reproductive cycle numbered by c (a reproductive cycle c is
275 defined from conception to the next conception with ¢ =0 at t = 0). To avoid the
276 unrealistic start of reproductive cycles in elderly animals the condition A<0.2 is

277 required for conception. At conception times, the transfer of the small quantity & from
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278 R to U s triggered, which acts as a seed to initiate the flow p while the

279 reproductive cycle number is incremented:

R —_

U +e, (11)
+

280 where tc(c) (d) is the age at conception occurring during reproductive cycle ¢ and is
281 given by

t.(c) = t,(c) + PCi(c), (12)
282 where t(c) is the age at parturition during reproductive cycle ¢ and PCI(c) (d) is an
283 input parameter of the model defining the parturition to conception interval of
284 reproductive cycle c.

285 The initial value tP(O) IS set to zero and corresponds to birth which gives
286 tC(O) = PCI(0) where PCI(0)corresponds to the age at first conception.

287 The equation for p is designed to yield U =1 after nd of pregnancy (see Appendix
288 A) and the time of parturition is defined as the integral transfer of R to U, i.e., the
289 time of maximal investment in the current reproductive cycle (Friggens, 2003).
290 Actually, the maximal transfer from R is equal to 1- (G + A) and is thus always lower
291 than one so that theoretical maximal pregnancy length is never reached. The discrete
292 event parturition triggers the transfer of U to N, which sets U to zero, updates the
293 age at parturition for the current reproductive cycle and set the boolean indicator of
294 mammary stimulation milking to one (milking=1 when the animal is milked,

295  milking =0 if not):
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Nt+l = Nt + Ut
U21-(G+A)-e= {20 (13)
y tle)=t
milking = 1
This discrete transfer represents parturition and birth, i.e., the fetus expulsion from

the mother uterus. At this moment, priority to survival of the unborn generation

becomes priority to survival of the newborn generation.

Newborn generation. Priority N to the newborn generation represents the maternal
investment in physiological functions allowing the initiation of lactation to provide
nutrients for the neonate’s own requirements. The concrete expression of this
investment is mobilization of mother body reserves and lactogenesis. Structurally, N
can be seen as an intermediary compartment that ensures the continuity between
gestation and lactation within the reproductive cycle.

The differential equation for N is
— =, (14)

with N,_, =0.
The flow | (lactation) from N to S describes with a simple mass action the transfer
of maternal investment from N (priority, inherited from U at parturition, to initiate
lactation) to S (priority to maintain lactation) with advancing time and is given by

I =pIN, (15)
where u (d*) is the fractional rate of lactation initiation.

The mass action formalizes the ineluctability of the sequence gestation-lactation.

Suckling generation. Priority S to the suckling generation represents the maternal

investment in physiological functions allowing lactational persistency. As previously
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316 mentioned, both N and S are priorities to the survival of the same physical
317 generation (the young) by the way of the same process (the lactation) but N and S
318 are priorities to specific components of this process, respectively its short-time
319 establishment and its long-time course.

320 The differential equation for S is

ds
95 _w, 16
o w (16)

321 with S, =0.
322 The flow w (weaning) describes the trade-off between priorities S and R, i.e., the
323 shift between the priority to continue to invest in the lactation and carry on with the
324 current reproductive cycle and the priority to restore body reserves to start a new
325 reproductive cycle in favourable body conditions. The flow w is formalized with a
326 mass action in which the fractional rate A is designed to account for body reserve
327 level, pregnancy effect and mammary stimulation:
wW=AI[S, (17)

328 with

A=A +A, +yU +71-miking), (18)

329 and

Xs

X 5
A, = 1+[4/], (19)

330 where X is the current body reserve mass (see ( 23 ) in the operating sub-model

331 section), milking is the boolean indicator of mammary stimulation, and A,, A, y, T
332 (d%) and Xs (kg/kg) are parameters governing the dynamic patterns of S and R.

333 The parameter A, is the basal fractional rate of transfer from S to R and determines
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334 the slowest transfer from S to R. The term A is the body reserves dependent

335 fractional rate of transfer from S to R and is a decreasing sigmoid function of the

336 ratio X/W: it decreases asymptotically to zero when X/W > x, increases to A,
337 when X/W tends to zero, and is equal to A,/2 when X/W = x,. The parameter xg

338 corresponds to a safeguarding threshold under which the transfer of priority from S
339 to R is enhanced. By this way, when body reserves are low, the fractional rate A is
340 increased, the transfer from S to R is thus accelerated and priority to maternal
341 investment in the suckling generation is decreased to support the priority to maternal
342 body reserves reconstitution (Wade and Schneider, 1992). In challenging contexts
343 such as food restriction, “homeostatic controls for survival can overwhelm
344 homeorhetic mechanisms” (Bauman and Currie, 1980) so that the priority of staying
345 alive prevails. Formally, this effect represents the synchronization of the regulating
346 sub-model with the operating sub-model according to the level of body reserves. An
347 emerging property of this formalism is that as the level of body reserve is higher
348 before the first reproductive cycle (shown by numerous authors through differences
349 in body condition score at parturition between parity) the transfer of S to R is slower
350 in the first reproductive cycle which induces a better persistency of the priority to
351 lactation in primiparous cow which is a known feature of lactation.

352 Theterm y[U represents the effect of the emerging of a new unborn generation, i.e.,
353 the start of a new reproductive cycle, which increases A and induces a decrease in
354 priority to the suckling generation in aid of the next generation to be born.

355 The term 1 Eﬂl— milking) represents the effect of mammary stimulation on S. The
356 fractional rate A is increased and the flow w from S to R is consequently

357 accelerated when milking=0, i.e., when the young is no longer suckling after
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358 weaning or death, or when the animal is no longer milked after drying off in dairy

359 production context. The discrete event drying off sets milking to O after 320 d in

360 milk, which induces an abrupt transfer from S to R.

361

362 Global and differential priority. State variables of the regulating sub-system are
363 designed to quantify the relative priorities of functional goals, i.e., the relative
364 importance of a target the completion of which involves physiological functions. The
365 connection of this purpose level to the level of performance in the operating sub-
366 system involves two steps of interpretation through combinations of priorities and the
367 definition of the concept of differential priority.

368 Combinations of priorities have been defined such as 1-G=A+R+U +N+S

369 (priority to functions of the fully-developed individual) and 1-(G+A)=R+U +N+S

370 (priority to functions of the individual in age of procreating). Other combinations of
371 priority used afterwards are G+ A+ R, which is the overall priority to functions
372 oriented to the individual and the complementary priority U + N+S=1-(G+A+R)
373 which is the overall priority to functions oriented to the offspring (Figure 1.2). These
374 global priorities are used to inhibit and/or activate processes in the operating sub-
375 model and act as taps.

376 The notion of differential priority traduces the idea that a given physiological
377 process though contributing to a priority, may be partially effective according to the
378 level of that priority. The formalism of a priority raised to the power of a given

379 exponent is used to capture this idea. Thus, in the operating sub-model description,

380 the differential priority (1-G)’ is used as an index of the ability to secrete milk. The

381 shape of (1—G)y is altered relative to that of 1-G traducing a decay between

382 specific priority to the particular physiological function of producing milk and the
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383 overall priority to function of the fully developed individual (Figure 1.3). Specifically,
384 (1—G)y represents the acquisition of maturity by the udder and is used in the
385 operating sub-model to regulate milk secretion. To carry on with the plumbing

386 metaphor, if the priority is the degree to which the tap is open, the differential priority

387 is the diameter of the pipe and the physiological process is the water flow. With the

388 same formalism the differential priority (1-G)* is used and defined as an index of the

389 ability to balance body reserves (storage or mobilization). The shape of (1—G)X is

390 altered relative to that of 1-G (Figure 1.3). During development, the differential
391 priority to balance body reserves increases at a proportionally lower rate than the
392 priority to function of the fully-developed individual. This formalism accounts for the

393 delayed deposition of fat during growth. With the same formalism the differential
394 priorites N* and S* are used and defined as indexes of the ability to secrete a
395 particular milk constituent during lactation stages.

396 From a mathematical standpoint this allometric formalism (f(x)=x*) gives

397 flexibility to drive specific physiological processes at the underlying level of the
398 operating sub-model. This formalism has nevertheless a biological sense as a given
399 goal involves many specific physiological processes contributing to its completion at
400 different biological levels and with a different rank of priority. The priority to growth,
401 for instance, involves a differential increase of constitutive body tissues. Allometric
402 functions have been widely used in this field to simulate differential growth of body
403 constituents relative to the growth of the whole body. The same technique is used
404 here to simulate the differential priority of physiological processes relative to the
405 priority of the whole organism. The biological significance of these indexes is that

406 they embody a holistic description of the complex endocrine controls of homeorhesis.
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407 Trajectories of G, A, R, U, N and S (denoted GARUNS pattern) over 1500 d of

408 life and through reproductive cycles are presented in Figure 1.4 .
409
410 Operating sub-model
411 Variables of the operating sub-model concern body weight (BW, kg), body condition
412 score (BCS, 0 to 5 scale defined by Mulvany, 1977), milk yield (MY, kd/d) and dry
413 matter intake (DMI, kg/d). The formalism defined afterwards corresponds to a
414 reference pattern of performance in a theoretical unchallenging feeding context. This
415 formalism is used in the companion paper as the basis to simulate a reference
416 pattern of energy partitioning.
417 Body weight (BW, kg) is given by

BW = EBW + GU + DT, (20)
418 where EBW (kg) is the empty body weight given by

EBW =W + X, (21)

419 where W (kg) is the non-labile body mass weight which determines the animal frame
420 size, X (kg) is the labile body mass weight ( X standing for extra-weight), DT (kg) is
421 the digestive tract contents weight and GU (kg) is the gravid uterus weight including
422 foetus and foetal annexes (placentome, membranes and fluids). Components W and
423 X of the empty body weight are not associated with real anatomic parts of the body
424 mass but are theoretical body compartments defined through their respective
425 function of body frame and reserve.

426 The differential equation for W is given by

%_\{[V:G[(G+A+R)D/QN, (22)

427 with W_, =W, (non-labile body mass weight at birth, kg) and where ¢, (Mcal/kg) is

428 the growth ME requirement (for the accretion of 1 kg W, see Appendix B) and | is
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429 the dietary ME input defined afterwards (see ( 34 ) in the food intake section) . Gain
430 in W has priority when growth prevails (control by G) and the overall priority
431 G+A+R=1- (U + N+ S) inhibits growth when gestation and lactation prevails during
432 reproductive cycles. The term (G+A+ R)EB defines the proportion of energy |

433 inflowing from diet channelled to growth. In non-reproductive stages of life,
434 G+ A+R=1 and equation ( 22 ) is consistent with the formalism proposed by West
435 etal. (2001).

436 The differential equation for X is given by
%—>,[<=bal—mob, (23)
437 with X, =X, (labile body mass weight at birth, kg) and where bal (kg/d)

438 corresponds to changes in X associated with the balance of an equilibrium level of
439 body fatness and mob (kg/d) corresponds to mobilization of body reserves.

440 Balance of X is given by

baI=(1—G)XEb0ERE(1—XM>&NMj, (24)

441 where y,, (W, determines a target body reserves level (Friggens et al., 2004)

442 attained and defended at the fractional rate b, (d™) modulated by priority R. The

443 term (1—G)X is the above defined differential priority, which represents an index of

444  the ability to store and mobilize body reserves and modulates changes in X during
445 animal lifetime. In particular, the constitution of body reserve is postponed relative to
446 growth of the non-labile body mass in early developmental stages (Vernon et al.,
447 1999; Owens et al.,, 1993). The control by R implies that balance of labile body
448 reserves to an optimal level prevails during developmental stages of life (constitution

449 of body reserves) and during the transition between lactational and gestational
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450 stages of two successive reproductive cycles (reconstitution of body reserves by
451 mobilizing surplus or filling deficit). The control by R also implies that balance of
452 body reserves is inhibited at the onset of lactation (R=0). This regulation is
453 consistent with the fact that anabolism of body tissues is known to be hindered in
454 early lactation (Bauman and Currie, 1980; Vernon and Flint, 1984; Chilliard and
455 Robelin, 1985; McNamara, 1997). The construction of R (see (8), (17), (18) and (
456 19)) implies an increase of body reserve storage when the level of X is excessively
457 low. In the present version of the model describing a reference pattern of
458 performance in unchallenging feeding contexts, the balance of X is always positive.
459 In the companion paper, the balance of X can be negative when body reserves
460 exceed the target level x,, WV, .
461 Mobilization of body reserves is given by

mob=(1-G)' Om IN IX I, , (25)
462 where m, (dh) is the fractional rate of mobilization modulated by priority N and Vy
463 (dimensionless) is a parameter scaling individual body reserve mobilization. This
464 latter parameter, defined as a genetic parameter and set to 1 in model development
465 steps, is used to account for individual variability in the amount body reserves
466 mobilised in early lactation (see the model evaluation section). The control by N
467 (maximum mobilization of body reserve at parturiion when U=R=S=0 and
468 N=1- (G + A)) contributes to the supply of energy for milk secretion dedicated to the
469 survival of the neonate which is a main feature in mammals (Pond, 1984; Oftedal,
470 2000). Moreover, mobilization is proportional to the level of body reserves, which is
471 well established (Broster and Broster, 1998; Martin and Sauvant, 2002).

472  The differential equation for GU is given by
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dGU _ W
i -PE, (26)

473 with GU,,, =0 and GU =0 at discrete event parturition, and where ¢ (kg/kg) is the

474  weight ratio of foetus to gravid uterus. Maternal uterus weight and uterine involution
475 are neglected for simplicity to avoid distinguishing the maternal part of gravid uterus
476 increase during gestation.

477 Developed on a daily timescale, the model is not designed to represent the diurnal
478 variations of body weight associated to changes in the digestive tract contents
479 weight. The mean retention time of solid food material in the digestive tract is
480 generally lower than three days (Hartnell and Satter, 1979; Mambrini and Peyraud,
481 1997). Therefore, the daily changes in digestive tract contents are simply described
482 with a differential equation incorporating the daily intake of fresh material and a
483 slightly delayed removal applied to contents exceeding a permanent digestive tract
484 contents weight scaled to body size.

485 The differential equation for DT is given by

a5T = SML -k, DT - o W), (27)

486 with DT_, = o W_, and where DMC (kg/kg) is the diet DM content set to 0.60 for
487 model develoment, k (t1) is the fractional rate of DT removal and J (kg/ kg) is a

488 parameter scaling a permanent digestive tract contents weight to body size.
489 Body condition score is calculated according to the current amount of empty body
490 fat (EBF, kg) with an empirical model proposed in a previous paper (Martin and

491 Sauvant, 2005):

BCS = EBE -17.9 /398,
((1 - ex{- 0.0068(EBW - EBF))f*"** j/ (26)

492  with
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EBF = g, (WM, )ow + 8, X, (29)

493 where 4, and B, (kg/kg) are the fat content of W at maturity and X respectively.

494 The daily raw milk yield (MY, kg/d) is defined as the sum of yields of milk

495 constituents j (lactose (j:L), protein (j:P), fat (j:F) and water (j:H )) and is

496 given by

MY =2 MY, (30)

J

497  with

Yin

MY = (1-G) Ok, IN" +k_ ElSij)DNM v, v, (31)

J
498 where Y. Y, and Yie (dimensionless) and k;,, k, (kg/kg W, ) are parameters

499  governing the kinetics of milk constituents yield and v, ., and v, (dimensionless)

500 are parameters scaling individual milk yield and composition. These latter
501 parameters, defined as genetic parameters and set to 1 in model development steps,
502 are used to account for individual variability in the amount of milk yield by the way of
503 parameter v, and in the milk fat, protein and lactose content by the way of

504 parameters v., v, and v, respectively (see the model evaluation section). Milk

505 water yield is assumed to remain unchanged and v, is fixed to 1. The term W,, is

506 used to scale milk yield to body size. The term (1-G)’ is the differential priority

507 above defined as an index of milk secretion ability and allows representing the effect

508 of mammary gland maturity which appears through the increase in milk yield with age

509 (Brody et al., 1923). Terms N’ and S’ are the differential priorities above defined
510 as indexes of ability to secrete milk constituents.

511 Milk constituent j contents MC]. (kg/kg) are given by
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Ve = [MY/MY it MY >0
i~ 10 elsewhere’ (32)
512 Food intake, conventionally expressed in a DM basis, is given by

DMI =1/e, , (33)

513 where g, is the diet ME content and | (Mcal/d) is the dietary ME input balancing

514 energy requirements for maintenance, milk yield, pregnancy, growth and body

515 reserves storage, given the energy issued from body reserves mobilization:

g, BW"+ > e MY +¢ [HGU/dt +e,, [bal - g, [Mob (34)
— j:L,P,F,H
= 1-GG+A+R) ’

516 where e, (Mcallkg®"™) is the maintenance ME requirement, e, (Mcal/kg) is the ME
517 requirement for the yield of milk constituent j, g, (Mcal/kg) is the pregnancy ME
518 requirement (for the accretion of 1 kg GU), g _ is the ME requirement for the
519 storage of 1 kg X and e _ is the ME supply by the mobilization of 1 kg X (see
520 Appendix B). The term 1-(G+A+R)[G defines the proportion of dietary ME
521 channelled to maintenance, lactation, gestation and body reserve storage, the term

522 (G+A+ R)[G being the proportion of dietary ME fuelling growth, as previously

523 described.

524

525 Model development

526 The model was implemented with Modelmaker version 3.0 software (Cherwell
527 Scientific Ltd, 2000) using the Runge-Kutta 4 numerical integration procedure and a
528 fixed integration step of 1 d from t =0 to t =7300d.

529

530
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531 Specific parameter settings.

532 Parameters of the regulating and operating sub-models are listed in Table 1 and
533 Table 2 respectively. Numerical values of model parameters were either fixed as
534 input parameters, found in appropriate literature or estimated through a global fitting
535 procedure.

536 The diet ME content was set to the average value of e, =2.7 Mcal/kg DM (Martin

537 and Sauvant, 2002) for model development, regardless of the animal physiological
538 stage. Input parameters concerning the timing of the reproductive cycles are the age

539 at first conception set to PCI(0) =450 d and the interval from parturition to
540 conception set to PCI(c)=120 d whatever c > 0, the number of the reproductive

541 cycle. These average values yield a first calving around 24 months of age, which is
542 classically proposed as an economic and physiological optimum in Holstein cows
543 (Gill and Allaire, 1976; Ettema and Santos, 2004) and a calving interval around 400 d
544 which is a contemporary average. In the field, the interval from parturition to
545 conception is the result of breeding practices, through the voluntary waiting period
546 and the heat detection program (Caldwell, 2003) and of animal physiology, through
547 the lengths of anovulatory anoestrus period and ovulatory cycles, and the
548 insemination success rate. The length of the parturition to conception interval is
549 moreover affected by the body condition score at calving and its loss in early
550 lactation (Lopez-Gatius et al., 2003). To simplify the time scaling of the model to

551 data, the value of PCI(C) was locked for model development steps consistently with

552 the mean value of the stochastic model developed by Allore et al. (1998).
553 Parameters of the regulating sub-model are either involved in the specific scaling of
554 the foetal growth (a, @ and n) or in the control of the shape of the GARUNS pattern

555 (u, o, Ay, A, ¥y, xs and 7). Numerical values of a and @ were found in Laird
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556 (1966) and the maximal pregnancy length parameter was derived from the review of
557 Andersen and Plum (1965) and set to 7 =285 d. The fractional rate of senescence
558 was set to g =0.0018 to yield a maximum milk production in the fifth parity. The

559 parameter y, defining the safeguarding threshold of body reserves and linking the
560 operating sub-model with the regulating sub-model level was set to x, = 0.2 which

561 corresponds to a body condition score of 1.8 (value of 2.4 on a 1-5 scale). This value
562 is close to the lower bound of the calving body score range recommended to
563 safeguard from health problems (Gearhart and Curtis, 1990) and under which the risk
564 of becoming to thin increase (Wattiaux, 1996). The fractional rate 7 is involved in the
565 decrease of priority S after drying-off and was set to 7 = 0.1 to yield an approximately
566 integral transfer from S to R completed within 2 weeks after drying-off, triggered at

567 320 days in milk. Numerical values for parameters u, A,, A, y were estimated

568 through the global fitting procedure described afterwards.

569 Empty body weight at birth (EBW,, kg) is estimated with the formula proposed by

570 Taylor and Murray (1987): EBW, = 0.197 E(WM + X, )%, leading to an average ratio

571 EBW,/EBW, around 6.5 %. The chemical compositon of W and X is

572 homogeneous with the assumption that W and X contain respectively 3% at
573 maturity and 75% of body fat (the remainder fat-free mass being composed of 73%
574 water, 22% protein and 6% minerals consistently with Martin and Sauvant, 2005).
575 The value of 75% for X is set consistently with the results of Tamminga et al. (1997)
576 on the average composition of empty body tissue mobilization in early lactation. The
577 value of 3% was set arbitrarily, assuming that W stands for a carcass tissue
578 containing 30% of muscle containing 10% of muscular fat. With the assumption that

579 X accounts for 3% of EBW at birth (X, = 003[(EBW, and W, = 097[EBW,), the
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580 newborn calf EBW contains 2.5% fat, which is consistent with slaughter data on
581 chemical composition of the bovine female neonate reported in the literature
582 (Ellenberger et al., 1950).

583 Parameters W,,, Xy, ¢, 0 and k of the operating sub-model are involved in body

584 weight modelling. The mature non labile body mass is a genetic parameter governing

585 the overall animal size. It was arbitrarily set to W, =500, which yield post calving

586 body weights of 551 kg, 613 kg, 663 kg and 697 kg for parity 1, 2, 3 and 4
587 respectively and a non-pregnant non-lactating elderly cow weighing 762 kg. The

588 parameter y,, defining the target body reserves level at maturity was set to x,, =%,

589 which corresponds to a body condition score at maturity of 3.4 (value of 3.7 on a 1-5
590 scale). This target value is close to the upper bound of the calving body condition
591 score range recommended to safeguard from health problems (Caldwell, 2003;
592 Wattiaux, 1996; Gearhart and Curtis, 1990). Moreover, this value is close to the
593 calving body condition scores recognized for optimum milk production (Waltner et al.,
594 1993) and number of days to first oestrus (Friggens, 2003). This value leads to an
595 empty body fat content of 21% for a non-pregnant non-lactating elderly cow, which is
596 close to the average value reported by Ellenberger et al. (1950). The parameter
597 giving the weight ratio foetus:gravid uterus was set to ¢ = 058 consistently with
598 findings of Ferrell et al., (1976) and Huth and Smith (1979). The parameter scaling
599 the permanent digestive tract contents weights to body size was set to d = 017

600 kg/kg and the fractional rate of digestive tract removal was set to k = 1.1, leading to

601 a ratio DT/BW ranging from 12% in dry cow to 16% in lactating cows consistently

602 with average values reported in the literature (Martin and Sauvant, 2003).
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603 Maintenance ME requirement is set to e, =0.143 Mcal/kg®” according to the
604 synthesis of Agnew et al. (2003) and ME requirements for milk constituents yield

605 were set derived from Dado et al. (1993) and set to g = 6.164 Mcal/kg lactose,
606 e =13574 Mcal/kg fat, e, = 7.714 Mcallkg protein and e, = 0.144 Mcal/kg water.
607 Pregnancy ME requirement was set to g =7 Mcallkg GU daily gain, yielding

608 average daily pregnancy ME requirements of 2.2, 3.6, 4.7 and 5.4 Mcal/d during
609 respectively the 6™, 7™, 8™ and 9" months of pregnancy, which is close to US energy
610 systems of recommendations (NRC, 2001; Fox et al., 2004) and falls in the range of
611 recommended values of European energy systems. Assuming that 1 kg lipid and 1
612 kg protein contain respectively 9.5 and 5.7 Mcal net energy (Brouwer, 1965), that
613 partial net efficiencies of metabolizable energy utilization for protein and lipid gain are
614 respectively 0.20 and 0.75 (Geay, 1984), and that the efficiency of use of ME
615 coming from body reserve mobilization is 82% (Agnew et al., 2003), the following
616 estimates for ME values of body weight changes were obtained with the formula

617 used by Wiliams and Jenkins, 2003 (see Appendix B) : g, =6.46Mcal/kg,
618 e,, =1107Mcal/lkg and e, =6.10Mcal/kg (net energy contents of W and X are

619 respectively 1.50 and 7.44 Mcal/kg and efficiencies of use of ME for gain in W and
620 X are respectively 23% and 67%).

621

622 Global fitting

623 Numerical values of other parameters of the operating sub-model (x, b,, m, y, and

624 {kjn, Yo kjs, ij}j'LFPW) together with above mentioned parameters of the regulating

625 sub-model (u, A,, A, and y) were simultaneously estimated through a global fitting

626 procedure. These parameters govern the teleonomic pattern of the model, i.e., body
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627 composition, body weight changes and milk constituents yield in the reference
628 situation of exact coverage of requirements. The fitting procedure was achieved on
629 synthetic datasets on dairy cattle (mainly of Holstein-Friesian type) found in the
630 literature to capture an average profile of dairy cow performance. The datasets used
631 concerned body weight changes during growth, body condition score changes during
632 growth and over successive gestation/lactation cycles, and milk yield and
633 composition over successive lactations. References of datasets are detailed in
634 Table 3. The least square procedure was performed with the simplex algorithm
635 embedded in the optimization tool of Modelmaker version 3.0 software (Cherwell

636 Scientific Ltd, 2000) with default advanced parameters value and 100 convergence

637 steps.
638
639 Results

640 Parameter estimates resulting from the global fitting procedure are given in Table 1
641 and Table 2. Model simulations of BW, BCS and MY dynamics from birth to 3000 d
642 of life and milk fat, protein and lactose contents dynamic over the first three lactations
643 are plotted with data used in the global fitting procedure in Figure 1.5 and Figure
644 1.6. Model simulations were found to be in satisfactory agreement with classical
645 patterns of dairy cows’ body weight and condition changes during growth and
646 reproductive cycles and milk yield and composition during lactation. The increase in
647 peak milk yield and the associated change in milk persistency along the lactation
648 course from the 1% to the 3" parity are well represented. The decrease in calving
649 BCS from the 1% to the 2" reproductive cycle is consistent with observations
650 reported in the literature (Martin, unpublished meta-analysis). The model fails to

651 represent the BCS pattern of changes in early developmental stages by
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652 systematically overestimating BCS from birth to 500 d of life. This result seems to
653 indicate that empty body fat is overestimated during this period. Nevertheless, the
654 simulated fat content in the first days of life is consistent with values reported in the
655 literature. As the model used to calculate BCS was developed with a dataset mainly
656 concerning adult cows (Martin and Sauvant, 2005), no improvement was considered
657 assuming that the BCS prediction from EBF and EBW was not appropriate for
658 young heifers.

659

660 Model evaluation

661 Model evaluation is aimed at presenting through graphic results the ability of the
662 model to produce realistic patterns of lifetime performance of dairy cows under
663 normal husbandry conditions and feeding regimens. Model simulations were

664 generated with different values of parameters scaling individual size (W, ) and
665 performance (v, V,, V,¢p,) to produce a set of curves expressing the model

666 variability relying on genetic diversity. These curves are shown together with curves
667 produced with literature models on production variables and intake.

668

669 Production variables

670 A survey of 37 articles published between 1928 and 2007 provided parameters
671 values of different empirical models for BW, BCS, MY, MC_ and MC, fitted by
672 authors to successive lactation data recorded worldwide on cows of various dairy
673 cattle breeds (Table 4). Published models simulating the growth pattern of dairy
674 cattle from birth to maturity without particular representation of body weight changes

675 during reproductive cycles were also considered. Model simulations of BW from birth
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676 to 2500 d of life were generated with three different body sizes (W, = {300,450,600})

677 and are shown in Figure 1.7 . The overall simulated growth pattern is consistent with
678 previously published models. The range of variation of the scaling size parameter
679 W, allows to simulate growth pattern differences within breeds (between animals of
680 different strains) and between breeds. The model was fitted to curves derived from
681 the models proposed by Turner (1928) and Rotz et al. (1999) to determine values of

682 the scaling parameter W, to simulate growth pattern for the Jersey (W,, =275) and
683 Guernsey (W, =340) breeds and for animals of small (W, =440), average
684 (W, =500) and large (W,, = 560) sizes within the Holstein breed. Model simulations

685 of BCS were generated with 3 different values of the genetic parameter scaling body

686 reserves mobilization potential (v, ={ 02;10;18}). In the field, the variability of BCS

687 at calving results from previous feeding regimens (Garnsworthy and Topps, 1982;
688 Ruegg and Milton, 1995). The current version of the model produces an average

689 pattern of BCS and the parameter v, only governs the intensity of body reserves

690 mobilization in early lactation seen through the decrease in BCS. Consequently, to
691 evaluate the model simulations vs. previously modelled kinetics of BCS changes
692 during lactation, all curves are expressed in percentage of the 2" parity postcalving
693 BCS and are shown in Figure 1.8. Model simulations of MY were generated with

694 different milk potential values (v, ={ 05;10;15} with body size set to W, = 450 kg)

695 and are shown in Figure 1.9 . The raw milk yield shape and scale changes with parity
696 are consistent with the previously published models and genetic parameters allow to
697 simulate the variability of milk production levels. For a reference 3™ parity Holstein

698 cow (W, = 500) peak milk yields of 15 kg and 50 kg are generated with v, = 05 and
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699 v, = 15 respectively. These values leads to 305-d milk, milk fat, milk protein and milk

700 lactose yields of 3215 kg, 123 kg, 106 kg, 159 kg and 10151kg, 389 kg, 338 kg, 501
701 kg respectively with average milk fat, protein and lactose contents remaining stable

702 at 38 g/kg, 33 g/kg and 49 g/kg respectively. Model simulations of MC, . . were

703 generated with three different values of milk composition genotetic parameters

704 values (V¢ , ={ 0.9;1.0;1.1}) and are shown in Figure 1.10 and Figure 1.11. This

705 range of variation produces average milk fat contents ranging from 35 g/kg to 43
706 g/kg, milk protein content ranging from from 31 g/kg to 38 g/kg, and milk lactose

707 ranging from 44 g/kg to 54 g/kg. The values of VippyL CAN thus be used to specify a

L
708 particular genotype of a given dairy breed.

709

710 Intake

711 Models of DMI listed in Table 5 and commented (for the most) in Faverdin (1992),
712 Ingvarsten (1994) and Roseler et al. (1997a) were considered to evaluate the model
713  simulation of DMI generated with the scaling size parameter set to W, = 500 and
714 genetic parameters fixed to the reference value 1. Predictors used in these empirical
715 models are model simulated values of production variables (MY, MY, ., MC.,
716 MY, = MY [(0.4+15[ MCF), BW, dBWdt and BCS), lactation time scales (day in
717 milk (dim) and week in milk (wim = int((dim+ 6)/7) where int(x) is the integer part of
718 x), gestation time scales (day in pregnancy (dip) and week in pregnancy
719 (wip = int((dip + 6)/7)), age at parturition of the reproductive cycle tP(c), and feed

720 characteristics set to an average standard diet (concentrate: DM_, = 040 kg/kg

721 DM, crude fiber: CF = 026 kg/kg DM, acid detergent fiber: ADF = 031 kg/kg
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722 DM, neutral detergent fiber: NDF = 043kg/kg DM ), digestible energy: DE = 3.3

723 Mcallkg DM ). Model simulations of DMI are plotted together with these predictions
724  from birth to 2000 d of life in Figure 1.12 . The lifetime shape of intake simulated by
725 the model falls in the range of predictions of these models.

726

727 Discussion

728 The approach adopted here to model lifetime performance of dairy livestock was to
729 focus on generic regulatory processes. The orchestration of life functions is
730 considered through a conceptual framework describing their priority. Relying on
731 Waddington’s concept of chreod, it was assumed that from birth to death, relative
732 priorities of life functions follow a specific dynamic pattern of changes adapted to the
733 realization of the work of life. Through this model, the animal is seen as a system, i.e.
734 a set of interacting elements organized towards a goal (De Rosnay, 1975), and life is
735 seen as a goal-directed process involving a time-based coordination of elementary
736 operations. The introduction of the idea of goal-directed process as a driving force at
737 a high level of control referred to the teleonomy concept of Monod (1970) :
738 “organisms are endowed with a purpose which is inherent in their structure and
739 determines their behavior”. This deterministic point of view is formalized by focusing
740 on the biological signification of processes giving rise to performance elaboration,
741 i.e., the preservation of life for the reproduction of life form. The proposed model thus
742 falls into the category of “teleonomic models” according to the typology of Thornley
743 and France (2007). The target of species continuation through reproduction involves
744 growth as the acquisition of a mature reproductive status, the sequence gestation-
745 lactation for the production of viable offspring, and the use of body reserves to cover

746 physiological requirements of the reproductive cycle. The dynamic partitioning of
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747  priorities is converted into a theoretical pattern of performance expressing a genetic
748 potential. The notion of potential refers to an optimal equilibrium between life
749 functions rather than a maximum possibility, which is the classical view used for
750 instance by Faverdin et al. (2007) for milk production potential. This trajectory
751 involves an optimal body condition balanced during the transition between
752 successive reproductive cycles and safeguarded to ensure individual survival. The
753 coupling of this generic level of representation with an operating predictive model of
754  production variables is proposed as a framework of modelling lifetime performance of
755 dairy cows. Compared to previously published dairy cow production models the main
756 originality of this integrative work is to provide a conceptual framework for whole-
757 animal and lifetime predictions.

758 Published models considering lifetime performance were mainly built in a herd
759 level perspective with a simple representation of nutrient partitioning at the animal
760 level (Blackburn and Cartwright, 1987; Sorensen et al., 1992; Tess and Kaolstad,
761 2000). This issue is considered as the main focus in the proposed model. Several
762 models of dairy livestock have already incorporated an explicit representation of a
763 “driving force” underlying physiological processes. The first attempt was performed
764 by Neal and Thornley (1983) by the way of a theoretical hormone controlling the
765 division rate of basic udder cells to provide active secretory cells in the mammary
766 gland. Further developments were done by Dijkstra et al. (1997), Vetharaniam et al.
767 (2003a, 2003b) and Pollott (2004). This principle of modeling was also used to direct
768 adipose tissue anabolism and catabolism (Sauvant and Phocas, 1992, Baldwin,
769 1995; Martin and Sauvant, 2007) or to provide kinetics of plasma growth hormone
770 and insulin driving exchanges between tissues and udder (Danfaer, 1990). However,

771 none of these approaches focused on a whole regulating model. The proposed
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772 model consist in a generalization of the approach proposed in Puillet et al. (2008) in
773 which the modeling of “driving forces” was considered within a dedicated sub-model.
774 To our knowledge, this is the first attempt to incorporate a goal-directed dimension of
775 partitioning in a model of dairy livestock performance. This approach relies on the
776 plan of Friggens and Newbold (2007) to tackle the question of nutrient partitioning by
777 focusing on “why” rather than “how”. The application of this conceptual framework
778 has led to a whole animal model predicting performance in terms of body weight and
779 condition, milk yield and composition and intake. These predictions are performed
780 simultaneously with the same biological basis, as components of an unique
781 regulatory process and ultimately as an overall trajectory of performance.

782 The construction of an integrated regulating sub-model driving the relations
783 between functions of nutrition, lactation, gestation, growth and balance of body
784 reserves pertains to a systemic view of the animal. The regulating sub-model acts as
785 a “reservoir of raw information” which is transmitted and modulated by the way of
786 differential priorities to monitor the work of the operating sub-model. This differential
787 formalism is used to capture the idea that functions contributing to the completion of
788 atop-level goal may be triggered as soon as this goal has priority or progressively for
789 increasing levels of relative priority. The regulating sub-model based on priorities of
790 life functions is thus kept at an upper and undifferentiated level of representation.
791 This formalism applied to drive performance is used to drive energy metabolism in
792 the second paper of this short series and could be extended to directly drive a
793 reference pattern of hormones kinetics and metabolites transactions in a mechanistic
794 animal model. The ability of the GARUNS pattern to control underlying processes
795 such as lipolysis and lipogeneis, neoglucogenesis, or mammary gland amino acid

796 uptake for instance would have to be explored to do so. The generalization of this
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797 modelling approach is based on a top integrated model of driving forces used to
798 control down the work of operating models at underlying levels of organization. The
799 main originality of this approach in the field of livestock nutrition modeling is to
800 explicitly model a regulation core before modeling the metabolic piping channeling
801 energy and/or metabolites to functions and/or organs.

802 The model evaluation is at present limited to an overall comparison of the model
803 simulations with previously published models. Results are encouraging and this
804 representation of the animal as an autonomous entity is believed to open
805 perspectives for nutritional models. As such, the proposed whole model is regarded
806 as a prototype. A key issue, which remains to be explored is the coupling of
807 regulating and operating submodels. A systematic exploration of the model fitting
808 properties should be done to estimate the model prediction accuracy and to
809 determine keys of refinements. This work in progress will be facilitate by the fact that
810 each parameter acts mainly on a specific feature of the model response at different
811 levels of the model structure. In particular, input parameters have been specifically
812 incorporated to define the timing of reproductive events, the scaling of individual
813 performance relying on a genetically determined ability and the characterization of
814 diet.

815 Input parameters timing reproductive events can be changed to simulate
816 differences in pattern of performance. Results shown in Figure 1.13 for different
817 ages at first conception are consistent with known patterns of response (Wickersham
818 and Schultz, 1963; Little and Kay, 1979; Sakaguchi et al., 2005) but no specific work
819 of validation have yet been made. In the present version of the model, reproductive
820 events are fixed inputs and fertility is not considered as a response. In particular, a

821 sub-model focusing on the biological basis of the parturition to conception interval
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822 could be appended to the model. Such a sub-model could be stochastic (Oltenacu et
823 al., 1980) and/or empiric, using variables such as the body condition score to predict
824 the length of the service periods (Lopez-Gatius et al., 2003), or mechanist, using the
825 GARUNS pattern of priorities to drive hormonal profiles governing fertility (Blanc et al,
826 2001).

827 The incorporation of scaling parameters explicitly embodying genetic differences
828 between animals and breeds of dairy cattle allows the simulation of the diversity of
829 performance. These so-called genetic parameters have been conceived as
830 command buttons allowing to use the model as a simulation tool scaled to a given
831 animal genotype. Moreover, this feature is intended to open perspectives of
832 connecting this approach with works focusing on genetic aspects of animal
833 performance and their elaboration from genotypes to animal products (Bryant et al.,
834 2004; Doeschl-Wilson et al., 2007). For simplicity and to preserve the generic feature
835 of the regulating sub-model, these parameters have only been incorporated into the
836 operating sub-model. Further work will be necessary to evaluate the need to
837 incorporate deformations of the regulating sub-model pattern of priorities pertaining
838 to genetics. In the future, the model could be specifically designed as a generic tool
839 to simulate genetic selection effects on dairy livestock performance.

840 The present parameterisation has been conceived for dairy cows. An attempt to
841 evaluate the model ability to simulate dairy goats performance has been performed

842 by setting specific parameters of the model to appropriate values (pregnancy length
843 1711 =150d, parameters of foetal growth (Laird, 1966) w = 24 [10° and a = 0.0209,

844 mature weight W, = 55 kg, growth rate parameter b= 0.2 d*, milk potential v, =186,

845 age at 1% conception PCI(O)=24O d and parturition to calving interval

846 PCI(C) = 210d). Simulations of BW and MY are shown in Figure 1.14 together with
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847 individual records (INRA experimental flock). The application of the model to dairy
848 goats has proved successful and provides a first validation step of the model’s
849 generic formalism. In the future, the ability of this representation to model lifetime
850 performance of other domestic mammalian females will be explored. An interesting
851 point to investigate falls in the field of ecology and concerns the validity of this overall
852 theoretical representation to compare different reproductive strategies in mammals
853 (Martin, 1984).

854 The GARUNS pattern of priorities can thus be considered as a postulate to be
855 tested by experiments and subsequently refined. Several possible refinements have
856 already been identified and concern for instance its start at conception rather than at
857 the parturition time to formalize the initiation of the process of individual in utero
858 growth.

859 Teleonomic drives of the regulating sub-model are used to control production
860 variables of the operating sub-model, leading to a reference dynamic pattern of
861 lifetime performance. The pattern of intake is defined as the exact coverage of
862 associated requirements. This version of the whole model is thus limited to ad libitum
863 feeding and is not designed to simulate challenging feeding contexts. In the second
864 paper of this short series, the same formalism of control is used and the reference
865 dynamic pattern of lifetime performance is expressed in terms of a reference dynamic
866 pattern of energy partitioning. The operating sub-model in the companion paper is
867 thus a model of energy metabolism governed by the priority based on the teleonomic
868 model proposed in the present paper. Additionally, a homeostatic function is
869 proposed to model lifetime performance when actual intake is above or below
870 requirements. Starting from the teleonomic pattern of energy partitioning acting like a

871 chreod, animal performance are modeled through a comprehensive combination of
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872 homeorhetic drives (the long term tendency to home on to the chreod) and
873 homeostatic control (the short term tendency to adapt animal responses to effective
874  supply).

875 As such, the model can be used as a “virtual cow” to simulate mean performance
876 and provide inputs to “feed” scientific models focusing on particular physiological
877 aspects, such as the control of fertility as previously mentioned or the description of
878 main metabolic pathways associated with performance (Martin and Sauvant, 2007).
879 The simulation tool of lifetime performance can also be connected with works
880 focused on profitability or sustainability of farming systems by converting
881 performance into economic or environmental values.

882

883 Conclusion

884 We proposed a conceptual framework for modelling lifetime performance of dairy
885 livestock based on the dynamic partitioning of life functions priorities. This approach
886 formalizes performance as the realization of a goal-directed and genetically scaled
887 trajectory. Applied to dairy cows, this framework allowed to build a whole animal and
888 lifetime predictive tool. As such, it provides a dynamic pattern of production variables
889 and intake in which the monitoring of body reserves is considered as a full-fledged
890 function. The conceptual framework is proposed as a way to tackle the question of
891 nutrient partitioning prediction in nutritional models and as a postulate to be tested in
892 other lactating species. A refinement of the model is proposed in the companion
893 paper, in which the proposed pattern of performance is used as a reference to
894 simulate challenging feeding contexts.

895

896
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1239 Appendix A

1240 Giving the theoretical non-labile birth weight W, priority U to the unborn generation

1241 is defined as the specific growth curve of the foetal weight W_ relative to W, such as

du - 1 AW
dt ~ W, dt (A1)
1242 equivalent to
W
U= W; (A.2)

1243 The complementary Gompertz function proposed by Laird (1966) to describe foetal

1244 growth is used and given by
W, :m&xp{% E(l—exp(—a[t))j, (A.3)

1245 where w, A and a are specific parameters governing the shape of the foetal

1246 growth curve leading to the following formalism for U and its derivative dU/dt:

U =Wﬂ8[¢3xp{%[(l—exr(—att))j, (A 4)
%—Lt"z,%ﬂexr(—att)w. (A.5)

1247 By setting £ =@W, and Z = ¢ [éxdﬁb/a), Eq. (A. 4) can be written

U=Z[éxpE—%Eexp(—a[t)j, (A.6)

1248 which is equivalent to
a[ln(%):ﬂb[lexd—a[t), (A.7)

1249 and leads by substitution in Eq. (A.5) to
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U = g onfZ)w, (A.8)

which is the formalism given in text for U (see ( 10)).
The equation of Laird (1966) is finally constrained to give W. =W, at t=n

(equivalent to U =1 at t =n) where n is the theoretical maximum length of

pregnancy, leading from Eq. (A. 3) to

W, :w@xp{% (1-exd- a ))j (A.9)
and giving rise to
L

which leads by substitution to the following formalism given in text (see ( 10)) for Z:

z =£EEXL(1_e;£{]_(‘2 DT)). (A 11)
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Appendix B

Giving the net energy contents of 1 kg fat and 1 kg protein (respectively 9.5 and 5.7

Mcal/kg) and the fat and protein contents of body compartments X and W
(fat, = B, , fat, = g, E(W/\NM), prot, = 022E(1— fatx) and prot, = 022 E(l— fagN)),
the energy contents of body compartments X and W are given by

energy, = 95 fat, + 5.7 Oprot , (B. 1)
and

energy, = 95 [fat + 5.7 Cprot, . (B.2)

Assuming that partial net efficiencies of metabolizable energy utilization for protein
and lipid gain are respectively 0.20 and 0.75 (Geay, 1984), and using the formula
described by Williams and Jenkins (2003), the metabolizable energy requirement for

the storage of 1 kg W is given by
& = energy/k, , (B.3)
with
k, = 075(1+ 275057 Oprot, /energy, ), (B. 4)
the metabolizable energy requirement for the storage of 1 kg X is given by
&, = energy/k,,, (B.5)
with
K, = O.75/(1+ 2750b.7 Dprotx/energx), (B. 6)
and the metabolizable energy supply by the mobilization of 1kg X is given by
8 = energy [K, (B.7)

with k. = 082.
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1272 Table 1 Parameters of the regulating sub-model.

Assessment basis

Parameter Description Unit Value Input Fitting Article
Fractional rate of transfer of priority

i Transfer from Nto S d* 0.06 .

Ao Basal transfer from Sto R d* 0.0017 .

A X-dependant transfer from Sto R d* 0.0063 .

% Pregnancy dependant transfer from S to R d* 0.032 .

T Milking dependant transfer from S to R d* 0.1 .

a Transfer from R to A d* 0.0018 .
Pregnancy specific scaling

T Maximal pregnancy length d 285 .

a Rate of decay of fetal growth rate - 0.0111 .

W Initial value of fetal growth kg 3.5-10° .
Reproductive events timing

PCI(0) Age at first conception d 450 .

PCl(c) Parturition to calving interval of cycle c >0 d 120 .

1273
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1274 Table 2 Parameters of the operating sub-model.

Assessment basis

Parameter Description Unit Value Input Fitting Article

Body mass compositional ratio

e} Digestive contents:non-labile body mass kg/kg 0.17 .
XM Mature labile:non-labile body mass kg/kg 0.33 .
Xs Safeguarded labile:non-labile body mass  kg/kg 0.20 .
[0} Fetus:gravid uterus mass ka/kg 0.58 .
Bx Fat:labile body mass ka/kg 0.75 .
Bw Fat:non-labile body mass kg/kg 0.03 .

Body mass change rate

bo Balance dt 1.6 .
Mo Mobilization d* 0.03 .
Ko Digestive tract removal dt 1.1 .

Individual performance scaling

Wy Mature non-labile body mass kg 500.0 .
Vy Labile body mass mobilization index - 1 .
Vy Milk yield - 1 .
Vg Milk fat secretion - 1 .
Vp Milk protein secretion - 1 .
v, Milk lactose secretion - 1 .
VH Milk water secretion - 1 .

Scaling exponent for differential priority

X Labile body mass balance ability - 5.7 .
y Milk secretion ability - 5.0 .

Milk constituent secretion ability (N exponent)

YEN fat - 1.26 .
Yen protein - 1.59 .
Yin lactose - 1.13 .
YHN water - 1.15 .
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Milk constituent secretion ability (S exponent)

Yrs fat - 0.97 .
Yps protein - 0.89 .
Yis lactose - 1.27 .
YHs water - 1.21 .

Scaling coefficient of milk constituent secretion

Coefficient of N Vi

1275

Ken fat kg/kg 0.0035 .

Kpn protein kg/kg 0.0030 .

Kin lactose kg/kg 0.0037 .

Kun water kg/kg 0.0632 .

Coefficient of S

Krs fat kg/kg 0.0032 .

Kps protein kg/kg 0.0027 .

ks lactose kg/kg 0.0049 .

Kns water kg/kg 0.0848 .

Metabolizable energy conversion factor

ep Dietary content (DM basis) Mcal/kg 2.7 .

ey Pregnancy requirement Mcal/kg 7 .
ewm Maintenance requirement Mcallkg®™  0.143 .
er Milk fat secretion requirement Mcal/kg 13.574 .
ep Milk protein secretion requirement Mcal/kg 7.714 .
e, Milk lactose secretion requirement Mcal/kg 6.164 .
ey Milk water secretion requirement Mcal/kg 0.144 .
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Table 3 References of data used for model calibration.

Animals

Reference Data source Breed Number Parity Period Variables
Jenness, 1985 ? Dairy cattle ? ? [1, 45] wk pp® MC,
O'Mahony, 1988 Ethiopia, 1984-1986 Dairy cattle ? {2+} [1, 320] d pp MC,_
Schutz et al., 1990 US, Minnesota, 1983-1984 Holstein 155527 {1, 2, 3+} [7,315] d pp MY, MYgp, MCep
Waltner et al., 1993 US, Washington, 1988-1990 Holstein 350 {1, 2, 3,4+} [0, 11] mo pp BCS
Hoffman, 1997 Field survey US & Canadian Holstein ? - [0, 24] mo of life BCS, BW
Kertz et al., 1997 US, Missouri, 1989-1991 Holstein 728 [1-7] [-8, 7] wk pp BCS, BW
Ostersen et al., 1997 Denmark Danish Holstein 39 {1} [5, 328] d pp MC,

Van Amburgh et al., 1998 US, New York Holstein 265 {1} [0, 50] wk pp BCS
Drame et al., 1999 Belgium Holstein 926 {1, 2+} [0, 400] d pp BCS
Abeni et al., 2000 Italy, 1992-1993 Italian Holstein-Friesian 31 - [200, 600] d of life BCS
Koenen et al., 2001 The Netherlands, 1998-1999 Holstein & Dutch Friesian 108809 {1} [1, 44] wk pp BCS
Roche, 2003 New Zealand, 1995-2001 Friesian, Jersey & cross 77 {2+} [1, 38] wk pp MC,

Mao et al., 2004 Denmark, 1997-2001 Holstein 100 {1, 2, 3+} [2, 224] d pp BCS
Shamay et al., 2005 Israél, 1999-2002 Israeli-Holstein 40 - [150, 600] d of life BCS
Berry et al., 2006 Ireland, 1995-2002 Holstein-Friesian 422 {1, 2, 3} [0, 305] d pp BCS

®pp = post partum.
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Table 4 References of published models of performance used for model evaluation.

Data Animals
Reference Source Period Variables Breed® Parity Model°
Turner;1928 US, Missouri  2to14yr BW JER & GUE - Y =a-(1- b-exp(-ct)
Wood, 1969 UK, England  [1,44]wk MY Friesian (859 lac) {1, 2,3, 4+}
(1964-65)
Wood, 1970 UK, England  ? wk MY Friesian (1567 lac) [1, 4]
(1952-64)
Decaen et al., 1970 France [4,63]d MY FRI & Normande (665 lac) [1, 4] Y=at?+btt+c+dt+et
(1952-64)
Kellogg et al., 1977 US, New [1,10]mo MY HOL (36) [1, 4]
Mexico
Schaeffer et al., 1977 Canada [6,305]d MY HOL (76753 lac) & JER {1, 2, 3+} Y = a.exp(-b.(t - c)).(1-exp(-d.(t - ¢)))/d
(1966-70) (10383 lac) X 2 age groups
X 2 seasons
Killen & Keane, 1978 Ireland [1,44]wk MY, Irish dairy cattle (1181 rec) {1, 2, 3+}
(1966-75) MCkp
Madalena et al., 1979 Brazil [1,300]d MY HFR & HFR x Gir (870 lac) {1, 2, 3, 4, 5+}
(1965-73)
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Wood et al., 1980

Wood, 1980

Congleton & Everett, 1980

Schneeberger, 1981

Shanks et al., 1981

Rowlands et al., 1982

Batra, 1986

Wilmink, 1987

UK, England
(1972-73)
UK, England

(1978-79)

US, New York
(1970-77)
Switzerland
(1976-77)

US, California
UK, England
(1976-79)
Canada

(1972-77)

The
Netherlands

(1981-82)

[1, 10] 2-wk MY, FRI (159), AYR (40), GUE {1, 2+}
MCkp (15) & JER (22)

[1, 441wk MY FRI (579303), Shorthorn {1, 2, 3, 4+}

(6608), AYR (27374), JER

(19529) & GUE (19760)
[0,300]d MY HOL (49633 lac x 11 {1, 2, 3+}

production level)
[1,305]d MY BRS (159541) [1, 4] Y = a.(t - b)".exp(-d.(t - b))

(Wood, 1967, with time-lag)

[1,43]wk MY HOL (113705 lac) {1,2, 3,4+
[1,43]wk MY British FRI (468 lac) {1, 2, 3, 4, 5+}
[1, 44wk MY HOL, AYR, BRS & {1,2, 3}

Norwegian Red
(4228 pure- & crossline
cows)
[1,305]d MY Dutch FRI (14275) {1, 2, 3+} Y = a; + a,.t + az.exp(-0.05.t) + d.t*
where ai = p; + ¢;.T + ri.In(T)

and T : age at calving in mo
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Grossman & Koops, 1988 The [10,290]d MY Dutch FRI & Meuse-Rhine- {1, 2, 3} Diphasic function (Koops, 1986)
Netherlands Yssel X 2 lactation Y = Si1_0a.b.(1-tanh?(by.(t - c))))
(1983-86) (33853 daily records) lengths
X 2 breeds
Morant & Gnanasakthy, 1989 UK, England  [1,300]d MY FRI (130 lac) {1,2, 3} Ln(Y) = a + b.t.(1+k.t) + c.t? + dit
(1980-84) where t' = (t — 150)/100
Brunsschwig et al., 1994 France [1,305]d MCgp HOL (107000 lac) {1+} Y =a+fi(t)

where fi(t) =b;.t + ¢; if t O [t;1,t;] and i=1,
..., N (Cg: n=6, Cp: n=5)
Gallo et al., 1996 Italy [0,300]d BCS HFR (1395) {1, 2+} Y=a+bt+ct +d.t’
(1991-93) x 5 milk

production levels

Garcia-Muniz et al., 1998 New Zealand lifetime BW HFR (97) 2 genetic lines Y = a-(1 - b-exp(-c-t))’ (Von Bertalanffy)
Friggens et al., 1999 UK, Scotland [1,240]d MY HFR (40) {1, 2, 3} Y = a.exp(-exp(a - b.t)).exp(-c.t)
(1990-95) (Emmans & Fisher, 1986)
Rotz et al., 1999 Us,literature  [1,56]wk MCg BW HOL {1, 2+} Y = a.(t+b)°.exp(-d.(t+b))
survey x 3 body sizes (Wood, 1967 with time-lag)
(1936-87)
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Lopez et al., 2000

Tekerli et al., 2000

Vargas et al., 2000

Lopez-Villalobos et al., 2001

Martin & Sauvant, 2002

Val-Arreola et al., 2004

Choumei et al., 2006

Hansen et al., 2006

UK, England lifetime
Turkey [1, 305] d
(1989-94)

Costa Rica [1, 305] d
(1987-94)

New Zealand [1, 200] d
(1998-99)

Worldwide, [1, 45] wk
metaanalysis of

37 articles

(1959-99)

Mexico [1, 400] d
(1989-2001)

Japan [1, 20] wk
(1979-98)

Denmark [1,180] d

BW

MY

MY

MY, BCS

MY, BW

MY

MY

MY

HOL (16) -
Turkish HOL (754 lac) {1, 2, 3+}
HOL (lactation length = {1, 2+}

10mo, calving to conception
interval = 4 mo, 71225 rec)

HOL heavy (40) & light (44) {1, 2+}
lines x 2 line sizes
HFR, Swedish Red & White, {1, 2+}

AYR, JER & GUE (120 lac)

Dairy cattle (1283 rec) {1, 2, 3+}

Y = (a-b® + d-O)/(b° + t°)

Diphasic function (Koops, 1986)

Y = Siq_.a.b.(1-tanh?(bi.(t - c)))

Y =a+h.(t-cp) - dfyt)te.f)
where
fi(t)=In((exp(g.t)+exp(g.ci))/(1+exp(g.cy))
(Grossman et al., 1999)

Y = a.exp(b.(1-exp(-c.t))/c - d.t)

x 2 management (Dijkstra et al., 1997)

systems

HOL (745) (2,3, 4, 5+}

Danish Red, Danish HOL & {1, 2, 3}

Y = a.exp(-exp(a - b.t)).exp(-c.t)
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(1996-2001) JER (604 lac) (Emmans & Fisher, 1986)
Pérez-Cabal et al.,2006 Spain lifetime BW HOL - Y =a-(1-(1- (bla)”)-exp(-c-t)}®
Quinn et al., 2006 Ireland [1,44]wk MCgp Irish dairy cattle (14956 lac) {1+} Y =a+b.exp(-c.t) + d.t

(Wilmink, 1987)

Roche et al., 2006 New Zealand [1,270]d MCgp HFR (113 lac) {1+} Y =a+ b.exp(-c.t) + d.t
(2002-04) (Wilmink, 1987)
Faverdin et al., 2007 France [1, 44wk MY ? {1, 2+} Y = a.(b - c.exp(-d.t) - e.t -f.exp(-g.(45-
)
where t': wk gestant
Friggens & Badsberg, 2007  Denmark [0,375]d BCSps; Danish HOL (112), Danish {1, 2, 3} Y = a + b.exp(-c.t)+d.exp(-e.(283 - t))
(1996-2001) Red (97) & JER (78) where t' : days from conception,
Roche et al., 2007 New Zealand [0,350]d BCSjiq HFR & JER {1,2,3,4,5,6+} Y =51 4a.nt)/Z where
(1986-2004) (3209 lac) =1: =1+ exp(-c,(di — )

i=2,3: Zi=(1+exp(ci1.(di1 -1))).
(1+exp(ci.(di -1)))

I=4: Z=1+ exp(-Ci1.(di.y — 1))

1279 °AYR : Ayrshire, BRS : Brown Swiss, FRI : Friesian, GUE : Guernsey , HFR : Holstein-Friesian, HOL : Holstein, JER: Jersey.
1280 "in brackets : number of cows, lactations (lac) or daily records (rec).

1281  Sif not mentionned, model of Wood (1967): Y = a.t’.exp(-c.t)).
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1282 Table 5 References of published models of dry matter intake ( DMI , kg/d) used for model evaluation.

Reference Equation®
Journet et al., 1965 6.7 + 0.0074-BW + 0.27-MY
Johnson et al., 1966 6.71 + 1.46-wim + 0.08-MY + 0.09-dBW/dt + 1.08-BCSif wim < 15

14.57 + 0.05-MY + 0.09-dBW/dt — 5-BCS - 0.12-wip ifwim > 15
McCullough, 1973 5.38 + 0.008-BW+0.359-MY, — 0.028-DMco
MAFF, 1975 0.025-BW + 0.1-MY for lactating cow
(31.4 — 0.03-BW)-BW/1000 for growing cattle
Brown et al., 1977 exp(0.5198 + 0.000675-BW — 0.000827-dim + 0.14807-h(dim) + 0.33922-In(MY) + 0.09927-MY; + 0.018-CF — 0.000557-CF)
Bines, 1979 (1 + 0.2-factor)-(4.25 + 0.0113-BW + 016-MY + 2.45-dBW/dt)
with factor = 0 if parity = 1 and factor = 1 if parity > 1
ARC, 1980 (0.135-BW°"® + 0.2-(MY — 21.4-wim’?-exp(-0.04-wim)))-factorm,

with factor,:1 10 10-= {0.81, 0.98, 1.07, 1.08, 1.09, 1.08, 1.01, 0.99, 0.97, 0.93} for lactating cow

McCullough, 1981 -5.54 + 0.022-BW + 0.511-MY, - 0.0024-MY,*

Yungblut et al., 1981 3.37 + 0.01-BW+0.34-MY + 5.3-MGC: + 0.34-parity - 0.11-ADF

Neal et al., 1984 0.022-BW + 0.2-MY

NRC, 1987 (1.896-BW**.MY,%*%.exp(0.16-dBW_dt)/(DE-4.18) for lactating cows

(1.896-BW°'593-exp(0.16-dBW_dt)/(DE-4.18) for nonlactating pregnant cows

NRC, 1989 -0.293 + 0.372-MY, + 0.0968-BW""®
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Kertz et al., 1991

Fox et al., 1992

Rayburn and Fox, 1993

Roseler et al., 1997b

NRC, 2001

Martin and Sauvant, 2002

Fox et al., 2004

Faverdin et al., 2007

0.010936[BW + 0.2627[MY, + 0.1938[dim — 0.001805[dim* + 0.00000570(im?® if dim < 140 and parity = 1

0.006136BW + 0.3139IMY,, + 0.3036[dim — 0.003165[dim* + 0.00001100(dim? if dim < 140 and parity > 1

0.0185MW + 0.305[MY,, for lactating cattle

0.02BW, for non-lactating cattle

0.0117-BW + 0.0749-dim + 0.281-MY, if dim < 84

0.023-BW + 0.0201-dim + 0.286-MY, — 0.0979-NDF if dim>70

(3.7 + 0.012BW + 0.84[dBW/dt + 12.2MYp — 0.011dip){L - exp(-(0.564 - 0.124[T)[{wim + K))) for parity = 1

with T: mo of peak MY and K =2.36 for T = {1, 2}, K= 3.67 for T=3

0.6 + 0.005[BW + 0.77dBW/dt + 10.4MYp — 0.013Mip — 0.17Wim + 4.590h(wim)

(0.372IMY, + 0.0968BW"*)[{1 - exp(-0.192[(dim + 3.67)))

15.69 + 0.94[(wim - 6.7) - 0.141[h((exp(K) + exp(44.66)/(1+exp(44.66))) - 0.012[Ih((exp(K) + exp(176)/(1+exp(176))) for parity = 1
18.63 + 1.16[(wim — 5.8) - 0.1740h((exp(K) + exp(38.66)/(1+exp(38.66))) — 0.02550h((exp(K) + exp(84)/(1+exp(84))) for parity > 1
with K = wim/0.15

(0.0185BW + 0.305MY 4)[{1 - exp(-(0.564 - 0.124T)[wim + K)))

with T: mo of peak MY and K =2.36 for T = {1, 2}, K= 3.67 for T=3

(13.9 + 0.015[(BW-600) + 0.15MYpor + 1.5[(3-BCS))ILIGIM

with

MYpor = MYyax(1.084 — 0.7[exp(-0.460Wim) — 0.009Wim — 0.69[exp(-0.16[(45-wip))) for parity = 1
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MYpor = MYyax{1.047 — 0.69[exp(-0.90Wim) — 0.0127vim — 0.50[@xp(-0.12[(45-wip))) for parity > 1
IL = a +(1-a)[(1-exp(-0.160/im)) where a = 0.6 if parity 1 and a = 0.7 if parity >1

IG = 0.8 + 0.2[1 — exp(-0.25[40-wip)))

IM=-0.1+ 1.1[{1 — exp(-0.081P(c)/30))

Martin and Sauvant, 2007  0.531[(8.48 + 3.36[MYa,/10)dim®*°@xp(-0.0025dim)

*Performance variables involved as predictors: body weight (BW, kg), body weight change (dBW/dt, kg/d), body condition score (BCS, 0-5 scale), milk
yield (MY, kg/d), 4% milk yield (MY, , kg/d), milk fat yield (MY, kg/d), milk protein yield milk (MY}, kg/d), fat content (MC_, kg/kg), day in milk (dim, d
after parturition), week in milk (Wim, wk after parturition), day in pregnancy (dip, d after conception), week in pregnancy (Wip , wk after conception), age at
parturition of reproductive cycle ¢ (tP(C), d of life). Assumed diet composition on a dry matter (DM ) basis: concentrate (DM _, = 040 kglkg DM ), crude

fiber (CF = 026 kg/kg DM ), acid detergent fiber (ADF = 031 kg/kg DM ), neutral detergent fiber (NDF = 043 kg/kg DM ), digestible energy

(DE = 3.3 Mcallkg DM ).
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1291 Figure 1.1 Regulating sub-model diagram. Compartments refers to animal priorities G : growth, A:
1292 ageing, R: balance of body reserves, U : survival of the unborn generation, N : survival of the

1293 newborn generation, and S: survival of the suckling generation.
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1294
1295 Figure 1.2 Trajectories of priorities G : growth, A: ageing, R: balance of body reserves, U : survival

1296 of the unborn generation, N : survival of the newborn generation, and S: survival of the suckling

1297  generation over 20 yr of life.
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Figure 1.3 Trajectories of global priorites (1- G, G+ A and R+U + N + S), and differential
priority (1 - G)K for K = { 2,5,10,100} over 20 years of life (with priorities G : growth, A: ageing,
R: balance of body reserves, U : survival of the unborn generation, N : survival of the newborn

generation, and S: survival of the suckling generation).
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1304 Figure 1.4 Trajectories of priorities G : growth, A: ageing, R: balance of body reserves, U : survival
1305 of the unborn generation, N : survival of the newborn generation, and S: survival of the suckling

1306 generation over 1500 d of life. Arrows indicate parturition times of two successive reproductive cycles.
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1307

1308 Figure 1.5 Model simulations of body weight (BW/, kg), body condition score ( BCS, 0-5 scale), and

1309 milk yield (MY, kg) from birth to 3000 d of life plotted with data used for model calibration.
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1310 o Shutz et al., 1990 ¢ Jenness, 1985 & O'Mahony, 1988 - Roche, 2003 + Ostersen et al,, 1997

1311 Figure 1.6 Model simulations of milk fat (MC_, kg/kg), protein (MC_, kg/kg) and lactose (MC_,

1312  kg/kg) contents (kg/kg) during the 1% and 2™ parity plotted with data used for model calibration.

155



1313
1314

1315

1316

Partie Il Proposition de modele
Modele téléonomique (Martin and Sauvant, submitted)

1000

o0 - y ‘ o

[5) e
g, 500 .
250
O I T T T T 1
0 500 1000 1500 2000 2500

t (d)

Figure 1.7 Model simulations of body weight (BW, kg) for increasing values of the input parameter

scaling body size (W, = {300,450,600} kg) plotted with simulations of published models for

different dairy cattle breeds and sizes within breeds (see Table 4).
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Figure 1.8 Model simulations of body condition score ( BCS, 0-5 scale) expressed in % of BCS at

2" calving (t= 1121 d of age) for increasing values of the input genetic parameter scaling individual

body reserves mobilization potential (V, :{ 0.2,1.0,1.8}) plotted with simulations of published

models (see Table 4).
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1323  Figure 1.9 Model simulations of milk yield (MY, kg/d) in 1% to 3 parity for increasing values of the

1324  input genetic parameter scaling individual milk yield potential (V, ={ 0.5,1.0,1.5}) plotted with

1325 simulations of published models (see Table 4).
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1327  Figure 1.10 Model simulations of milk fat content (100x MC_, g/kg) in 1% to 3" parity for increasing

1328  values of the input genetic parameter scaling individual milk fat yield potential (V. = { 0.9,1.0,1.1})

1329 plotted with simulations of published models (see Table 4).
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Figure 1.11 Model simulations of milk protein content (100x MC,_, g/kg) in 1% to 3" parity for

increasing values of the input genetic parameter scaling individual milk protein yield potential

(v, = { 0.9,1.0,1.1}) plotted with simulations of published models (see Table 4).
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1335 Figure 1.12 Model simulations of dry matter intake (DMI , kg/d) from birth to 2500d of life plotted with

1336 simulations of published models (see Table 5).
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1337
1338 Figure 1.13 Model simulations of body weight (BW, kg) and milk yield (MY, kg/d) from birth to

1339 2000d of life for increasing values of the input parameter setting age at first conception

1340 (PcCI(0) = {300450600} d).
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1341
1342 Figure 1.14 Model simulations applied to dairy goat of body weight (BW, kg) and milk yield (MY,

1343  kg/d) from birth to 1400 d of life plotted with individual experimental records.
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2 Modele énergétique

La description du modele énergétique est présesuas la forme d’un article soumis a la

revue Animal :

Martin O and Sauvant D 2009. Modelling dairy livestk lifetime performance.
2.Homeorhetic drive and homeostatic control of eggmpartitioning. Animal (submitted®).

% Accepté aprés la soutenance de thése sous la foktagtin, O. and Sauvant, D., 2010b. A teleonomic masl
describing performance (body, milk and intake) durng growth and over repeated reproductive cycles ttoughout the
lifespan of dairy cattle. 2. Voluntary intake and @ergy partitioning. Animal (in press).
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Modelling dairy livestock lifetime performance.
2. Homeorhetic drive and homeostatic control of ene rgy
partitioning

O. Martin® and D. Sauvant

UMR Physiologie de la Nutrition et Alimentation, INRA-AgroParisTech, 16, rue Claude Bernard,

75231 PARIS cedex 05, France

"E-mail: olivier.martin@agroparistech.fr

This is the second paper of a short series of two accompanying papers describing a
teleonomic model of lifetime performance of female livestock. The model described in the
first paper is based on the coupling of a regulating sub-model of the dynamic partitioning of a
mammal’s female priority over lifetime with an operating sub-model of whole-animal
performance. The model provides a reference pattern of performance under normal
husbandry and feed regimen, which is expressed in the present paper in a reference
dynamic pattern of energy partitioning and adapted to changes in nutrient supply. Firstly, a
model of intake regulation accounting for feeding allowance, physical limitation of the
digestive tract and energy demand, is used to determine the actual intake, which may
generate a deviation from the energy input under the reference pattern of partitioning.
Secondly, a theoretical model is proposed to apportion the energy deviation between flows
involved in performance and thus model lifetime performance when actual intake is above or
below requirements. The model explicitly involves a homeorhetic drive by the way of the
tendency to home on to the teleonomic trajectory and a homeostatic control by the way of the
tendency to maintain an energetic equilibrium in response to nutritional constraints. The

model was developed and evaluated through simulations reproducing typical feeding trials in
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dairy cows. Model simulations shown in graphs concern the effect of dietary energy content
on intake, body weight and condition score, and milk yield. Results highlight the ability of the
model to simulate the combination of physical and energetic regulation of intake, the
accelerated, retarded and compensatory patterns of growth, and the short and long-term

residual effects of prepartum and postpartum feeding on lactation.

Keywords: Homeostasis; Homeorhesis; Model; Dairy cow; Lactation; Body reserves

Implications

This model of lifetime performance of dairy livestock opens new perspectives in the
field of modelling animal physiology and provides a prototype of an integrative whole
animal model. This work involves (1) an innovative conceptual framework by focusing
on priorities for physiological functions, (2) a holistic view of growth, reproduction and
nutrition, (3) a combination of genotype and environmental effects in the prediction of
performance, and (4) a generic formalism with scaling parameters allowing to

simulate different animal genotypes.

Introduction

This is the second part in the short series of two papers on the modelling of female
livestock lifetime performance aimed at proposing a conceptual framework and
developing a simulation tool.

The general principle of the proposed modelling approach relies on the coupling of
a regulating sub-model describing the dynamic partitioning of a mammal’'s female

priority over lifetime with an operating sub-model describing dairy livestock intake
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and production variables. The regulating sub-model provides teleonomic trajectories
used as a driving force to rule the work of the operating sub-model. The coupling is
designed to formalize homeorhetic drive and homeostatic control of energy
partitioning (see companion paper).

The first paper in this short series described the regulating sub-model coupled with
a condensed version of the operating sub-model. This coupling provides a reference
pattern of lifetime performance in dairy cows under normal husbandry conditions and
feed regimens. Scaling genetic parameters were used to simulate the variability of
performance between individuals of the same breed or between breeds of dairy
cattle. In this second paper, the same formalism is used to provide a reference
pattern of performance expressed in terms of a reference partitioning of energy. This
pattern corresponds to a situation of intake supplying the exact coverage of
requirements. A model of intake regulation accounting for feeding allowance,
physical limitation of the digestive tract and energy demand, is used to determine the
actual intake, which may generate a deviation from the energy input under the
reference pattern of partitioning. A homeostatic function is proposed to adjust the
reference partition by apportioning the energy deviation between flows involved in
performance. The effective energy partitioning is then converted into an effective
pattern of performance, which explicitly involves a homeorhetic drive by the way of
the tendency to home on to the teleonomic trajectory and a homeostatic control by
the way of the tendency to maintain an energetic equilibrium in response to
nutritional constraints.

The whole model allows to simulate milk yield and composition, foetal growth, calf
birth weight, intake, and body mass and composition changes in dairy cows over

lifespan and during repeated gestation/lactation cycles.
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The operating sub-model presented afterwards is a compartmental, dynamic and
deterministic model of metabolizable energy partitioning between growth,
maintenance, pregnancy, milk production and body reserves mobilization and
storage. It incorporates major concepts described by Van Es (1978) and shared by
updated dairy energy feeding systems used around the world (e.g., NRC, 2001; Fox
et al., 2004; INRA, 2007).

The following sections deal with the model description and development and its
evaluation through simulations designed to reproduce classic trials performed on

dairy cows.

Model description

Regulating sub-model

A comprehensive description of the regulating sub-model is given in the companion
paper. Briefly, the model describes the partition of a mammal’s female priority over
lifetime t and during successive reproductive cycles between six elementary goals:
G: achieve growth, A: achieve ageing, R: balance body reserves, U : complete
intrauterine growth of offspring, N : supply nutrients to the neonate, and S: supply
nutrients to the nursing young. Priority is formalized as a dimensionless quantity
flowing from G to R during growth, from R to A with ageing, and cyclically through
R, U, N and S during reproductive cycles suchas G+ A+ R+U + N+ S=1.The
so-called GARUNS dynamic pattern defines a teleonomic trajectory providing rules
for the time-based orchestrated changes in energy metabolism. An exhaustive
compendium of model equations is presented in Table 1.

Operating sub-model
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97 Structure. The operating sub-model (Figure 2.1) describes the partitioning of

98 metabolizable energy between major life functions of the cow over her lifetime:

99 growth, maintenance, body reserves storage and mobilization, pregnancy and
100 lactation. The main state variables of the operating sub-model concern the
101 composition of full body weight (BW, kg)) and the amount of available food in a fresh
102 matter (FM ) basis (AF, kg FM).
103 As in the companion paper, variable BW (kg) is given by

BW =W + X + DT +GU, (35)

104 where W (kg) is the non-labile body mass weight which determines the animal frame
105 size, X (kg) is the labile body mass weight (X standing for extra-weight) which
106 represents the energy reservoir, DT (kg) is the digestive tract contents weight, and
107 GU (kg) is the gravid uterus weight including the foetus weight (W) and foetal
108 annexes (placentome, fetus, membranes and fluids). Other variables are source or
109 sink compartments of energy (meintenanct) or material (milk, foodstuffs faecesand
110 calf & annexes.
111 The central compartment of the model is the metabolizable energy zero pool (ME,
112 Mcal) which links inflowing and outflowing energy flows, metabolizable energy being
113 acommon unit.
114 The differential equation for ME is

—d('\j/![Ezl—AN—AX+CX—P—Y—M, (36)

115 where | (Mcal/d) is the energy inflowing from diet, A, (Mcal/d) is the energy

116 involved in W growth, A, (Mcal/d) is the energy involved in X storage, C, (Mcal/d)

117 is the energy issued from X mobilization, P (Mcal/d) is the energy involved in
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118 pregnancy, Y (Mcal/d) is the energy involved in milk secretion and M (Mcal/d) is the
119 energy involved in maintenance expenditure.

120 The daily raw milk yield (MY, kg/d) is given by

MY = Zj:F,L,P,H MY}, ( 37 )

J

121 where MY, is the daily yield of milk constituent j (j: F for milk fat, j: P for milk

122 protein, j: L for milk lactose, and j: H for milk water). The yield of milk mineral
123 constituents is not considered in this work.

124 Other continuous flows of material include the daily amount of fresh food offered
125 (FMO, kg FM/d), refused (FMR, kg FM/d), ingested (FMI, kg FM/d), and
126 excreted (FME, kg FM /d). The flow FMO is defined by the feeding system of the
127 cow and is an input of the model potentially generating a limit to the voluntary intake,
128 conventionally expressed in a DM basis (DMI , kg DM /d) as the flow providing the
129 dietary metabolizable. The daily intake FMI is the current material flow entering the
130 digestive tract.

131 Other model inputs concern characteristics of diet ingredients i (i: fo for forage,
132 i:co for concentrate and/or i:tm for a mixture of forage and concentrate in a

133 complete diet) and the proportion of forage in tm on a FM basis (p, , kg FM /kg
134 FM). Given their diet concentration (FM,, kg FM /kg FM ), their dry matter content
135 (DM,, kg DM /kg FM) and their digestible organic matter content (DOM,, kg/kg
136 DM ), the diet metabolizable energy content (e, , Mcal’kg DM ) is given by

3" (FMm, (DM, (DOM,)

e = 429H Z(FMi [DMi) - 031, (38)
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where 4.29 (x 0.06) and 0.31 (£ 0.04) are estimates derived from a meta-analytic
study involving 713 various ruminants diets (R2 = 089, RMSE= 013Mcal’/kg DM ,
Sauvant and Giger-Reverdin, unpublished).

The diet DM content (DMC, kg DM / kg FM ) is given by

> (Fu, o)
DMC = - : (39)

Z FM,

Model first steps of development were achieved with a standard mixed diet
characterized by FM =1, p=06, DM, =06 and DOM_ = 070 giving g, = 268,
and DMC = 06.

As in the companion paper, the differential equation for digestive tract contents

weight is given by

dDT = FMI - FME, (40)
with DT _, = 6 (W, and
FME =k ({DT - 6 W), (41)

where k (dY) is the fractional rate of daily DT removal and J (kg/kg) is a parameter

scaling the minimal and permanent digestive tract content fresh weight.

The differential equation for AF is simply given by

G2E = FMO - FMI - FMR, (42)

where
FMR = FMO - FMI , (43)
with the assumption that food refusals are daily removed and that AF is a zero pool

compartment.
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153 The flow V (kg/d) is a discrete transfer of material occurring at parturition and
154 represents calving, i.e., the expulsion of the newborn calf and the foetal annexes
155 from the cow’s gravid uterus.

156

157 Intake. Given the daily ME requirement | derived from the reference pattern of

158 performance defined in companion paper (see Table 1 and Table 2) and the dietary
159 ME content g, the level of DM intake covering energy requirements (DMI”, kg
160 DM /d) is given by

DMI” = 1, . (44)
161 This reference level of intake defines the theoretical realization of the animal
162 energetic demand under homeorhetic drive, given the diet characteristics.

163 The food intake capacity (DMI_., kg DM /d) limiting intake to a digestive tract

Cl
164 maximal fill is simply given by

_ 1 & o/ 0
DMI, =| = (U , (45)
L

165 where eg is defined as the theoretical optimal dietary ME content maximizing intake.

166 By the way of 17, this level of maximal intake relies on the assumption that the
167 dynamic pattern of food intake capacity is under homeorhetic drive, meaning that the
168 digestive tract size follows a specific dynamic pattern along the animal lifetime and
169 during the reproductive cycle. This approach is consistent with the INRA Fill Unit
170 System of voluntary dry matter intake prediction in dairy cows recently proposed by

171 Faverdin et al. (2007), which involves corrective indexes of maturity, gestation and

172 lactation. By the way of eg this level of maximal intake relies on the assumption that
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173 an optimum diet is associated with the exact coverage of energy requirement, which
174 is, here limited to energy, the basis of livestock nutrition.

175 Giving the amounts of offered (DMO = FMO/DMC, kg DM /d), maximum (DMI )
176 and required (DMID) intake, the actual DMI is defined as the minimum value
177  between DMO, DMI_ and an optimum food intake amount lying between DMI" and

178 DM, and is given by
DMI = min([DMO, DMI_, q CDMI_ + (1~ g) (DMI7), (46)
179 where q[DMI_ +(1—q)EDMID is an optimum food intake, defined when DMmI " <

180 DM, according to the value of q given by

q=/1+[>§’j (47)

181 where Y, (kg/kg) is a threshold parameter for the labile to non-labile body mass ratio.
182 The actual ME intake is then given by

| =¢ [(DMI. (48)
183 This formalism assumes that when the digestive tract fill is not limiting (i.e., when

184 DMl < DMI ), food intake tends to exceed the energy requirement based amount

185 DMI" and to reach the intake capacity DMI in lean animals (X/W < y,). Inversely,

186 in fatty animals (X/W > y,), food intake tends to the strict coverage of energy

187 requirements. This formalism is consistent with the lipostatic theory of Kennedy
188 (1953) suggesting that the long term regulation of food intake is linked to the
189 regulation of body reserves. The recent researches on leptin identified as an

190 “adipostat” and thought to be a metabolic signal involved in energy balance
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191 regulation are reminiscent of the lipostatic theory (Houseknecht et al., 1998). This

192 simple representation of food intake allows to simulate the physical limitation of

193 intake of low density energy diets (g, < eg) and situations of overfeeding of high

194  density diets (e, > eE) leading to excessive fattening. Moreover, this model allows to

195 simulate a compensatory higher intake following a restricted feeding period (Faverdin
196 etal., 2007).

197

198 Rationale. An essential feature of the model is the conservation of energy which is

199 given by
dME - o, (49)
200 and implies that
| =A,+A -C,+P+Y+M, (50)
201 Flows A,, A, Cy, P, Y and M are described with the following generic formalism:
flow = flow” + oflow, (51)

202 where flow is the simulated daily ME inflowing/outflowing from ME, flow” is the
203 homeorhetic version of flow driven by the GARUNS pattern, and oflow is the
204 homeostatic adjustment of flow". It is thus basically assumed that the actual dynamic
205 of flow is the realization of the dynamic of flow" corrected daily in an additive
206 manner with dflow.

207 The trajectory of priority defined in the regulating sub-model proposed in the
208 companion paper directs energy metabolism and determines a standard dynamic

209 pattern of energy partition such as
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I"=A, +A, -C{ +P " +Y"+M", (52)
210 This partition is aimed at supporting the priority in energetic supply and is thus an
211 homeorhetic drive.

212 The flow 1" represents the inflow of metabolizable energy allowing to strickly cover

213 the energy requirements defined through this drive. The actual inflow | is derived

214  from the actual DMI . Flows | (and DMI) and 1" (and DMID) are respectively the

215 supply and the demand in energy (and food). The flow | can thus be equal, superior
216 or inferior to | “which is given by
| =1"+4l . (53)
217 If the actual intake | is different from the reference amount | in underfeeding
218 (I <1 and dl <0) or overfeeding (1 >1" and 0l >0) situations, the deviation dl
219 characterizes an energetic imbalance (1 = A, +A; -C; +P"+Y"+M"” +4l) and
220 the deviation dl is divided up between these flows through deviations dflow such as
0l =0A,, +0A, —9C, +0P +dY +dM . (54)
221 The way dl is apportioned between flows A,, A, C,, P, Y and M is defined

222 through a model of partition of energy taking into account levels of priority to lactation
223 (S) and growth (G), of body reserve and of dietary energy input. This partition is
224 aimed at the preservation of an energetic equilibrium and is thus a homeostatic

225 control.

226 In the following sections are described (1) the partition between A,, A, C{, P, Y"

227 and M" generating the demand 1 (homeorhetic drive of flow"), (2) the partition of
228 dl generated by actual supply, between O0A,, 0A,, dC,, 9P, dY and oM

229 (homeostatic control of dflow), and (3) the calculation of body and milk composition
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according to energetic flows obtained by the combinations flow”+dflow. An

important point to keep in mind is that the homeorhetic drive of flow" is built

independently of the current level of feeding but with respect to the body reserve

size, which reflects previous feeding.

Homeorhetic drive of flow’. The formalism for variables dw/dt, dX/dt, dGU/dt, MY,

and DMI defined in the companion paper (see Table 2) as a reference dynamic
pattern of lifetime performance is denoted with a star exponent and converted

afterwards in a reference dynamic pattern of energy partitioning. This trajectory
represent the homeorhetic drive of flow".

The daily ME flow channelled to growth is given by
O
A =g, 0O, (55)
where g, (Mcal/kg) is the growth ME requirement (for the accretion of 1kg W).

The labile body mass anabolic and catabolic ME flows Af and CS represent the net

result associated with changes in body reserves X and are given by

g, (98X if dX'50

A = dt , (56)
0 elsewhere
and
e X" it dX" <0
CS = c —dt dt , ( 57 )

0 elsewhere
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245 where e _ (Mcal/kg) is the ME requirement for the storage of 1 kg X and g_
246  (Mcal/kg) is the ME supplied by the mobilization of 1 kg X (see Appendix B in the
247 companion paper).

248 Dalily investment of ME in pregnancy is defined as the energy required to supply the
249 reference gravid uterus growth dGUD/dt tied to foetal growth (see Appendix A in the

250 companion paper) and is given by

P’ =g CAGU", (58)

251 where g, (Mcal/kg) is the pregnancy ME requirement (for the accretion og 1kg GU)

252 Energy flow Y channelled to milk secretion supply is considered as the sum of ME
253 flows involved in the secretion of milk constituents j:
o_ 0
Y =) e MY, (59)
254  where € (Mcal/kg) is the ME requirement for the yield of milk constituent j.

255 Maintenance ME energy expenditure is given by
MD:% EBWO.?S' (60)
256 where g, (Mcal/kg) is the maintenance ME requirement.

257

258 Homeostatic control of dflow. Giving the actual energy input | resulting of the DMI

259 model (see (46 ) and ( 48)) and the reference required energy input |, the relative

260 energetic feeding level f is given by

f=0s. (61)
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261 Components dflow correspond to an adjustment (homeostatic control) of the energy

262 partitioning defined with variables flow (homeorhetic drive). They are defined as a
263 proportion of deviation dl with a general formalism given by

oflow =20l [®,,, (62)

264 where O, is a specific function of partitioning defined for variables flow (A, , A,

flow

265 C,, P, Y and M)suchas ) dflow=0.

flow
266 Thus, the difference ol (by construction ©, =1) between energetic supply and
267 demand is integrally diverted between flows which may be increased or decreased in
268 relation to their reference value flow according to the sign of o (0l <0 and f <1:
269 energy deficit, dl >0 and f >1: energy surplus:). In particular a deficit of energy may
270 induce a slowing down in growth, a decrease in body reserve storage, an increase in
271 body reserve mobilization, a decrease in foetal growth and/or a decrease in milk
272 production. Inversely, a surplus of energy may induce a speeding up of growth, an
273 increase in body reserve storage, a decrease in body reserve mobilization and/or an
274  increase in milk production.
275 This model of partition assumed that maintenance requirements (M ) are unaffected
276 by the level of energetic feeding, which is given by

o, =0, (63)

277  which implies dM =0 and M =M " whatever al .

278 Quantification of other functions @, is assumed to depend on priorities G and S of

flow
279 the GARUNS pattern of relative priorities defined in the regulating sub-model in the

280 companion paper, on the relative energetic feeding level f and on the level of body

281 reserves ( X, ) given by
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X
X =—, 64
e (64)

282  which corresponds to the ratio of labile to non-labile body mass.
283 The proposed theoretical formalism involves a simple logistic function W of f , which
284 acts as a pivot and has the property to smoothly shift from 1 to O when f increase

285 from below to above 1, i.e., from energy deficit to surplus. This function is given by

-_1
ML (65)

286 where the exponent 20 was set to ensure a shift mostly completed for f ranging
287 from 0.85 to 1.15. The function W is used to direct the model behaviour to either the
288 energy deficit response or the energy surplus response, which is thus assumed to be
289 fully reached at a £15% deviation from requirements.

290 The general formalism for ©

is given by

flow

fra (LP) B flean(w)

gflow !
1+[ X, ] (66)
X flow

291 where f_ (W) is the theoretical function used to describe the change of ©,  with

flow

eflow = ffat (LIJ) -

292 the relative energetic feeding level f when X =0 (extremely lean animal), and

293 ffat(LIJ) is the theoretical function used to describe the change of ©,  ~ with the

294  relative energetic feeding level f when X = 05 (extremely fat animal). The function

295 of partition is thus built by the way of theoretical responses in unrealistic extreme
296 situations in order to obtain a comprehensive surface response within the range of

297 realistic values of f (approximately 0.75 to 1.25) and X, (approximately 0.05 to 0.5

298 leading to a body condition score (BCS) ranging from 0.5 to 4.5 on a 0 to 5 scale).
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299 The effect of changes in the level of energetic feeding on the diversion of energy into

300 milk is regulated by the function ©, given by
O
si- w)—TDmJ

& ' (67)
1+(XLJ
Xy

o, = Sifl-¥)-

301 where Y, (kg/kg) and € (unitless) are parameters governing the shape of the

302 surface response shown in Figure 2.2 and where the term S is the priority to
303 lactation defined in the companion paper. This function generates a smooth transition
304 of energy partitioning profile according to the animal state and can be easily read by

305 focusing on areas defined by values of the couple ( f, X, ) of the response surface:

306 « (f <1, X_<yxy)is asituation of energy deficit detrimental to milk secretion as
307 the state of body reserves not allows mobilization (the maximal value of ©,
308 equals YY/1" which implies aY - Y” when dl - 19);

309 e (f <1, X_ >y, ) is a situation of energy deficit not detrimental to milk
310 secretion as the state of body reserves allows mobilization;

311 « (f>1,X_ <y, )is a situation of energy surplus in which energy is channelled
312 to body reserves recovery rather that diverted into milk yield;

313 e (f>1,X_>x,) is a situation of energy surplus diverted into milk yield
314 according to the level of priority S.

315 The modulation of ©, by priority S traduces the fact that conceptually, homeostasis

316 and homeorhesis are goal-seeking and concerted mechanisms, the former
317 contributing to the “environmentally” compatible realization of the plan drawn by the

318 latter. This construction is consistent with the more pronounced effect of
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319 underfeeding on milk production in early lactation (Broster, 1972) and the favoured
320 diversion of energy surplus into milk when this option is available rather than into
321 body reserves (Friggens et al., 2004). Since the quantity of energy surplus dl is
322 function of requirements | driven by homeorhesis and of actual input of energy
323 limited by intake, the quantity of milk yield has an implicit physiological limit, which is
324 not redundantly formalized at this level of energy deviation partitioning.

325 The effect of changes in the level of energetic feeding on the diversion of energy into

326 pregnancy is regulated by the function ©, given by

Ty & (68)
1+(XL]

327 where x, (kg/kg) and ¢, (unitless) are parameters governing the shape of the

328 surface response shown in Figure 2.3.

329 This function implies:

330 « (f <1, X_<pxp)is a situation of energy deficit detrimental to pregnancy as the
331 state of body reserves not allows mobilization (the maximal value of ©, equals
332 PY/I” which implies P -~ P” when al - 19);

333 « (f <1, X_ > y,)is a situation of energy deficit not detrimental to pregnancy as
334 the state of body reserves allows mobilization;

335 e (f>1, X <xp)and (f >1, X > y,) are situations of energy surplus in which
336 energy is not channelled to pregnancy.

337 As in the model of energy requirements of the pregnant ewe developed by Geisler

338 and Neal (1979), the supply of energy to ensure an optimal fetal growth is seen as a

339 ‘“protected” function. This formalism implicitly assumes that the flow P* corresponds
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to an optimal fetal growth. Overfeeding during pregnancy induces body reserve
formation and underfeeding is associated with body reserves mobilization to supply
fetal growth requirements (Lins et al., 2003). As energy deficit increases, a greater
part is detrimental to foetal growth (Wade and Schneider, 1992).

The effect of changes in the level of energetic feeding on the diversion of energy into

growth is regulated by the function ©,,, given by

m]
GHi-w)- 2 E(l—w)—IAVDVEw
t=0

AW !
XAW

where x,, (kg/kg) and 6, (unitless) are parameters governing the shape of the

OAW:G[(]'_LP)_ (69)

surface response shown in Figure 2.4 ..
This function implies:

o (f <1, X_ <xw) is a situation of energy deficit detrimental to growth as the
state of body reserves not allows mobilization (the maximal value of ©,, equals
AL /1" which implies A, — A, when al — 1);

o (f <1, X_ > x.) is a situation of energy deficit not detrimental to growth as

the state of body reserves allows mobilization;

o (f>1, X, <xa) IS a situation of energy surplus associated with a lean body

in which energy is channelled to growth (this situation corresponds to a
compensatory growth in young animals);

e (f>1, X_>x,) is a situation of energy surplus diverted to growth with

respect to the partition AE,/ID=G[QG+A+ R) which corresponds to the
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359 reference growth rate increased or decreased according to priority to growth
360 and inhibited during reproductive stages of life when U + N+S>0.

361 Parameters x,, X, and x,, correspond to thresholds of the labile to non-labile body
362 mass ratio at which the homeostatic function shifts the channelling of energy deficit
363 or surplus. For instance, a high value of Y, implies that body reserves recovery

364 prevails over milk yield, that an energy surplus is diverted into milk yield when body
365 reserves are at a high level, and that an energy deficit is primarily detrimental to milk

366 vyield. A low value of x, defines the level of protection of the pregnancy function: an
367 energy deficit is detrimental to foetal growth only when body reserves fall under a

368 critical value. Analogously, the value of y,, determines the level of body reserves at

369 which an energy deficit start to be detrimental to growth and an energy surplus
370 enhances growth. To exemplify the modelling principle, theses parameters were set

371 to x, =022, x, =016 and x,, = 010 which correspond approximately to BCS of
372 2.0, 1.5 and 1.0 respectively (on 0-5 scale). Parameters &,, 6, and 8,, govern the
373 speed of the shift at these threshold points and were setto § = 8, =6, = 5.
374 The partition of energy deviation defined by ©,, ©, and ©,, implicates body
375 reserve mobilization or storage with a net result (0B, , Mcal/d) given by
0B, =dl (O, (70)

376 where

o, =1-0,-6,-0, -0, (71)
377 and achieved through changes in body reserve mobilization or storage relative to the

378 reference levels A} and C; such as
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9B, =dA, —9C, , (72)

379  with
A, =max- A;,0B, -C.), (73)

380 and
9B, =max-~aB, - AY,-CY). (74)

381 These equations traduce the fact that an increase in body reserve storage is
382 achieved by reducing Cy if C; >0 or by increasing A, if Al >0 and that an
383 increase in body reserve mobilization is achieved by reducing A; if A >0 or by
384 increasing Cy if C; >0.

385 This model explicitly consider body reserves as an energy buffer, i.e., an energy
386 source to partially compensate the effect of underfeeding and an energy sink

387 formalizing the fattening effect of overfeeding.

388 Actualised values of flow are then given by

Ay = Ay +0A,, (75)
AX:AE+6AX, (76)
C, =C} +0C,, (77)
P=P"+0P, (78)
Y =Y +0Y, (79)
389 and
M=M"+0dM . (80)
390 The above model of energy partitioning implies that

391 O0A, t0A, —0C, +0P+0dY +0M =4l , traducing that the energetic deviation 0l is

392 integrally apportioned to adjust flows A,, A, C,, P and Y. This partition is
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393 assumed to affect simultaneously all flows, which reflects the coordinated aspect of
394 homeostatic energy regulation and especially the harmonized use of energy reserves
395 to counter temporary energy deficit or take advantage of favourable conditions to
396 constitute energy reserves. Severe energetic deficit are detrimental to the completion
397 of lactation and gestation which traduces situations where milk production and foetal
398 growth are severely reduced as body reserve mobilization becomes inefficient to

399 lessen the effect of underfeeding.
400 By the way of the homeorhetic driven variables flow and the homeostatic
401 corrections odflow, the model combines push and pull approaches (Drackley et al.,

402 2006) (input makes output vs output makes input): trajectories of physiological
403 functions determine reference dynamic energy requirements (homeorhetic pull
404 standpoint) and lifetime animal performance are corrected according to effective

405 energy supply (homeostatic push standpoint).

406 The formalism applied in the companion paper to convert references values of flow’
407 into animal performance is applied afterwards to adjusted values of
408  flow = flow" + dflow.

409

410 Performance. Giving the effective flows A , A and C  labile and non labile body
411 mass changes are given by

dW:%, (81)

412 and

c
aX = Ao (82)
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413 Giving the effective flow P, the gravid uterus weight changes are given by

&= (83)

414 with GU = 0 at discrete event parturition as in the companion paper.

415 The effective dynamic of BW is then derived from its components changes dW/dt,
416 dX/dt, dGU/dt and dDT/dt and the effective dynamic of BCS is calculated with the
417 formalism used in the companion paper (see Table 2).

418 The variation in milk composition resulting of changes in energy input is considered
419 through the changes in the origin of the energy channelled to the udder. The variation
420 0Y resulting from the deviation dl involves a change in energy inflowing from diet
421 denoted 0Y, =0l —dM -0P -0A, —-0dA, and a change in energy issued from body

422 reserves mobilization denoted dY, =dC, such as dY =0Y, +0Y, .

423  The partition of dY between flows Y, .. is modelled with respect to the partition of

424  0Y between dY, and dY, , and is given by

Y, =Y +OYP +0Y], (84)
425 where
oY =u} [dY,, (85)
426 and
oY =u @Y, (86)

427  with Zu]D =1 and Z”;X =1.
j j

428 Coefficients ujD and ujX depict respectively how a change in dietary energy supply

429 and body reserve mobilization affect energy channelled to the udder for the secretion

430 of milk constituent j.
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431 Daily yield of milk constituent | is then given by

Y
milking De_J for j : lactose protein water
MY = : ,
' o [YP+ay” oy (87)
milking [J —£ B+ & for fat
& &

432  where e, (Mcal/kg) is the ME requirement for the yield of milk constituent j,

433 assuming that e,:X = 088 is the lower ME required for the secretion of milk fat

434 fuelled by body reserves mobilization. The use of two different coefficients of energy
435 requirement for milk fat secretion fuelled from dietary energy and milk fat secretion
436 fuelled from body reserves energy relies on the difference between milk fat
437 biochemical precursors. As suggested by Van Es and Van der Honing (1979), the
438 theoretical maximum efficiency of fat synthesis is close to 90% when dietary fat or
439 long-chain fatty acids (such as non-esterified fatty acids released by lipomobilization)
440 are used directly as substrate, while the corresponding efficiency from volatile fatty

441 acids (i.e., from diet digestive processes) is only about 70%. In the present version of

442 the model, coefficients ujD and ujX were defined in a simple way by assuming that
443 changes in energy issued from body reserves only affect milk fat secretion (u,f =1

X _ . e . .
444 and Uilpn = 0) and that no changes occur in the partition of energy inflowing from

445 diet channelled to milk constituents (u’ = YjD/YD). This formalism is conceived as a

446 null hypothesis to be evaluated in further specific work.

447  Finally, milk content of constituent j is given by

MY] if MY >0
—L |

MC, = MY : (88)
0 elsewhere
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448 The discrete event parturition sets milking to one while the additional discrete event
449 drying off is used to set milking to zero after 320 days in milk to simulate dairy

450 production context.

451

452 Model evaluation

453 The model was implemented with Modelmaker version 3.0 software (Cherwell
454  Scientific Ltd, 2000) using the Runge-Kutta 4 numerical integration procedure and a
455 fixed integration step of 1 d from t=0 to t =2500 d. Settings of parameters of the
456 regulating and operating sub-model are described in the companion paper.

457 Model evaluation is aimed at presenting through graphic results the ability of the
458 model to produce realistic dynamic patterns of lifetime performance of dairy cows
459 under nutritionnal challenging contexts. The dynamic response of the model is
460 induced by changing the dietary metabolizable energy content e, reflecting changes
461 in diet composition and inducing changes in intake, while the theoretical optimal
462 dietary metabolizable energy content maximizing intake is set to eE = 2.7 Mcallkg
463 DM . These virtual experimentations were designed to reproduce classic features of
464 dairy cow intake and performance during growth, peripartum period and lactation.
465

466 Overall diet effect on intake

467 The Figure 2.5 shows the simulated changes in weekly average DMI and | during

468 the 5" week of lactation of a second parity cow associated with changes in e,

469 ranging from 50% to 150% of eg The model produces the typical pattern of physical
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470 fill effect limiting DMI of low density diet and the plateau response of | to the level
471 of requirement resulting of a decrease of DMI (e.g., Faverdin, 1992).

472

473 Feeding effect on growth

474 The Figure 2.6 shows the simulated effect on BW and BCS of two dietary

475  MEenergy content (H:e, = 30 Mcal’lkg DM and L: g = 24 Mcallkg DM ) during

476 two periods of age (200 to 400d and 400 to 600d). The model produces typical
477 patterns (e.g., Crichton et al., 1960) of retarded (LL and HL), accelerated (HH) and
478 compensatory growth (LH).

479

480 Prepartum feeding effect on performance

481 The Figure 2.7 shows the simulated effect of six levels of feeding

482 (e, = 22 - 32Mcallkkg DM ) three months prepartum on BW, BCS and MY of a

483 2" parity cow. The model produces main known features of such treatment (e.g.,
484 Garnsworthy and Topps, 1982), i.e., prepartum weight gain and increase in body
485 condition, increase body weight loss with body condition at calving, return to an
486 apparently defended level of body weight and score during lactation, the residual
487 difference between treatment groups at the end of the subsequent lactation being
488 reduce, and detrimental effect on milk yield.

489

490 Feeding effect during lactation

491 The Figure 2.8 shows the simulated effect on body weight and milk yield of two

492  dietary ME energy contents (H:e, = 30 Mcal’lkg DM and L: g = 24 Mcallkg DM )

493 during two stages of lactation (0 to 70 d and 70 to 140 d). The model produces the
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494 classical pattern of such feeding trial (e.g., Broster et al., 1969) and simulate the
495 residual effect of early lactation feeding level on milk yield and body weight change in
496 the following course of lactation.

497

498 Discussion

499 The model as a predictive tool

500 The application of the conceptual framework yielded to a prototype of a dairy cow
501 lifetime performance predictive tool. This approach is complementary to our previous
502 work aimed at associating a given pattern of performance with metabolic pathways in
503 dairy cows (Martin and Sauvant, 2007). As whole, the proposed model of energy
504 metabolism resemble to the growth models of the Metabolic Theory of Ecology (MTE;
505 Brown et al.,, 2004) and the earlier theory of Dynamic Energy Budgets (DEB;
506 Kooijman, 1986). All these approaches are founded on simple mechanistic
507 descriptions of how individual organisms take up and use energy and material. The
508 MTE is based on the physics and geometry of supply networks and the DEB is based
509 on relationships between surface area and volume (Van der Meer, 2008). The model
510 is also related to the model developed by Vetharaniam et al. (2001) based on the
511 concept of absorbed energy and designed to predict performance of different
512 genotypes under different feeding regimes. The main differences of our approach are
513 the more detailed representation of the sequence of reproductive cycles and the
514 involvement of teleonomic trajectories for life functions. Our approach is resolutely
515 dedicated to the development of an operational tool rather than the construction of a
516 new theory. The GARUNSmodel is intended to artificially simulate rather than explain

517 the biological basis of energy partitioning. In non-reproductive stages of life, the
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518 priority to growth is consistent with the formalism proposed by West et al. (2001) in a
519 general model of growth.

520 The lactation part of the model involves a two-stage empirical control by priorities
521 to ensure the transition between gestation and lactation, and that of providing
522 nutrients to the calf. This approach is not directly based on the known biology of the
523 mammary gland during pregnancy and lactation, which is the rationale of models
524 developed by Neal and Thornley (1983), Dijkstra et al. (1997), Pollott (2004) and
525 Vetharaniam et al. (2003a, 2003b), but follows the same principle of modelling an
526 underlying mechanism giving rise to lactation. The model describes the raw milk yield
527 as the sum of milk constituents’ yields. The use of different exponents for the
528 differential priorities to secrete these constituents allows simulating properly their
529 standard kinetic shapes. The use of simple partition coefficients to modulate milk
530 composition according to nutritional deviation from demand allows to simulate an
531 overall response consistent with results derived from meta-analysis studies on milk
532 response to feeding (Sauvant, 2003). However, the ability of an energy based model
533 to simulate accurately the udder synthesis system remains in question.

534 The intake part of the model involves a body reserves dependant trade-off
535 between the saturation of the intake capacity to take benefit from a liberal feeding
536 situation to improve body condition and the exact coverage of energy demand. This
537 two-ways modelling principle, initially proposed by Conrad et al. (1964) is the basis of
538 several published models of intake. The originality of our approach is to formalize
539 possible intermediary levels of intake between energy and fill based prediction that
540 account for a long-term energy demand relying on a target body reserves level to
541 reach. Contrary to numerous intake models using production variables as inputs,

542 intake is predicted as a full-fledged performance as milk production and body weight.

191



Partie Il Proposition de modele
Modéle énergétique (Martin and Sauvant, submitted)

543 Animal is thus considered as a whole, on a lifetime scale, with its own “agenda” and
544 the model simulates ad libitum feeding situations as well as situations of restricted
545 feeding. As the dietary energy content is the only feed characteristic used as input,
546 the model provides a synthetic but reductive view of nutrition. Simulated trajectories
547 of DMI xMY daily values falls within the scatter plot shown by Hristov et al. (2004),
548 (gathering a large set of data reported in the literature.

549 The decomposition of body mass into structural/non-labile and reserve/labile
550 compartments is a classic representation in animal science energy based models of
551 growth (Hoch et al.,, 2004) and lactation (Bywater and Dent, 1976). It allows to
552 incorporate the energy buffer role of reserves and the changes in body weight during
553 reproductive cycles. In the future, the principle of differential priority could be used to
554 model growth of anatomic body components and to improve the representation of
555 energy transactions and material exchange between metabolic and body systems.
556 The modelling of body weight changes occurring during the lactation course, though
557 identified as a pertinent indicator for diagnostic and management purposes (Maltz,
558 1997) has been subject to little modelling studies (Quinn et al.,, 2006). A major
559 problem relates to the prediction of digestive tract contents accounting for up to 20 to
560 25% of live weight, mainly determined by the fiber content of the diet (Martin and
561 Sauvant, 2003) and subjected to within-day changes in relation to the alimentary
562 behaviour along the nycthemeron. The incorporation of the gravid uterus weight as a
563 body component allows to produce realistic simulations of the changes in body
564 weight during gestation and at parturition. The prediction of the body condition score
565 allows to express the amount of body reserves consistently with records made in the
566 field. An improvement of the operating sub-model concerns the modelling of the

567 initiation of body reserves mobilization occurring a few days before parturition and
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568 detected through the increase in plasma non-esterified fatty acids concentrations
569 (Vazquez-Afon et al., 1994). This issue could be fixed by incorporating a control by
570 the priority U to the unborn generation in the mobilization function. The principle of
571 differential priority with a high value exponent could be used to simulate the initiation
572 of mobilization at high level of priority U . Another improvement of the model
573 concerns the opportunity of incorporation of a genetic parameter in the function of
574 balancing body reserves to represent differences between animals and breeds in the
575 ability to replenish body reserves.

576 As such the predicted performance are based on the modulation of a reference, so
577 called optimal performance, assumed to mirror the animal potential pertaining to its
578 genotype. This underlying pattern can not be recorded as such and specific
579 investigations should be done to allow a model parameterisation for individual
580 animals. We intend to go further in this direction.

581

582 The model as a conceptual framework

583 The model described in the first paper of this short series allows to simulate lifetime
584 performance of dairy cows under standard husbandry conditions and feed regimens
585 without any environmental constraints.. This reference pattern of performance
586 corresponds to a theoretical equilibrium profile pertaining to a genetically pre-
587 determined ability and an optimal level of feeding. The present sophistication of the
588 model is aimed at accounting for the effect of variations in feed intake around this
589 level and thus yield a prediction of performance based on a combination of genotype
590 and energy-based nutrition factors. The basic principle is to model the partitioning of
591 energy deviation from the optimal reference between functions to generate an

592 adjusted pattern of performance. The performance (P) is thus expressed as the
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593 trajectory of a genotype (G) in a constraining nutritional environment (E). Contrary to
594 the classical additive formalism P=G+E + (G X E) (Bryant et al., 2005) the proposed
595 model explicitly focus on the interaction Gx E and formulates performance through a
596 whole function P= f(G, E). A time-based pattern of priorities determines an optimal

597 requirement according to physiological status and body condition, and the effective
598 energy supply determines the effective performance, which in turns modifies the
599 animal status and consequently updates the optimal requirement. Lifetime
600 performance are thus the result of the long-term tendency to home on to a goal-
601 directed trajectory giving a genetically determined ability and the short-term tendency
602 to ensure an energetic equilibrium giving an environmentally determined resource.
603 This approach relies on a comprehensive coupling of homeorhetic drive and
604 homeostatic control.

605 The concepts of homeostasis and homeorhesis have been widely used in animal
606 nutritional science to explain regulations of nutrient partitioning (Bauman and Currie,
607 1980 ; Sauvant, 1994). Both are properties of living systems to return to a particular
608 state, a particular setpoint in the physiological parameters space for homeostasis and
609 a set of points composing a dynamic trajectory for homeorhesis. From a modeling
610 standpoint, it was assumed that the formalization of this trajectory, coined a chreod
611 by Waddington (1957), should be the starting point rather than an exhaustive
612 representation of metabolic pathways, composing the piping of an animal model. This
613 approach echoes on the suggestions of Friggens and Newbold (2007) to focus on
614 “why does partition changes with time?” rather than “how do animal partition
615 nutrients?”. The Figure 2.9 shows a schematic representation of the properties of
616 homeorhesis and homeostasis, seen respectively as the long- and short-term

617 components of the general process that make living organisms follow a trajectory in
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618 their physiological parameters space despite disturbing environmental conditions.
619 This trajectory being compatible with life, genetically determined and targeted to
620 ensured species continuation. This schematic representation illustrates the rationale
621 of the modeling framework proposed in this short series of companion papers.

622 As a consequence of this construction, body reserves follow a genetically driven
623 pattern acting as an equilibrium reference. This pattern results of the tendency to
624 balance body reserves to a target level from which mobilization forces a deviation in
625 early lactation of each reproductive cycle. The target level corresponds to a favorable
626 body condition to be reach before parturition. The monitoring of body reserves is thus
627 considered as a full-fledged function intimately implicated in reproduction. Body
628 reserves represent an energy buffer being either an energy source in restricted
629 feeding context or an energy sink in liberal feeding contexts. The homeostatic
630 functions establishing the apportioning of energy surplus or deficit between functions
631 of growth, lactation and gestation are modulated according to the level of body
632 reserves. Structurally, the body reserves level is thus a central variable of control
633 regulating the partitioning of energy in situations of energy deviation from the
634 reference pattern of requirements. Moreover, body condition is assumed to regulate
635 the trade-off at the regulating sub-model level between priorities to lactate or
636 replenish body reserves by the way of a safeguarding level. This threshold is thus
637 involved in the change of energy requirement and consequently intake, relying on the
638 lipostatic theory of the long-term regulation of intake by adipose tissue. Results of
639 Ellis et al. (2006) have shown that the incorporation of the lipostatic theory into a
640 dynamic model of energy balance significantly improves prediction of intake and
641 body weight changes. In the present model, body reserves follow a trajectory passing

642 by strategic setpoints at parturition, temporary altered to counter nutritional supply
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643 inadequacy to requirements and remaining within a range of tolerable values. At any
644 time, through homeostatic functions, the level of body reserves determines to which
645 extent an energy deficit is detrimental to growth, lactation and pregnancy and to
646 which extent an energy surplus is diverted to growth, lactation or body reserves
647 replenishment.

648 In parallel with the descending control from the regulating to the operating sub-
649 model, the body size maturity and the body reserves level give information from the
650 operating to the regulating sub-model. These state variables reflect the effective
651 energy channeled to functions permitted by the feeding context. The so-called
652 homeostatic model used to adjust the reference partitioning of energy to an effective
653 supply is a theoretical formalization of the modulation of animal response to nutrient
654 supply. This problem has been tackled with the aim to integrate the basic knowledge
655 and further work will be necessary to accurately predict a wide range of feeding
656 contexts at different physiological stages. Refinements of this specific component of
657 the whole model can be done while keeping the principle of a model diverting an
658 energy deficit or surplus between processes. An interesting question to tackle
659 concerns the incorporation of genetic parameters into the homeostatic function to
660 account for differences between animals and breeds in the ability to cope with
661 challenging feeding contexts. Our purpose is to keep as much as possible the overall
662 model structure with a generic regulating sub-system at the specie level and a
663 specific operating sub-system at the individual level. From that standpoint, the
664 regulating sub-model is intended to embody invariant determining factors in the
665 process of performance elaboration and the operating sub-model is intended to

666 express the way a given genotype performs in a given nutritional environment.

196



Partie Il Proposition de modele
Modéle énergétique (Martin and Sauvant, submitted)

667 The present model evaluation remains on illustrative typical properties and has not
668 been performed quantitatively. A first step should concern the repeated fit of the
669 model to various data sets and the study of parameter estimates variability. This work
670 should allow quantifying the dependencies between genetic parameters of the model,
671 and especially between the abilities to secrete milk constituents and that of mobilize
672 body reserves. A second step concerns the investigation of the model ability to
673 represent dairy and beef breeds, as well as animals of other dairy livestock species
674 such as goats, ewes, red deers, camels, ...

675

676 Conclusion

677 We proposed a model of lifetime performance of female livestock accounting for
678 changes in energy supply. We conjecture that this work provides a novel conceptual
679 framework. This approach explicitly incorporated a homeorhetic drive by the way of
680 the tendency to home on to the teleonomic trajectory defined in the companion paper
681 and a homeostatic control by the way of the tendency to maintain an energetic
682 equilibrium in response to nutritional constraints. The model formalized lifetime
683 performance as a defended trajectory. Applied to dairy cows, this framework allowed
684 to build a whole animal predictive model defined as an autonomous entity with its
685 “own agenda”, and ultimately as a “virtual cow”. The guantification of the predictive
686 ability of the model and its application to other lactating species remain to be tested.
687

688

689

690
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Table 6 Compendium of regulating sub-model equations described in the companion paper giving the dynamics of priorites G, A, R, U, N and S for

age t ranging from 0 to 2500 d, where W, WB and X are body mass variables in the operating sub-model and with input scaling parameter WM = 480,

reproductive events timing parameters PCI(O)=450 and PCI(C>O)=120, pregnancy scaling parameters 71 = 285, a = 0.0111 and

@ = 35[10°, fractional rates 4 =006, A =0.0017, A =0.0055 y = 003, 7 = 0.1 and 0 = 0.0018, and body reserves threshold parameters

X, =¥3and x, =15.

Discrete event of reproductive cycle number c

Conception if A< 02 att =t(c) Parturition Drying off

Variable ~ Equation Initial value  if c=0 if c>1 atU=21-(G+A)-¢ atdim =320
Control

c 0 c=c+1 c=c+1

milking 0 milking =1 milking = 0

t(c)  t(c)=t(c)+Pci(c) Pci(0)

t,(c) 0 t(c) =t

dim dim = dim+ milking 0 dim=0
State

G dG/dt = —d 1- (W,
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A dAdt = s 0 A=A +10°
R dRdt=d-s-p+w wm, ) R,=R-e-10° R,=R-¢
U du/dt = p 0 U,=U +& U, =U, +¢ u,=0
N dN/dt = - 0 N, =N +U
S dydt =1 -w 0
Auxiliary
d d = (4 ow* oW J* cowyat

s=oOAL1- A)

n

p p=aDn(%)DJif£sU<1—(G+A)—£ 0
I | = N

w w= (4 +A, +y0U + 71~ milking)) (5

& £ = aW,

z Z=¢ EExd— In(s)/(l— exd— a Dﬂ)))

Ao A=Al (ow)rF)
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Table 7 Compendium of operating sub-model equations described in the companion paper giving the reference performance and the associated

metabolizable energy (ME ) partitioning for age t ranging from 0 to 2500 d where p = dU/dt and G, R, U, N and S are relative priorities defined in

the regulating sub-model, milking is a control variable of mammary stimulation, J, ), , &, . B, and ¢ are body mass composition parameters, W, V. ,
Vv, and Vj are scaling parameters (where | : milk fat, protein, lactose and water), bo, m, and k0 are body change parameters, X, VY, yjN and yjs are
scaling exponents of differential priority control, ij and kjS are parameters of milk constituents secretion, DMC is the diet DM content and €. 8. &

€+ €. & and € are ME conversion factors.

Variable Equation Initial value (at birth) Description Unit
State
= _ 083 .
EBW EBW =W + X EBW, = 0.197C{w, [{1+ x,, ))” Empty body weight kg
BW BW = EBW+GU + DT BW, = EBW, + DT, Full body weight kg
Performance
W dw/dt = G (G + A+ R) /e, W, = 097 LEBW, Non-labile body mass kg
X dX/dt = bal — mob Xz = 003[EBW, Labile body mass kg
Gravid uterus weight (set to 0 at
GU dGU/dt = pW, /@ and GU = 0 at discrete event parturition GU_ =0 kg
parturition)
DT  dDT/dt = DMI/DMC - k, (DT - 5 W) DT, = oW, Digestive tract contents weight kg
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MY

A

CX

Auxiliary

bal
mob

EBF

BCS BCS= (EBF/[1- exd- 0.0068{EBW - EBF))*"**) - 179398

MY = milking ()" . . MY

i

MY :(1—G)y[(k, IN"" +k ES”S)BN W, v,
] jn js M Y j

l=(M+Y+P+A -C )(1-GG+A+R))
DMI = Ife,

M — eM EBWO.?S

Y = Zj::F,P,L,H ej DleJ

P=g¢, HGU/dt
A = ¢, [bal
C, =e,[mob

bal = (1_G)X (b, E(l_(X/WM )/XM)[R
mob= (1- G)* [m, [N [X [,

EBF = 4, WM, + 8, [X

Daily raw milk yield

Daily milk constituent j yielda

ME intake

Dry matter intake
Maintenance ME requirement
Milk ME requirement

Pregnancy ME requirement
ME requirement for X anabolism

ME requirement for X catabolism

Labile body mass balance
Labile body mass mobilization
Empty body fat

Body condition score

kg/d

kg/d

kg/d

Mcal/d

Mcal/d

Mcal/d

Mcal/d

Mcal/d

kg/d

kg/d

kg/d

[0-9]
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MC ~ MC = MY /MY Milk constituent j content kg/kg
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807 Figure 2.1 Operating sub-model diagram. ME : metabolizable energy “zero pool”; 1, M, Y, Y,—

808 (] : fat, protein, lactose, water), P, A, A C : ME flows; FMO, FMR, FMI , FME: dietary
809 fresh matter flows; DMI : dry matter intake; MY : raw milk yield; V : parturition; components of
810 empty body weight : W : non labile mass, X : labile mass; components of full body weight: DT :

811 digestive tract contents, GU : gravid uterus including fetus (W_ ) and annexes.
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Energy deficit Energy surplus
NOT detrimental to milk diverted into milk

Proportional
to priority S

Energy deficit Energy surplus
812 detrimental to milk NOT diverted into milk

813 Figure 2.2 Surface response of the function partitioning energy deviation from requirement to milk

814  yield (O, ) according to feed level ( f , Mcal/Mcal) and body reserves level ( X, kglkg).
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Energy deficit Energy surplus
NOT detrimental to fetal growth NOT diverted toward fetal growth

Energy deficit
815 detrimental to fetal growth

816 Figure 2.3 Surface response of the function partitioning energy deviation from requirement to fetal

817  growth (©,) according to feed level f , Mcal/Mcal) and body reserves level ( X, kglkg).

209



Partie Il Proposition de modele
Modéle énergétique (Martin and Sauvant, submitted)

Energy deficit Energy surplus
NOT detrimental to growth diverted toward growth

Proportional
to priority G

Energy deficit Energy surplus diverted
818 detrimental to growth toward growth

819 Figure 2.4 Surface response of the function partitioning energy deviation from requirement to growth

820 (©,,) according to feed level ( f , Mcal/Mcal) and body reserves level ( X, kg/kg).
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821

822  Figure 2.5 Model simulations of average intake of metabolizable energy (| , Mcal/kg) and dry matter

823 (DMI, kg/d) in the 5" week of lactation according to the dietary metabolizable energy content €,

824  (Mcallkg DM ) where eg is the dietary metabolizable energy content maximizing intake.
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826  Figure 2.6 Model simulated effect of two dietary metabolizable energy contents (H: € = 3.0 Mcallkg
827 DM vs. L: ¢ = 24 Mcallkg DM ) during two experimental periods (200-400d and 400-600d) on

828  body weight (BW, kg) and body condition score ( BCS, 0-5 scale) changes during growth.
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830 Figure 2.7 Model simulated effect of six dietary metabolizable energy contents (§, = 22 - 3.2

831 Mcallkg DM ) three months prepartum on body weight (BW, kg), body condition score (BCS, 0-5

832  scale) and milk yield (MY, kg/d) of a 2™ parity cow.
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834  Figure 2.8 Model simulated effect of two dietary metabolizable energy contents (H: € = 3.0 Mcallkg
835 DM vs. L: g = 24 Mcallkg DM ) during two experimental periods (0-70d and 70-140d of

836 lactation) on body weight (BW, kg) and (MY , kg/d) of 1* parity cow.
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Figure 2.9 Conceptual representation of an organism life seen as a trajectory in a physiological
parameters space. Environmental constraints impose a disturbance that deviates the trajectory from
the equilibrium goal-directed trajectory. Homeostasis and homeorhesis are forces acting respectively
to return to the nearest equilibrium state and to return to the trajectory at this point. The achieved

trajectory in the disturbing environment is the result of disturbance, homeostasis and homeorhesis.
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3 Modele métabolique

La description du modele métabolique est présesués la forme d’'un article publié dans

la revue Animal :

Martin O and Sauvant D 2007. Dynamic model of thectating dairy cow metabolism.
Animal 1, 1143-1166.
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Dynamic model of the lactating dairy cow metabolism

0. Martin® and D. Sauvant

INRA, UMR FPhysiologie de fa Nutrition et Alimentation, 16 rue Claude Bernard, 75231 Faris Cedex 05, france

(Received 28 August 2006; Accepted 2 May 2007)

The whole-animal modef described in this paper is intended to be a research modef with an intermediary structure between
sophisticated and simple cow models. The mechanistic medel structire integrates the main metabolic pathways of the lactating
dairy cow. Milk yiefd and related feed intake for varying production potentials were considered ta be the driving forces and
were empirically defined. The model was designed to explain the main metabolic flows and variations in body reserves
associated with the push of nutrients from dry matter intake and their pull by the mammary gland to synthesise mifk
components throughout factation. The digestive part of the modef uses either known feed tinit systems (eg. PDI system for
protein) or published empirical equations for the prediction of digestive flows of organic matter, starch and fatty acids and
ruminal volatile fatty acid prodisction. The metabolic sub-system is made up of four tisstie compartments (body protein, body
fipid, protein in the wterus and triglycerides in the fiver) and five circulating metabolites (glucose, amino acids,

acetate + butyrate, propionate, and triglycerides and non-esterified fatty acids). A major original aspect of the modef is fts
homeorhetic control system. It was assumed that flows refating to adipose and protein tissue anabofism and catabofism were
driven by a couple of linked theoretical hormones controlling mobitisation and anabolism. The evolution in body composition
and body weight were cutcomes of this control. Another originality of the madel is its suitabifity for milk yieids varying from
10 to 50 kg at peak production. This was achieved by homeorhetic controf of mifk potential acting on several key metabolic
flows. Homeostatic regufation was alse introdiced in order to confine the behaviour of the model within realistic physiological
vales. For some basic aspects (e.g. Uterine involution, standard kinetics of body protein and fat), it was necessary to build
specific databases from the literature and interpret these by meta-anafysis. Fairly realistic simulated kinetics were obtained for
bady composition, liver triglycerides, blood plasma metabolite cencentrations, milk protein and fat contents, and also for major

groups of mitk fatty acids.

Keywords: dynamic model, lactation, dairy cow. metabolism

Introduction

The pioneering work of Baldwin has demonstrated the
importance of mathematical modeling of nutritional pro-
cesses. In dairy ruminant nutrition modeling, several com-
plete models have been proposed by Baldwin ef al (19874,
b and ¢ and 1995), Danfaer {1990, 2005a and b), Paul
{1990} and Smith (1970}. The development of these models
was made possible by the accumulation of experimental
data conceming size and tumover of tissue and metabolic
compartments and also data related to metabolic flows.
However, all these models have a major limitation which
is the representation {or lack thereof) of the regulatory
subsystem of metabolism (Sauvant, 1994 and 1996).
Therefore, the objective of the present work was to develop
a mathematical model of metabolism during lactation,

T E-mail: omartin@inapg.inrafr

which includes a theoretical regulatory subsystem. The aim
of this whole animal, dynamic and mechanistic model
was to link the kinetics of dry matter intake, milk yield and
live weight throughout the course of lactation with a
minimal active structure, which allows digestive flows,
metabolic pathways and milk composition to be simulated
during lactation. An empirical model was used to describe
feeding pattern and the lactation curve, and a theoretical
drive for the balance between tissue anabolism and cata-
bolism was used. Using these features at defined levels
of milk production, the model provided a mechanistic
representation of the animal’s metabolism. Thus, in our
model, an empirical regulatory sub-system was associated
with a mechanistic operating sub-system based on the
representation of the flows of six major pools of meta-
bolites through eight major anatomical modules. A
4-min time step of integration was chosen, which is
consistent with the high tumover rate of metabolites such
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as plasma NEFA. However, model outputs were pooled into
daily means.

The principles described in this paper are valid for all
lactating ruminants although the calibration of the para-
meters was only considered for the dairy cow. The basic
principles behind this model have been published by
Sauvant and Phocas (1992).

Material and methods

Modef conception and description

General principles. The organism was considered as a
compartmental system including two major sub-systems
connected by flows of information (Sauvant, 1992 and
1994). The operating sub-system was made up of tissue
compartments, pools, and flows of digesta and metabolites.
The regulatory sub-system used internal auxiliary variables
that control metabolic flows. Since the present work
focused on the long-term aspects of lactation, mainly
homeorhetic controls (Bauman and Currie, 1980) were
included in the mode!l although several homeostatic sys-
tems of regulation were also introduced. Therefore, in the
present version of the model and based on the above-
mentioned principle, the model aims to simulate major
metabolite flows and the resulting evolution in body weight
associated with a given pattem of feed intake and milk
production. An empirical model was used to create stan-
dard intake and |actation curves.

Mode! modules, compartmenis and flows. The mode| was
subdivided into eight major modules corresponding to

anatomical components: rumen (RU), intestines (IN), blood
plasma and lymph (BL), protein tissue (PT}, adipose tissue
{AT), liver {LI), udder (UD} and uterus (UT}. The milk syn-
thesized in the udder and stored in the mammary gland
disterns (MI) was defined as a specific module of the model
as well. These sub-sections encompassed compartments or
metabolite pools (Table 1). Pools of the same metabolite
can be present in different model modules {e.g. glucose in
BL, AT, PT and UD}, and a metabolite can occur in different
forms (e.g. amino acids in proteins, free or deaminated).
The main metabolites represented in the model are glucose
{(GLU}, amino acids {AA), acetate-butyrate (ACB), which
combines acetate and the pool of 4-carbon molecules
considered to be metabolically similar to acetate (butyrate,
B-OH-butyrate, aceto-acetate), triglycerides (TG} and fatty
acids (FA). Lactose {LA), lactate (LAC), propionate (PRO)
and glycerol {GLY} were also included in the metabolic
pathways described in the model. Flows of metabolites
within and between modules were either transfer flows of a
metabolite (e.g. TG release from liver to blood plasma
denoted TGy, —TGg,) or conversion flows of a metabolite
{e.g. milk lactose synthesis in the udder from glucose
denoted GLU,p—LAy). A flow was systematically
expressed in the units of the starting compartment, a
conversion factor being applied to the receiving compart-
ment if necessary.

The blood plasma and lymph, liver, adipose tissue, pro-
tein tissue, uterus and udder modules were considered as
sub-parts of the model through which metabolic pathways
involved in milk production and animal maintenance
metabolism occurred. The rumen and intestines are the only
modules where nutrients can enter the metabolic pathways,

Table 1 Components of the model anatomic modufes and metabolite pools

Model module”

Metabolite pool Form Coding BL LI AT FT ut un MI
Glucose GLU m* o* m| O
Lactose LA =*
Aming acids Deaminated DAA i
Free AA u O
In protein AAP il | =
Acetate-butyrate ACB ] O O O
Lactate LAC O
Propicnate PRO O
Fatty acids Free (non-esterified) FA | | O O O
In trighyceride FATG | | |
Short chain in triglyceride SFATG -
Long chain in triglyceride LFATG =
Glycerol Free GLY O O O
In triglyceride GLYTG | | | | =
Triglyceride All sizes of FA TG | ] || =
Long chain ITG =
Shert chain STG =

*BL = blood and lymph, LI = liver. AT = adipose tissue, PT = protein tissue, UT = uterus, UD = udder, MI = milk.

*W: standard compartment, 0 “zero pool’ compartment, B sink compartment.
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and the milk module is the sink for the lactation process.
Inputs to the mechanistic part of the model were rumen
volatile fatty acids (VFAs; ACB and PRO) and intestinally
absorbed major nutrients (GLU, AA and FA}. Since depicting
the digestive process was not the main focus of the current
model, it was considered in a very simple way using recent
empirical equations. Except for the zero pools, the dynamic
behavior of each compartment was modeled with differ-
ential equations depicting these flows.

Model caiibration. Given the evolution in intake and milk
yield throughout lactation, model calibration (i.e. assigning
values to model parameters) was performed to achieve
realistic blood concentrations of AA, GLU, ACB, TG and
NEFA together with realistic milk fat and protein content.
The aim was not to yield a reliably accurate simulation but
to match the standard behavior of the system and to
generate compatible results.

Oxidative flows were either a prior fixed or built by
fitting procedures in order to equilibrate inflows and out-
flows of a 'zero pool’ compartment. In addition, general
knowledge of dairy cow physiology was used to define
reality constraints, for example concerning the proportion
of de novo fatty acid synthesized in adipose tissue or rela-
tive contributions of precursors to liver gluconeogenesis.
Moreover, empirical functions were introduced in order to
stabilise the model's behavior whatever the level of milk
production {assuming a predefined potential ranging from
2000 to 11 000kg 305-day milk yield}. Due to space limi-
tations and its heuristic, cyclic and ‘by trial and error’ nat-
ure, the work performed to complete the whole model
calibration is not described in the present paper. Thus,
several values for parameters are given in equations with-
out giving details on how they were obtained.

Mode! simulation. The dynamic simulation was performed
with Modelmaker 4.0 (Modelkinetix, Oxford). The model
diagram, the listing of the model equations, the run options
and the table of the parameter values in ModelMaker are
available as an appendix at http://wwav.animal-journal .eu/.
Numerical integration of differential equations was com-
pleted with Runge—Kutta’s method with a fixed step of
integration of 1/360 =2.77810° day, which corresponds
to a 4-min interval. In the model, the independent variable
{ indicates days in milk ranging from 1 to 300 days after
calving. Initial values were given for ¢ = 0, at calving. State
variables characterising compartment size were expressed
in mol and flows characterizing exchanges between com-
partments were expressed in mol/day. The model simulated
the major metabolic traits of a 'standard multiparous cow’'
weighing 620 to 660kg after calving (550 kg empty body
and 70-110kg gut fill according to level of feed intake) and
producing between 10 and 50kg/day of raw mik yield
{RMY, ko/day) at the peak of production according to its
potential. The cow received a mixed diet of forage and
concentrate {Table 2). The proportion of concentrate {CO,

Dynamic model of the lactating dairy cow metabolism

Table 2 Characteristics of the diet

Item Forage (kgfkg DM} Concentrate (kgikg)
CM 0.92 0.92
NDF 0.53 0.28
ST 0.20 0.40
CP 0.13 0.18
EE' 0.04 0.05
oMDY 0.60 0.80
CPd* 0.70 0.55
STd* 0.60 0.60

"OM =organic  matter  NDF = reutral-detergent  fibre, ST = starch,
CP = crude protein, EE = ether extract, OMD = OM digestibility.
*assumed digestibility of crude protein and starch,

kgtkg DM (1)) was of 50% of diet dry matter during the
first month of lactation; thereafter it decreased at a
constant rate of approximately 0.15% per day finishing at
8% after 300 days of lactation {the proportion of forage
was FO =1-C0). The following continuous model was
used to simulate this classical scheme of concentrate
distribution:

CO = 050 — 0.00147[1 — exp(—001 B)]t. (1)

Animal characteristics

Standard feed intake curve. The altemative form of the
Wood (1967} model proposed by Dhanoa (1981} was used
to simulate the curve of dry matter intake (DM, kg/day (2))
according to the milk potential expressed as POT, which
was an index equal to 107" times the maximum RMY
(1 < POT <5). The relationship between maximum DMI
and POT, and mean values for the time of peak DMI
(parameter b} and the decrease in DMI after the peak
(parameter ¢} were derived from the database described by
Martin and Sauvant (2002). Finally, the following equation
system was used and assumed to provide realistic DMI
curve associated with milk potential, which varied between
10 and 50kg at peak (Figure 1}:

DMI = at™ exp(—ct), (2
with
DM, = 8.48 + 3.36 PQT,
& = DMl /[0 exp( —chl],
b =76,
¢ = 0.0025.

Standard lactation curve. The Dhanoa (1981) model was
also used to simulate the curve of RMY (3) according to
PQT. The relationship between POT and the time of |actation
peak (parameter ¢, and mean value for the decrease in
RMY after the peak {parameter f) were derived from the
database descaribed in Martin and Sauvant (2002). Finally,
the following equation system was used and assumed to
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a 50 100 150 200 250 300
t(d)

Figure 1 Standard dry matter intake (DMI) curves throughout lactation
for increasing values of milk potential (POT=1, 2, 3, 4, 5).

provide realistic RMY curves associated with milk potential,
which varied between 10 and 50kg at peak {Figure 2):

RMY = it exp(—ft), (3
with
RMYya = 10 POT,
d = RMY,.,, /[ exp(—fe)],
e=17.74 + B23POT,
f = 0.0054.

Equations {2} and (3) allowed the simulation of typical,
consistent patterns of DMI and RMY curves for different
levels of milk production. These models were found to be in
good agreement with classical published kinetics of intake
and production, for example by Faverdin ef al (1987).
Moreover, the overall scatter plot of simulated values of
RMY v. DMI was close to that published by Hristov et al.
{2004). The model (3) simulated an increase of 232kg in
305-day RMY when peak RMY increased by 1kg. This is
consistent with the values cited by Young (2002}

Body system. Auxiliary variables were used to compute the
weight of body modules corresponding to tissue compo-
nents implicated in body weight changes during lactation:
adipose tissue and protein tissue, and, to a lesser extent,
the uterus. The weight of lipids in adipose tissue {LIPs; kg
{31)) was derived from the quantity of stored TG in adipose
tissue (TGuy mol (32)), assuming a molar weight of 810 g/
mol for TG. The weight of protein in protein tissue (PRTpr,
kg (48)) and in the uterus (PRTyr, kg {60)) was derived from
the quantity of AA stored in protein tissue (AAPgr, mol (49))
and the uterus {AAPy; mol {61}}, assuming a molar weight
of 110g/mol for polymerised AA. It was assumed that the
empty body at calving was chemically composed of 113 kg
lipid (LIP = LIPy;}, 95 kg protein (PRTe = 93kg, PRIy =2
ko, PRT = PRTy + PRTy7), 25kg ash (ASH, kg (4)) and
319kg water (H;0, L (5}}. This composition, which corre-
sponds to a mean body condition score {BCS ~ 3.0 on a
0-5 scale), was determined using the model proposed by
Martin and Sauvant (2005). The following formulas, derived
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Figure 2 Standard milk yield (RMY} curves throughout lactation for
increasing values of milk potential (POT =1, 2, 3, 4, 5.

from Martin and Sauvant (2005), were used throughout the
course of lactation to modify the empty body water and ash
weights according to changes in empty body protein. The
empty body weight {EBW, kg (6}) was calculated by sum-
ming the weights of body components:

ASH = 0.267 PRI, (@)
H;0 = 2.850(PRT 1 ASH), {5)
EBW = H,0 - LIP + PRT - ASH. {6)

The live weight (LW, kg (8)) was then calculated using
both EBW and expected changes in gastrointestinal fill
related to intake. The digestive tract contents (DTG, kg (7))
were predicted from NDF intake {NDFI, kg/day} using the
equation published by Martin and Sauvant {2003} with a
mean time post-feeding of 6h:

DTC = (30.7 4 8.13 NDFI)/0.696, N

LW = EBW + DTC. (8)

From a literature review, blood plasma volume (PLV,

L (%) and lymph volume {LYV, L (10)} were assumed

to average 10% H,0 and 25% H,0, respectively; the
remaining 65% H,0 was intracellular water:

PLV = 0.10 H,0, {9

LYV = (.25 H;0. (1o

The blood plasma concentrations of GLU ([GLUg], mmol/l

{11)), NEFA {[NEFAg.], mmol/ {12}), TG {[TGg], mmol/l
{13)) and AA {[AAg ], mmoli/l {14}) were calculated:

[GLUg] = (GLUg 10%) /PLY, (n

[NEFAg ] = (NEFAy 10%)/PLV, 12y

[TGy] = (TGp 1 0%)/PLY and [FATGg ] = 3[1G], (13)

[AAg ] = (AAg 10%)/PLY. (14)
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The blood plasma and lymph ACB concentration
{[ACBg,], mmol/l {15)} was calculated:

[ACBp] = (ACBg 10%)/(PLV + LYV). (15)

Mammary blood flow (MBF I/day {16)} was predicted
from RMY using the following eguation obtained by a re-
evaluation of the model proposed by Lescoat ef al. {1996}

MBF = 3048 4 414 RMY. (16)

This equation allows the simulation of daily udder
nutrient extraction rate associated with specific realistic
values of RMY and MEF.

Nutritional inputs

Rumipal production and absorption of volatile fatty acids.

There is at the present time no generally accepted method
to simply predict the flow of VFA absorption from dietary
parameters. We compared five simple methods that could
be used (Sauvant, 1996). There were fairly large differences
between the simulated values calculated by the different
methods. One of the methods was chosen for the present
mode!| because it used the partitioning of OM digestibility,
which is well documented. In order to calculate VFA pro-
duction, a table of estimations proposed by Vermorel {1978}
and inspired from the data of Murphy ef al. {1982) was
transformed into equations. VFA production was predicted
from dietary organic matter content (OM, kgfkg DM, see
Table 2), from whole tract diet OM digestibility (OMD =
CO - OMDco + FO - OMDeq, kotkg DM, see Table 2), and
from DMI as estimated above. The equations to predict the
flow of absorbed acetate {including butyrate or g-OH-
butyrate} from rumen to blood (ACBg,—ACBg, mol/day
(17)) and the flow of absorbed propionate {including LAC
produced from PRO) from rumen to blood (PROg,, — PROg,,
moliday (18)) were:

ACBgy — ACBg = 0.7[1.1 DMIOM OMD
x (—17.40MD +206)], (17

PROpy — PROp = 0.8[1.1 DMIOM OMD (Z.20MD -+ 0.2)].
(18)

Equations {17) and (18} produced realistic values of the
ruminal molar ratio ACB/PRO {Sauvant, unpublished). The
coefficients 0.7 and 0.8 used, respectively, in (17} and {18)
took into account the VFA metabolised by the rumen wall.
Values obtained for ACBgy—ACBg, and PROgy — PROg,
were well within the range of VFA absorbed per kg of
digestible dry matter as proposed by Sutton (1985) based
on a literature review. Minor VFA were not considered in
this model and VFA production from starch and fibre in the
hindgut was considered to be negligible.

intestinal absorption of glucose. The flow of absorbed
glucose from the intestine to blood (ST —GLUg, mol
glucose per day (22)) was estimated using four calculation

Dynamic model of the lactating dairy cow metabolism

steps based on the starch content of diet (ST=CO
STco + FOSTee, kotkg DM, see Table 2). Firstly, ruminal
starch digestibility (STpg, kg/kg (19)) was calculated from
dietary starch in sacco effective degradability (STd = {(CO
STCO STdco+F0 STFO STdFo)."ST, kgfkg, see Table 2) with STd
for both concentrate and forage obtained from in sacco
kinetics {Offner and Sauvant, 2004b} and from DMI in terms
of percentage LW. Secondly, non-ruminally digestible (by-
pass) starch flow (STgs g/day (20)) was then calculated
from DMI and small intestinal starch digestibility (STp, o/g
(21} using the equation published by Offner and Sauvant
(2004b) from STgp and CMI. Finally, STy, —GLUg, (mol/day
(22)) was predicted assuming a molar weight of 180 g/mol
for glucose:

STpr = 0.6805Td + 0.439 — 8.3 DMI/LW, (19

STgp = DMIST( — STep)103, (20)
STy = 0.740 — 1.22STpp/(DMI10%), @210
STy — GLUgL = 0.75 5Tgp STpy/180. (22)

The proportion of GLU flow metabolised by the intestinal
wall was assumed to be constant and equal to 25%.
However, it probably varies according to the amount of GLU
absorbed.

Intestinal absorption of amimo acids. The calculation of
absorbed AA flow from the intestine to blood (A& —AAg,,
mol/day (26)) was based on the equations of the French PDI
system {Vérite ef al, 1987). Thus, the non-ruminally
degradable (by-pass) AA flow (AAgp giday (23)) was pre-
dicted from DMI, dietary crude protein content (CP = CO
CPeg + FO CPyg, kolkg DM, see Table 2), and dietary crude
protein effective degradability (CPd ={COCPco CPdeo +
FO CPro CPdrodCR korkg, see Table 2) with CPd for both
concentrate and forage obtained from in sacco kinetics:

Afgp = DMICP1.11(1 — CPd)105, (23)

The duodenal microbial AA flow (AAy, o/day (25}) was
predicted from ruminal fermentable OM (RFOM, g/day (24))
calculated as follows :

RFOM = OMDDMI10° — AAgp — EEDMI10? — STgp,

(24)
where EE was the dietary ether extract content {EE =
CO - EEc + FO EEg, katkg DM, see Table 2). The influence
of silage organic acid content was considered to be negli-
gible. However, as proposed by Tamminga et a/. (1994), by-
pass starch was taken into account. Thus, using an average
of 145 g AA per kg RFOM:

Afy = 0.145 RFOM. (25)

Finally, AAy—AAg was predicted assuming a molar
weight of 110 g/mol for AA, a proportion of 0.80 for AA in
microbial crude protein, and intestinal digestibilities of 0.80
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and 085 for microbial and by-pass dietary proteins,
respectively.

Al — Adg = 0.70(0.80 x 080 Ay + 0.85 AAgp)/110.
26)

The absorbed AA flow was the sum of AA flows from
microbial and dietary sources. This implies that N recycling
through urea was sufficient to maintain a normal level of
microbial activity. It was also assumed that only 70% of
intestinal digestible protein was available in the blood cir-
culation, the remaining 30% being lost across the portal-
drained viscera {Hanigan et al, 1998).

intestinal absorption of trigiycerides. In the model, TG were
not considered as such, but estimated via the GLY moiety
and FA. Thus, GLY and FA were either incorporated into TG
{(GLYTG and FATG) or free (GLY and FA). The notation NEFA
was used for the blood-plasma-free fatty acid pool (NEFAg)
while the notation FA was used for the liver, adipose tissue
and udder zero-pools {FAy, FAsr and FAyp). The absorbed
TG flow from the intestine to blood (FATGy, — FATGg,, mol/
day (28) and associated GLYTGyy— GLYTGg,, mol/day (79}
was calculated by using the equation published by Sauvant
and Bas (2001) from a literature review. The equation
predicts duodenal by-pass fatty acid flow {FAgs g/day (27))
from dietary FA content (FA = 0.98 CO EEco + 0.43 FO EEg,
katkg DM, see Table 2} and DMI. The value of FA was
estimated from the dietary ether extract content using a
ratio FA/EE of 0.43 and 0.98 for forage and concentrate
feeds, respectively (Sauvant et af,, 2002). Finally, FATGy, —
FATGg, was predicted assuming a molar weight of 270 g/
mol for FA and a mean digestibility of FA of 75% in the
small intestine:

FAgp = DMI10°(0.84 + 83 FA)/100, @7
FATGy — FATGy = 0.75(FApp/270).  (29)

Body reserves

Reguiatory sub-system. The concept of the regulatory sub-
system was based on the hypothesis that there exist two
directly connected theoretical hormones for maobilisation
(HM (30)) and anabolism {HA}. The values for the variables
HM and HA were between 0.1 and 1. HM and HA were
assumed to be proportional to the biological effects of
homeorhetic hormones involved in mobilisation and ana-
bolism, respectively. Moreover, HM and HA were linked by
the following relationship:

HM HA = 0.1. (29

The hyperbolic nature of this relationship indicates that
high levels of mobilisation and anabolism cannot occur
simultaneously. This principle is consistent with data of
Robelin and Chilliard {(1984). Inspired by the approach of
Neal and Thornley (1983}, it was assumed that the hormone
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HM presented an exponential decay as a function of time
throughout [actation:

HM = 0.1 + 0.97 exp(—7 1), (30)
where

f = (44 POT)/9,
f2 = (1426 + In(f; ))/(B POT).

The coefficlents f; and #, were built to be dependent on
milk potential (POT), inducing a higher level of HM at =0
{HM;_ ¢} and a slower decrease in HM with increasing
values of POT. The function, f;, which controls the value
HM; — g linearty, depends on POT assuming that HM,_¢ =1
when POT =5 {RMY = 50 ko/day at peak). Moreover, this
implies that HM,_ ; decreased linearly by 0.1 units when
POT decreased by 1 unit. The control of the rate of decay of
HM by the function, f, was conceived to be consistent with
the fact that the length of the mobilisation phase is related
to the potential milk yield (Faverdin et af, 1987). Hence, the
basic assumption was made that the time T — 4 at which
HM = HA = \/0.1 {(with respect to {29)) was proportional to
POT (T —na =8POT) and  was defined accordingly
{1426 = — \n((JDJ -0.1)/0.9)). The value of 8 was applied
to produce realistic pattems of EBW kinetics (Figure 14)
reaching a minimum between weeks 4 and 12 of lactation
{Martin and Sauvant, 2002). Figure 3 indicates the pattern
of HM and HA throughout lactation for increasing values of
POT {1 to 5).

Adipose tissue metabofism. The sub-model diagram of
adipose tissue metabolism is presented in Figure 4. Body
lipids were assumed to be stored in adipose tissue as tri-
glycerides {TGay, mol (323}, their molar weight was fixed at
810g/mol. Thus, at =0, LIPxy_q = 113kg correspond-
ing to TGarr—0y = 139.5mol:

LIPsr = TGa7 810 x 1072, (31

0.0 + T T T T T 1
a 50 100 150 200 250 300

tid)

Figure 3 Pattern of theoretical anabolic (HA} and mobilisation (HM)
hormones throughout lactation for increasing values of milk potential
(POT=1, 2,3, 4, 5).
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Figure 4 Model diagram of adipose and protein tissue metabolism.

The stored TG pool in adipose tissue varied according to
the balance between body lipid catabolism {cTGa; moliday
(33}) and anabolism {aTGa; mol/day (34)}:

dTGa7/df = aTGar — cTGar. (32)
The catabolic flow of TG was proportional to TG and
assumed to be driven by HM:

CTGar = 0.0332 HM TGa7. (33)

This equation allowed the calculation of a fractional
turnover of TG (lipolysis) between 0.003 and 0.03 per day.
This range of values is consistent with the values published
by Riis (1983) and that of 0.02 per day in the model of
Baldwin ef af. {1987a).

The anabolic flow of TG was assumed to be propor-
tional to HA and to the amount of stored TG at time
zero (TGgry -y, Which was considered to be a fixed
value:

aTGar = 0.0043 HA TGarr_p- (34

The two flows describing adipose tissue anabolism and
catabolism were split up into the corresponding flows of
their TG components, i.e. the glycerol skeleton (GLYxr —
GLYTGs (36) and GLYTGx — GLYg (47)) and the FA
chains {FAsr — FATGar (35} and FATG — NEFAg (46},
with the stoechiometry of 1 mol GLY and 3 mol FA per mol
TG. Anabolic flows involved 'zero pools” of adipose tissue

FA (FAAT) and GLY (GLYAT):

FAAT =2 FATGAT =3 aTGA-r, (35)

GLYAT — GLYTGAT = aTGAT. (35)
The anabolic process leading to TG storage in adipocytes
was assumed to be the driving force of blood metabolite
removal by AT The metabolites removed from blood by
adipose tissue were FA (37), ACE {40} and GLU {43).
The FA inflow (FATGg — FA.r (37)) was due to the
hydrolysis of blood TG by lipoprotein lipase:

FATGy — FAsr = (1 — Kow)/0.9)FAx — FATGar.
@37

It was assumned that a proportion {1 — Ksvy) of FA fixed in
stored TG came from blood FA, the remaining proportion
(Ksyrat was synthesised from ACB chains (ACBa — FAar
(41)). In addition, it was assumed that 90% of the FA
released by hydrolysis of blood TG were actually used by
adipocytes for TG storage, while the remainder entered the
blood NEFA pool (FAsr — NEFAg (38}):

FAsr — NEFAp = 0.1 FATGp — FAar. (38)

The glycerol released by the hydrolysis of blood TG
entered in its entirety the blood GLY pool (GLYTGg —
GLYg (80 without passing through the adipose tissue GLY
pool. The flow of FA derived from blood TG hydrolysis was
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thus built to include FA intended for TG storage and FA
not used by adipocytes. The parameter Ky (39) was a
sigmoidal decreasing function of the blood plasma TG
concentration ([TGg.], mol/l (13}).

Ksyn = 1/(1 + ([TGpL1/0.2)%). (39)

The equation yielded values ranging from 0.05 to 0.75.
This enabled our mode| to regulate blood plasma TG con-
centrations and to inhibit de novo FA lipogenesis in early
lactation. This is consistent with in witro observations
in dairy {McNamara and Hillers, 1986; McNamara and
Baldwin, 2000} and beef cows (Mills et af, 1989).

The ACB removed from blood (ACBg — ACBsr (40})
provided carbon chains for de movo FA synthesis {(ACBar —
FA .7 (41)) with a conversion factor of 8.5mol ACB per mol
FA synthesised, and was locally oxidised (ACBar — OX
{42)}, thus contributing to adipocyte energy expenditure
{assuming 0.5mol ACB oxidised per mol ACB converted
to FA):

ACBp — ACBar = ACBar — FAar + ACBar — OX,
(40)
ACBar — FAar = 8.5 Koy FAsr — FATGaT, an

ACBgr — OX = 0.3 ACBar — FAar. (42)

The GLU removed from blood {GLUg — GLUsr (43}
provided carbon atoms for glycerol skeletons {GLUgp —
GLY,r (44)) and NADPH via glucose oxidation {GLUar — OX
{45)}, with 1 mol GLU oxidised per 2mol GLU converted to
GLY:

GLUpL — GLU4r = GLUaT — GLYa7 + GLUgT — OX,
43)
GLUgr — GLYar = 0.5GLYar — GLYTGar, (44

GLUar — OX = 0.5GLUs — GLYar. (45)

The glycerol and the FA released by adipose tissue TG
catabolism entered NEFA (FATG,r — NEFAg (46)) and GLY
{GLYTG — GLYg {47}) blood plasma pools:

FATGar — NEFAp = 3Gy, (46)

GLYTGar — GLYp = TGar. (47)

The compartments GLUa GLYa; FAxr and ACBr were
‘zero pool’ compartments, the sum of inputs being equal to
the sum of outputs, and were built in order to partition
flows correctly.

Protein tissue metabolism. The sub-model diagram of
protein tissue metabolism is presented in Figure 4. The
mean molar weight of AA stored in protein tissue
(AAPpr, mol AA (49)) was fixed at 110g/mol. Thus, at

1150

t=0 PRTpry_gy=93kg corresponding to AAPpry_gy =
846.4mol:

PRTp7 = AAPp 110 % 1073, (48)

The stored AA pool in protein varied according to the
balance between AA flows of protein catabolism {cAAPe,
molfday (50}} and anabolism (aAAPp, moliday {51}):

dAAPp /dt = aAAPpr — cAAP. (49)

The catabolic flow of AA was proportional to AAPs; and
assumed to be driven by HM:

cAAPpr = 0.0062 HM AAPpr. (50)

The anabolic flow of AA was not dependent on the
plasma AA pool, but was proporticnal to HA and to the
body protein pool at time zero (AAPpr;— g} and considered
to be a set value:

aAAPp = 0.001 HA cAAPp t_). (1)

As in the case of AT, the anabolic process leading to AA
storage in protein tissue was assumed to be the driving
force of blood metabolite removal by protein tissue. The
metabolites removed from blood by protein tissue were AA,
GLU and ACB.

The uptake of AA from blood was only for protein
storage {AAg — AAPpr (52)).

AAB[ — AAPPT = aAAPpT. (52)

The inflows of GLU and ACB, denoted, respectively, as
GLUBL — GLUpT (53) and ACBBL — ACBPT (54), were
assumed to be proportional to the protein tissue AA pool
and were to cover protein tissue turnover and energy
maintenance requirements:

GLUg —> GLUpr = 0.0005 AAPpr, (53)
ACBy — ACBpr = ACEPT — OX = 0.005 AAPy. (54)

It was assumed that the production of LAC by protein
tissue was equal, on a molar basis, to glucose removal. That
meant that 50% of GLU was recycled through LAC
production (GLUpr — LAGr {55}, the remainder being
oxidised {(GLUpr — OX (56)):

GLUpr — LAGp = 0.5GLUp — GLUpr, (55)
GLUpr — OX = 0.5GLUg — GLUpr. (56)

All the recycled LAC was then used in gluconeogenesis
{LACpr — GLUg {57)):

LACpr — GLUp = 2 GLUpy — LAGy. (5%

The AA released by protein catabolism entered the blood
AA pool {AAPpr — AAg (58)):

AAPpr — Afp = cAAPp. (58)
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The compartments ACBp;, GLUpr and LAC,; were “zero
pool’ compartments, the sum of inputs being equal to the
sum of outputs, and were built In order to partition flows
correctly.

Uterine involution. Initial simulations showed that AA
mobilization was insufficient to cover udder demand,
particularly in early stages of lactation. It was assumed
that this could be due to the fact that uterine involution
was ignored at the onset of lactation. Therefore, the uterus
compartment was modeled (UT, kg (59)) and was
considered to be a pool of protein (PRTy; kg (60). It
was assumed that the uterus weighed 2.2% EBW after
parturition with a crude protein content of 16% (Ferrell
et al, 1976; Andrew et al, 1994). As in (48), the
mean molar weight of AA stored in uterine protein
tissue (AAPyrmol (61)) was fixed to 110gimol. Thus,
at t=0, PRTyrg—gy=19ky, UT,_g=121kg and
AAPUT(;:U) =17.6mol:

UT = PRTy;/0.18, (59
PRTyr = AAPyT 110 % 1073, (60)
dAAPyT/df = —AAPyr — Abp. (61)

The uterine involution process was modeled using data
from Gier and Marion (1968). Thus, the release of AA from
uterus to blood {AAPyT — AAg (60}) was proportional to
the size of the AAPyr compartment when AAPyT was
greater or egual to its normal non-gravid size.

c0.2 AAP7 if AAP = 1.5mol AA
0.0 if AAPy — 1.5mol AA.
(62)

AAPyT — AbAp =

With this formula, uterine involution was complete after
5 weeks of lactation and the uterus had returned to
its basic weight of 1kg (UT=1kg, PRT,;=0.16kg,
AAPr = 1.5mol AA).

Body lipid and protein kinetics. The values of coefficients in
equations driving catabolism and anabolism of body lipids
and proteins, respectively, {33), (34), {50} and (51} were
fixed to obtained a realistic evolution in empty body weight
and composition for the standard lactation {POT = 3). Thus,
the shape of the evolution in EBW was controlled so that it
was close to an average curve as derived from results of a
meta-analysis of lactation kinetics {Martin and Sauvant,
2002). Moreover, based on data of Komaragiri et al. (1998),
Komaragiri and Erdman {1997), Gibb et af. (1992}, Chilliard
et af. {1991}, Butler-Hogg et al. {1985), Martin and Ehle
{1984} and Belyea ef af. {1978}, it was assumed that the LIP
and PRT compartments reached a minimum of, respectively,
65% and 90% of their initial pre-calving value during
a standard lactation. Additionally, it was assumed that
calving EBW was recovered by 300 days of a standard
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Figure 5 Evolution of the size of the body lipid compartment (LIP, kg)

throughout lactation for increasing values of milk potential (POT =1, 2, 3,
4, 5) together with data from literature (see text for references).
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Figure 6 Evolution of the size of the body protein compartment (PRT, kg}
throughout lactation for increasing values of milk potential (POT =1, 2, 3,
4, 5) together with data from literature (see text for references).

lactation. Given these assumptions for POT = 3, the pat-
terns of the kinetics of LIP and PRT for values of POT smaller
or greater than 3 were calculated by the theoretical model
proposed for catabolism and anabolism influenced by HM
and HA. These pattems were considered to be satisfactory
as can be seen in Figures 5 and & showing the evolution of
lipid and protein masses, respectively, simulated by the
model for increasing values of POT together with data from
the literature (previously mentioned references plus: Bath
et af, 1965; Chilliard, 1987; McGuffey ef al, 1991; Andrew
ef al, 1994). Finally, the model yielded a decrease in EBW
ranging from 37 to 134 kg for increasing values of POT. This
correspends to 47% lipids, 11% protein, 38% water and
3% ash.

Blood plasma metabolite compartments and flows

Blood piasma propionate. Metabolic pathways of blood
plasma PRO are shown in Figure 8. The blood plasma
propionate pool {PROg ) was considered as a 'zero pool’
compartment, assuming that 80% of the propionate inflow
from ruminal absorption {(PROg, — PROg, {18)) was
involved in gluconeogenesis with a conversion factor of
Zmol PRO per 1mol GLU {(PROg — GLUg (83)), the
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remaining 20% being oxidised {PROg — OX (64}):
PROp — GlUy = 0.8 PROpy — PROm,  (63)

PROp — OX = 0.2 PROpy — PROp. (64)

Blood plasma glucose. Metabolic pathways of blood
plasma GLU are shown in Figure 7.

The differential equation of the blood plasma GLU pool
{GLUg, (65)) was

dGLUp /dt = STy — GLUg
+ 0.5PROp. — GLUp 0.5 DAAp — GLUp
+ 0.5GLYp — GLUp + 0.5 LACyr — GLUg
— GLUp, — GLUyp — GLUp — GLUpr
— GLUg — GLU4r — GLUp — OX.
(65)

The initial size of GLUg, was fixed at 0.074mol, which
corresponds to [GLUg] = 2.3 mmolil.

The blood plasma glucose pool was fed by five inflows,
one from intestinal absorption of digested dietary starch
{STyy — GLUg {22)} and four derived from metabolites
involved in liver gluconeogenesis: PRO (PROg — GLUg,
{(63)), deaminated AA (DAAg — GLUg (88}, GLY
{GLYg — GLUg, {(83)) and endogenous LAC produced by
protein tissues (LACer — GLUg (57)). Four outflows were
considered, corresponding to the glucose removed from this
pool by the udder (GLUg — GLUyp {105)), by protein
tissues (GLUg — GLUpr (53}, by adipose tissue {GLUg _,
GLU4r (43)) and by oxidation processes (GLUg — OX (66)).
The rate of blood plasma GLU oxidation, summing the

overall oxidation processes, was modeled by mass action
kinetics, in which the rate factor is described by an
increasing sigmoid function of blood plasma concentration
{IGLUg], mmoll {11)}. This equation allowed glucose to be
spared during hypoglycemia: the rate factor of oxidation at
[GLUg] = 2.0 mmol/| represented about 30% of its value at
[GLUg ] = 2.5 mmol/l:

GLUp, — OX = 59.5(1 — exp(—0.001 ([GLUg 7)) GLUy..

(66)

Blood plasma and lymph acetate + butyrate. Metabolic
pathways of blood plasma and lymph ACB are shown in
Figure 8.

The differential equation of blood plasma and lymph
ACB pool {ACBg (67)) was

dACBg /dt = ACBRU — ACBg -+ 8.5 FAy — ACBy
+ 2DAAy — ACBy — ACBy —> ACBpr
— ACBg, —> ACBar — ACBgL —> ACEyg
— ACBy — OX.
(67)

The nitial size of ACBg, was fixed at 0.234mol, which
corresponds to [ACBg,] = 2.1 mmolil.

The blood and lymph ACB pool originated from three
sources. The first one was ruminal (ACBg, — ACBg (17)).
The second inflow came from the partial liver oxidation of
NEFA {FA; — ACBg (68}). It was the NEFA remaining after
liver uptake (NEFAg — FAy (73) for liver TG synthesis
{FAy — FATGy, {92}} and which had not been completely
oxidized {FA, — OX (94}). A proportion Keayox (95) of

Romen
(= LT
Blood plasma and lymph Protein tisee
ﬁiﬁj
—§
e -
Liver Adipose tissne
{Gil]

Figure 7 Model diagram of glucose (GLU) metabolism.
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Figure 8 Model diagram of acetate + butyrate (ACB} and propionate (PRO} metabolism.

NEFA not involved in liver TG synthesis was completely
oxidized, the remaining proportion 1— Kpayiox being con-
verted to ACB using a factor of 8.5 mol ACB per 1 mol FA:

FAy — ACBpL = (1 — Krawox)
xc (NEFA, — FAy — FAy — FATGy).
(68)

The third inflow of ACB (DAAg — ACBg (69)) was
derived from hydrolysed ketogenic AA representing the flow
of deaminated AA {AAg — DAAg (85)) not involved in
gluconeogenesis {DAAg — GLUg {88)}, and assuming that
each ketogenic AA provided four carbon units:

DAAp, — ACBp = AAp — DAAp — DAAR — GLUgL.
(69)

Acetate was removed by the udder (ACBg — ACByp
{111)) to contribute to milk FA synthesis and to local
oxidation {see udder part}). It was also removed by per
ipheral non-mammary tissues: body protein {ACBg —
ACBpr (54)) and adipose tissues {(ACBg — ACBar (40)).
Acetate was also oxidised (ACBg — OX {70}) in the major
tissues according to a daily rate proportional to POT:

ACBp — OX = (65.7 4+ 171 POT)ACBg..  (70)

Blood plasma non-esterified fatty acids. Metabolic path-
ways related to NEFA are shown in Figure . The NEFA pool
was ignored in the models published for the cow (Baldwin
et al, 19873, b and c} and the sow (Pettiorew et &/, 1992).
Taking into consideration the specific nature and the sig-
nificant role of these metabolites during the phase of

mobilisation, it was included n the current model, as
suggested by Danfaer {1990).

The differential equation of the blood plasma NEFA pool
(NEFAg, (71)) was

dNEFAB[/df = FATGAT —> NEFABL o FAAT =% NEFABL
+ FAyp — MEFAp — NEFAg — FAyp
— MEFAm —> FALl — NEFAy — OX.

()

The initial size of NEFAg, was indexed to POT and was
equal to 0.011 + 0.004 POT mol, which corresponds to
[NEFAg, ] ranging from 0.5 to 1.0mmol/l. This approach was
adopted since the increase in blood plasma NEFA is known
to start before parturition (see Vazquez-Afion et al, 1994)
and to reach higher levels when milk production and body
weight oss increase (Harrison et af, 1990).

A major NEFA pool inflow was adipose tissue mobilization
(FATG4r — NEFAg (46)) and was proportional to adipose
tissue catabolism. Expressed per gram of adipose tissue, the
simulated FATG.; — NEFAg, flow was within the range of
data measured in cow subcutaneous adipose tissue (Yang and
Baldwin, 1973; Metz and Van Den Bergh, 1977). Another
inflow was the release of NEFA from blood TG hydrolysis
under the influence of lipoprotein ipase {(FA; — NEFAg, (38)).
The last inflow was mainly due to the release of NEFA from
blood TG hydrolysis in udder vessels {(FA,p— NEFAg (72))
assuming that 10% of the FA, which could be potentially
released from blood TG by mammary lipoprotein lpase
(FATGy — FAyp {116)}, were recycled as NEFA:

FAUD = NEFABl =01 FATGBL — FAUD- (?2)
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Figure 9 Model diagram of non-esterified fatty add (NEF&)} and triglyceride fatty acid (FATG) metabolism.

Three outflows from the NEFA blood pool were con-
sidered. The first flow of NEFA removal from blood plasma
was due to the udder (NEFAg, — FAyp (117)). The second
flow was due to liver extraction of NEFA (NEFAg, — FA,
{73)) built on the mass action law in which the rate
factor was expressed as a sigmoid function of NEFA
blood plasma concentration {INEFAg], mmol/l (12)).
Moreover, the parameters driving the asymptote and the
shape of the function were assumed to be linearly
dependent on POT. Through this equation, higher rates of
liver extraction were associated with lower values of POT
and a higher sensitivity to [NEFAg ]| was associated with
higher values of POT:

NEFAg — FAy = ((245 — 29POT)/(1 + 10exp
x (—(54 — 9 POT)[NEFAy ])))NEFAg .
(73)

The NEFA removed by the liver and which were not
involved in TG synthesis {FA;, — FATGy (92)} were com-
pletely oxidised (FA; — OX (34)) or partially oxidised into
acetate or 4-carbon chains {FA;; — ACBg, (68)). Through
these pathways, NEFA contributed to oxidative metabolism.
The third outflow of NEFA was due to lean tissues {(e.g.
muscle, gut, heart) and was integrated as an oxidative flow
{MEFAg — OX (74)):

NEFAp — OX = 1.2 NEFAg — FAp. (74)

As no specific value has been published for this flow, the
definition adopted was fixed to achieve a slightly higher
outflow for the muscle—gut-heart system than for the liver
as suggested by Pethick and Dunshea {1994) in pregnant
ewes. Moreover, simulated data were consistent with NEFA
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values of utilisation by sheep muscle at maintenance
{Pethick et af, 1983).

Blood plasma triglycerides. Metabolic pathways related to
FA and GLY components of TG are shown in Figures 9 and
10, respectively.

The differential equation of the blood plasma FATG pool
{FATGg (75} was

dFATGg /dt = FATGy — FATGp + FATGy — FATGpy
— FATGy —» FAuy — FATGy — FAgr.
5)
Analogously, the differential equation of the blood
plasma GLYTG pool {GLYTGg, (76)) was
dGLYTGy /dt = GLYTGy —> GLYTGy
+ GLYTGy — GLYTGpL

—GLYTGy — GLYun
— GLYTGp — GLYg. (76)

The blood plasma TG pool (TG, (77)} was then deduced
from the FATG or GLYTG blood plasma pool:

TGy = GLYTGy = FATGp /3. an

The initial size of FATGy was fixed at 0.0096 mol and
the initial size of GLYTGg, was fixed at 0.0032 mol {1/3 of
the initial size of FATGy for stoichiometric consistency),
which corresponds to [TGg] = 0.1 mmol/|.

The blood plasma TG pool, split up into its components
GLYTGg, (76) and FATGg, {75), was fed by gut absorption
of chylomicrons (FATGyy — FATGg (28) and GLYTGy —
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Figure 10 Model diagram of glycerol (GLY) metabolism.

GLYTGg, (79)) and by liver release of lipoprotein (FATG —
FATGg, (78) and GLYTGy; — GLYTGg (96)). This latter flow
was proportional to liver fat storage and was therefore
increased by mobilisation. Moreover, this flow was assumed
to be regulated by POT:

FATGy — FATGe = (0.24 — 0.04 POT)FATGy.  (78)

This equation was built to agree with experimental data
on liver steatosis (Figure 15}. Blood TG were removed by
the udder to contribute to milk fat production requirements
{FATGg, — FAyp {116} and GLYTGg, — GLYyp (123)). They
were also hydrolysed in the blood by the lipoprotein lipase
of peripheral tissues. The lipoprotein lipase activity was
linked to adipose tissue anabolism and it only treated
adipose tissue in the present model {FATGg — FAsr (37)
and GLYTGg — GLYg, (80)).

Blood plasma glycerol. The glycerol blood pool was con-
sidered as a "zero pool’. The first inflow of GLY came from
adipose tissue mobilisation {GLYTGar — GLYg {47)). The
second from glycerol derived from hydrolysis of blood TG
{FATGg, — FAsr (37)) under tissue lipoprotein lipase action
{GLYTGg, — GLYy, (80)) and not used by adipocytes and
redirected in its totality toward the blood GLY pool.

GLYTGy — GLYTGy = (1/3)FATGy — FATGy, (79)
GLYTGy — GLYp = (1/3)FATGy —> FAsr.  (B0)

While the third glycerol inflow was derived from the
hydrolysis of blood TG under mammary lipoprotein lipase
action (GLYTGg, — GLY,p (123)) not used for milk fat and
redirected toward the blood GLYg, pool {GLYp — GLYg {81)).

Analogous to released FA (72), the value of 10% was used:
GLYyn — GLYp, = 0.1 GLYTGp — GLYp. (8N

Blood plasma GLY was either removed by the liver to
synthesise liver TG (GLYg — GLYTGy, {(93)} or oxidised
(GLYg — OX (82)}, the remaining being involved in glu-
coneogenesis {GLYg — GLUg {(83}} where 2 mol GLY give
1 mol GLU. A daily oxidation rate of 20% of GLY inflow was
assumed.

GLYp — OX = 0.2 (GLYTGar — GLYp
+ GLYTGy — GLYp,

1 GLYyp — GLYg), (82)

GLYp — GLUg = GLYTGar — GLYR + GLYTGgy
— GLYp + GLlYyp — GLYR GLYp
— GLYTGY — GLYp, — OX
83

Blood plasma amino acids. Metabolic pathways related to
AA are shown in Figure 11.
The differential equation for the blood plasma AA pool
(AAg, (84)) was
dAAp /df = AAy — AAp + AAPT — AAp
+ AAPpr — Alpg — AAp — DAAp
— AAp — AAPpr — AAp — AApn.  (B4)

The initial size of AAg was fixed at 0.03%mol, which
corresponds to [AAg ] = 1.2 mmol/l (Figure 12}).
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Figure 11 Model diagram of amino acid (A&) metabolism.
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Figure 12 Kinetics of blood plasma glucose (GLU}, amino acid (AA}, non-
esterified fatty acids (NEFA}, and triglyceride (TG) concentrations, and
blood plasma and Ilymph acetate +butyrate (ACB) concentrations
throughout lactation for increasing values of milk potential (POT =1, 2,
3,4, 5.

The blood plasma AA pool received three inflows: one
from intestinally absorbed AA (AAy — AAg (26)), one
from uterine involution {(AAPyT — AAg (62} and one from
lean body catabolic flow (AAPsr — AAg (58)). The four
outflows of AA were gluconeogenesis and ketogenesis via
deamination (AAp — DAAg, (85), DAAg — ACBg, (69) and
DAAg — GLUg, (88)), anabolism {(AAg, — AAPpr (52)) and
udder removal (AAg — AAyp (108)). The flow of deami-
nated AA was proportional to the AA blood pool, expres-
sing a mass action law. In order to achieve a realistic
simulation of the AA blood pool and the partitioning of
flows between gluconeogenesistketogenesis and milk pro-
tein yield, the rate of AA deamination was assumed to
depend on milk production (POT}, the flow of AA resulting
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from uterine involution (AAPyr — AAg (62)) and the flow
of AA from the intestine (AAy — Afg, {26)):

AAp — DAAp = (KpaalN + KpasUT)AAR, (85)

Kpaa = 17.71(1 — exp(—0.0005 POT")
+19.3/1 4 (POT/2.6/)AAN — Alg,
(86)

Komur = 57 exp(—0.6 POTIAAP: — Ay,  (87)

This model split the rate of blood plasma AA deamina-
tion into a term related to AA inflow from the intestine
(Kpaam (86)) and a term related to the AA inflow from the
uterus {Kpaautr (87)). Kpaam was a linear function of
AAy — AAg, the intercept was an increasing sigmoid
function of POT and the slope was a decreasing sigmoid
function of POT. Kpaayr was a first-order exponentially
decreasing function of POT.

The fraction of this flow involved in gluconeogenesis
{DAAg — GLUg, (88} was negatively related to plasma
glucose concentration according to the following sigmoid
model:

DAAp — GLUg = 0.5 + 0.5/(1 + ([GLUm]/2.2)"™)
x AAp — DAAp .
(88)
The simulated proportion of deaminated AA involved in
gluconecgenesis averaged 75% in early lactation and

60-65% in mid and late lactation. The remaining deami-
nated AA were used in ketogenesis (DAA — ACBg (69)).
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The DAA blood pool was a ‘zero pool’. Liver production of
ammonia and urea was not considered in the model.

Liver sub-model
Liver metabolism. Liver metabolism was highly simplified.
Indeed, most of its metabolic pathways {e.g. gluconeo-
genesis) have been described previously without a specific
mention to this organ. It was considered that glycogen and
labile protein pools were only important for within-day
variations; thus only one liver pool was considered, liver TG
{TGy {91)) through its components {FATG, (89} and GLYTG,
{90)).

The differential equations for the liver FATG and GLYTG
pools were thus {Figures ¢ and 10):

dFATGy /df = FAy — FATGy — FATG — FATGy, (89)

dGLYTGu/df = GLYBl b GLYTGBL
— GLYTGy — GLYTGg. (90)
The liver TG pool (TG, {91)) was then calculated from
the liver FATG or GLYTG pools:
TGy = GLYTGy = (1/3) FATGy,. (91)
The initial sizes of FATGy and GLYTG, were fixed at
0.321 and 0.107 mol {Figure 12}.

The FA input into this pool {FA; — FATG); {92}) was
assumed to depend linearly on the liver extraction flow of

Dynamic model of the lactating dairy cow metabolism

NEFA (NEFAg — FA, (73)):

FAy — FATGy = 0.006 + 0.08 NEFAy — FA,.  (92)
The associated flow of glycerol involved in liver TG
storage (GLYBL — GLYTGLI (23}) was

GLYp — GLYTGy = (1 /3)FAy — FATGy. (93)

As desaribed previously, the remaining NEFA removed
by the liver {NEFA;, — FA(, {73}} and not involved in liver
TG synthesis (FA, — FATGy; {92)) were either completely
(FA;, — OX (94)) or partially {FA,, — ACBg, (68)) oxidised.
The partitioning between these two oxidative flows, driven
by the parameter Keaiox {95), was assumed to be a sigmoid
function of the liver extracted NEFA flow {NEFAg — FAy
(73).

FAy — OX = Krauox(NEFAy — FAy — FAy — FATGY),

(94)

Keanox = 1/(1 +10exp(—2 MEFAy — FAL)).  (85)

This equation allowed the inflows of blood plasma ACB
to be limited in early lactation and hence direct FA, resulting
from adipose tissue mobilisation, toward oxidative pro-
cesses to cover whole-body post-partum energy reguire-
ments. Thus, in early lactation 94% of liver FA was
completely oxidised while during the remainder of lactation
the proportions of FA directed toward TG, ACB and com-
plete oxidation averaged, respectively, 4%, 76% and 20%.

Blood plasma and lymph
|eu|a| = . T =
[165] [111] “.11 [123] [116] [106]
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o |
p!
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Figure 13 Modlel diagram of udder metabolism.
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Figure 14 Evolution of empty body weight (EBW) throughout lactation
for increasing values of milk potential (POT=1, 2, 3, 4, 5}

The outflow as lipoprotein entering the blood TG
pUOl (FATG“ —+ FATGBL (?8) and GLYTG“ — GLYTGBL (96))
was

GLYTGy — GLYTGg = (1 /3)FATGy — FATGp.  (96)

Liver weight and lipid content At calving, a constant
fresh liver weight of 87009 was assumed (Smith and
Baldwin, 1974} for non-lactating Holstein cows. It was then
split into its [ipid (LIPy, g (97}} and non-lipid {NLIP,}
components. From an unpublished compilation of the
literature, the TG content of fresh liver at calving was
estmated to be 1% (i.e. 87g, which is to 0.107 mol
TGy and a general relationship was established to
predict the weight of liver lipids (LUPy, g} according to
TGy {in mol, assuming a molar weight of 810 g/mol for
liver TG):

LIPy = 243.2 + 1.45(810 TGy). 97

This equation, applied at calving, gave the following
composition for liver: LIP, =369g and MNLIP, = 83314q.
The non-lipid part of the liver was assumed to be
constant during lactation while the lipid fraction was
calculated according to variations in TGy with {97}. Thus,
the evolution in TG liver content characterised the degree
of liver steatosis (STE, g/g (98)} and was estimated
throughout lactation and compared to published results
{Figure 15}:

STE = 810TGu/(LIPu + NLIFy). (99)

Udder metaholism, milk secretion and composition

Milk constituents. Consistent with the global aim of the
present model, this part was considered from a pull
standpoint, the lactation curve (RMY (3)) being a prion
defined using the parameter POT. The milk constituents
considered in the model were lactose (LAy, ko), water
(W, kg, minerals (M, ko), amino acids {AAPy,, kg) and
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Figure 15 Evolution of liver triglyceride content throughout lactation for
increasing values of milk potential (POT =1, 2, 3, 4, 5} compared to
literature data (referencas available upon request}.

triglycerides of short- and |ong-chain fatty acids (STGyy and
TGy, kg). Thus, the outflows depicted in the model
were milk lactose yield (MLY, kg/day (100)), milk mineral
yield (MMY, ko/day (101)), milk water yield (MWY, kg/day
{102)), milk protein yield {MPY, kg/day (10%)} and milk
fat yield (MFY, kog/day (121)). Milk lactose, mineral and
water yields were calculated from RMY. The kinetics
of udder lactose secretion and blood plasma glucose
extraction were fixed in the model according to POT and
the limits of glucose metabolism. Milk fat and protein
yields were outcomes of the metabolic pathways regulated
by POT.

Milk lactose, minerals and water. The milk lactose con-
centration was assumed to be constant {MLC = 48 g/kg).
Thus, the mik lactose outflow (GLU,p — LAw, (99)) was
the product of RMY and MLC assuming a molar weight of
342 g/mol for lactose and 2 mol GLU for 1 mol LA. This flow,
expressed in kg of lactose per day, was the milk lactose
yield:

GLWUyp — LAm = 2 RMY MLC/342, (99)

MLY = RMY MLC1073. (100)

The associated milk water and mineral yields were
estimated from RMY MLY, MFY, MPY and MMY {(MMC =
70o/ko} with the underlying assumption that lactose
secretion drove RMY through the action of osmotic
pressure.

MMY = RMY MMC 1072, (101)

MWY = RMY — (MLY + MFY 4+ MPY + MMY).  (102)

There was no specific removal rate for glucose, which
was extracted by the udder to cover its requirements.
Therefore, GLU removed by the udder (GLUg — GLU;p
{105)) was used for lactose synthesis (GLUyp— LAw (99)),
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glycerol synthesis {GLU,; — GLY,p {103) and was oxidised
{GLUyp — OX {104)};

GLUyp — GLYys = 0.5 (GLY,p — GLYTGuy
— (GLYTGy, — GLYip
~ GLYyn —> GLYg)), (103)

GLUys — OX = POT " GLU — LAw.  (104)

GLUBL — GLUUD = GLUUD - LAMI -+ GLUUD - GLYUD
+ GLUys — OX.
(105)

The proportion of glucose extracted by the udder for
oxidation decreased from 48% to 20% when POT increased
from 1 to 5.

The udder removal rate of FATG, NEFA and ACB from
blood was calculated from mammary blood flow {MBF {16})
irigating the udder and the specific removal rate of each
metabolite. The metabolite flows entering the udder were the
product of MBF and blood concentration of each of them.

Milk protein. For AA, a model with an extraction rate lead
to unrealistic values of milk protein content. The flow of
blood plasma AA to udder was therefore assumed to follow
a mass action law with the rate decreasing as lactation
progressed. Moreover, the model parameters for this rate
factor were assumed to vary with POT: the initial rate of AA
removal by the udder was proportional to POT and the
decrease in this rate as lactation progressed diminished
with increasing values of POT:

Al — Ahyp = 94.8 POT exp(—(0.004/
(1 4+ (POT/6.4)2.3)) )AAg t/(t+ 0.1 POT).  (106)

In this equation, the term #(1 + 0.1 POT} was introduced
as a coefficient to smooth data. Since udder extraction of
AA is not driven by mammary blood flow (contrary to NEFA,
FATG and ACB), the coefficient used to smooth data was
adopted to avoid abrupt AA removal from blood plasma. By
this approach the udder AA extraction reached 90% of its
value on day 1 for POT = 1 and on day 5 for POT =5. Milk
protein outflow was responsible for 95% of the AA
removed (AAyp — AAPy, (107)}, the remaining 5% were
oxidised by the udder (AAyp — OX (108)).

AAyp — AAPy = 0.95 Alp — AAyp, (107)

AAp — OX = 0.05AAp — AAp. (108)

Assuming a molar weight for milk protein of 110 g/mol,

the milk protein yield {109} and content (MPC, atkg (110))
were determined.

MPY = 110 x 1073 AAys — AAPw (109)

MPC = 10° MPY/RMY. (110)

Dynamic model of the lactating dairy cow metabolism

Milk fat. Milk fat included TG with short- (4-16 carbon
atoms) and long-chain (16-18 carbon atoms) fatty acids
(STGyy and LTGy, respectively). Milk TG of short-chain
fatty acids (SFATG) came from FA synthesised using
the ACB removed from blood (ACBg, — ACByp (111)) with
an extraction rate increasing curvilinearly with POT. It
was assumed that 60% of the precursors were actually
incorporated into TG {(ACB,p — SFATGy, (112)), the rest
being oxidised {ACByp — OX (113}}. This latter value
(Kacpupox {114} was moreover assumed to be higher
in early lactation for a POT greater than 1 and to reach
80% at calving for POT = 5. This approach was adopted
to avoid excessive milk fat yield in early lactation and
was assumed to be consistent with the hypothesis of a
specific energy requirement associated with the initiation of
lactation.

ACBy — ACBUs = (0.00077 POT/(0.33 + POT))ACEs ] MBF,
(11

ACBy — SFATGy = (1 — Kacpunox)ACB — ACByp,
{112)

ACByp — OX = Kacpunox ACBpL — ACByp, (113)

Kaceupox = 0.4 4+ (0.1 POT — 0.1)9)([)( -0.07 t). (1 4)

Assuming a molar weight of 600 g/mol for STGy,, and a
conversion factor of 6 mol ACB per 1 mol FA {mean carbon
number 12), mik short-chain TG yield can be determined
(MSTGY, ka/day (115)).

MSTGY = 600 x 10-3(ACBy — SFATGw/6)/3. (115)

Milk triglycerides of long-chain fatty acids (LFATG)
came from FA derived from the hydrolysis of blood TG
(FATGg, — FAyp (116} and from blood plasma MEFA.
The extraction rate of FA from blood TG increased
curvilinearly with POT and a total of 90% were used
(see (72)). The extraction rate of NEFA was assumed to
increase sigmoidally with blood NEFA concentration, the
shape and asymptote of this function were linearly
dependent on POT (NEFAg — FAyp (117)}). This structure
allowed the model to express the increase in mammary
MEFA uptake in early lactation and the increase in the
proportion of long-chain FA {18-carbon chains) in mik at
this time:

FATGg — FAyp = (0.00051 POT/(PQT + 10.41))[FATGy ] MBF,
(116)

NEFAy — FAup = (5.8 + 0.1 POTI104/(1 = 10exp
% (—(5.6 + 12.8 POT)))[NEFAp MBF.
(117

It was assumed that 80% of the FA removed were
actually incorporated into milk fat (FAyp — LFATG (118)),
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the remaining 20% being oxidised {FAyp — OX {119)):

FAyp — LFATGwpy = 0.8(FATGp — FAyp -+ NEFAR
— FAup — FAup — NEFAg),
(118)
FAyp — OX = 0.2(FATGy — FAyp + NEFAg
— FAyp — FAup — NEFAg).  (119)

Assuming a molar weight of 800 g/mol for milk LTGy,
the milk long-chain TG yield (MLIGY, koiday {120}), the
total daily milk fat vield (121} and the milk fat content
{MFC, a/kg {122)} were determined:

MLTGY = 800 x 1073 FAy)p — LFAT G /3, (120)
MFY = MSTGY + MLTGY, (121)

MEC = 10° MFY/RMY. (122)

The parallel flows observed in glycerol required for udder
FA secretion were:

GLYTGp — GLYyp = (1 /3)FATGE — FAyp,  (123)

GLYyp — GLYTGy = (1/3)(FAy; — LFATGy
+ ACByy — SFATGwi /B). (124)

Glycerol was derived from blood TG hydrolysis with an
utilisation of 10% of the released GLY {81) and from GLU
cohversion (96).

The compartments AAyp, GLUyp, GLYyp FAyp and ACByp
were ‘zero pool’ compartments, the sum of inputs being
equal to the sum of outputs, and were only built in order to
estimate correctly the partitioning of flows.

To obtain a prediction of milk FA composition and pro-
duction according to the number of carbon atoms {Cq—14
{125}, Cy5 (127), and Gig {126)) throughout |actation, it was
assumed that Cy represented a constant proportion of 25%
in milk fat. The partitioning of its origin between mammary
neosynthesis and long FA, from NEFA and TG, was pro-
portional to SFATGyp! (SFATGyp + LFATGyp) and LFATGp/
(SFATGyp + LFATGp):

Ca14 = 0.75 MSTGY, (125)
Cig = 0.75 MLIGY, (126)
Cis = 0.25 MFY. (127)

Figures 16 and 17 show the evolution during lactation of
MFC and MPC, and MFY and MPY, respectively. Figure 18
shows the evolution of short-chain (C;_44} and long-chain
{Cyg) fatty acid secretion throughout lactation. This figure
shows similar trends as experimental data {e.g. Decaen and
Adda, 1967).

Figure 12 presents the dynamic pattem of blood plasma
GLU, ACB, AA, TG and NEFA concentrations throughout
lactation. These pattems are of similar magnitude to those
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Figure 18 Milk fatty acid composition according to carbon chain size
(Cyg and Cy_14) throughout lactation for increasing values of milk
potential (POT =1, 2, 3, 4, 5).

generally observed and remained approximately stable
regardless of milk production level.

Discussion

Modef aim and structure
Anatomic modules within the operating sub-system.
Modules within the model were used to represent organs or
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tissues having specific physiological functions: digestion for
the rumen and intestines, storage of protein for protein
tissue and uterus, storage of lipid for adipose tissue and
liver, lactation for udder, and overall metabolism for blood
plasma and lymph. This simplification was adopted as a
minimal structure at the tissue/organ level to achieve real-
istic simulations at the animal level. Therefore, the current
sub-models proposed for liver and udder were much simpler
than those proposed by Freetly et af. {1993), Waghom and
Baldwin (1984), and Hanigan and Baldwin (1994) or
included n the whole animal models of Danfaer (2005a
and b}, Paul {1990) and Baldwin et af. {1995}. Body protein
pools were considered in the mode! without a distinction
being made between lean body and viscera proteins
{Baldwin et al., 1987).

Metabolite pools

Metabolites considered in the model were limited to major
organic molecules involved in metabolism associated with
digestion, catabolism and anabolism of body reserves, and
lactation {i.e. VFAs, amino acids, triglycerides and glucose).
Only two pools of VFAs were considered depending on their
metabolism: propionate involved in gluconeogenesis and a
pool of acetate + butyrate mainly involved in oxidative
processes and de novo fatty acids synthesis in the mam-
mary gland and in the adipose tissue. The amino acid pool
was considered without making a distinction between non-
essential and essential amino acids. The latter were
assumed to be non-limiting. Furthermore, the associated
nitrogen pathways through ammonia and urea were not
depicted in the model. This metabolic pathway was inte-
grated in the models of Danfaer (2005), Paul (1990} and
Baldwin ef af. (1995) without precise evaluation.

As in Danfaer (1990), it was considered that a minimum
realistic feature of lipid metabolism could not be achieved
by grouping all the circulating fatty acids into a single pool.
Therefore, we propose to split lipids into two pools: tri-
glycerides, reflecting lipoprotein transporters, and non-
esterified fatty acids. Since this classification involved the
relationship between fatty acids and glycerol, a minimal
representation of glycerol metabolism was necessary. Glu-
cose is largely synthesized de novo from sources such as
propionate, certain amino acids, lactate and glycerol. In the
present model, average contributions to gluconeogenesis
over 300 days of lactation and over pooled values of POT
ranging from 1 to 5, were 79% for propionate, 14% for
amino acids, 4% for glycerol and 3% for lactate. These
results stress the major role played by propionate. Maximal
contributions from deaminated amino acids and glycerol
occurred in early lactation, as the availability of these
metabolites is enhanced by mobilization of adipose and
protein tissue, and uterine involution. Compared to com-
monly accepted values {Drackley et af, 2001}, the model
tended to overestimate the contribution of propionate and
underestimated the contribution of lactate for gluconeo-
genesis. This was probably due to the fact that, in the

Dynamic model of the lactating dairy cow metabolism

model, lactate only originated from endogenous sources
while propionate included exogenous lactate produced by
fermentation. Glucose plays a central role in the model and
despite a low level of entry from the digestive tract large
guantities of glucose are involved in milk lactose synthesis
during lactation. No glycogen compartment was con-
sidered, and thus no glucose storage mechanism was
represented in the present model. This simple representa-
tion of glucose metabolism was chosen because it was
considered on a daily output basis. However, despite this
simplicity, realistic simulations of glucose metabolism were
obtained. This was mainly achieved by the fact that alter-
native sources of endogenous glucose, from AA and from
glycerol moieties, were consistently controlled by the
HM-HA regulating system.

Based on the number of active compartments (NC) and
differential equations at the tissue (NCt) and metabolic
(NCm) levels, the current model (NCt =4, NCm =5) was
much less sophisticated than the three major mechanistic
models of the dairy cow (Danfaer, 2005a and b {NCt=9
and NCm = 77}, Paul, 1990 {NCt=7 and NCm = 60} and
Baldwin ef af, 1995 (NCt= 18 and NCm > 100}}. In this
aspect, our model was closer to the former metabolic model
of Baldwin et af. (1987a), NCt = 3 and NCm = 4}.

Differential equations were associated with pools of tri-
glycerides (fatty acids and glycerol) in blood plasma, adi-
pose tissue and liver, and with pools of amino acids in
blood plasma, protein tissue and uterus. Differential equa-
tions were associated with pools of glucose, fatty acids and
acetate + butyrate but only in the blood plasma and lymph.
Other compartments in the different modules of the model
were considered as ‘zero pools” of metabolites and were
only used to partition flows correctly. Moreover, the choice
of depicting ‘zero pools” was done to fadlitate future
additions to the model.

Flows
The overall framework of the model integrated numerous
‘passive flows’ of nutrients essentially considered to have a
structural function rather than a key dynamic role as have
"active flows'. Flows of metabolites cover either digestive
inputs of nutrients, anabolism and catabalism of lipid and
protein, metabolic transactions, oxidative processes and
milk component yields. Metabolic pathways depicted in the
model, although simplified, were aimed at summarising
elementary knowledge of dairy cow metabolism.
Contrasting with the cow models of Baldwin (1995} and
Danfaer (2005a and b}, the current choice was to create the
simplest digestive sub-part. Published mechanistic models
of rumen digestion were not used because it has been
demonstrated that they suffer from serious limits in accu-
racy {Offner and Sauvant, 2004}, which could lead to large
biases in estimations of metabolism {(McNamara, 2004). For
this reason, empirical models of nutrient flows were used.
Since they were fitted on extensive data sets, these equa-
tions are more robust than previous equations for predicting
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absorbed nutrients. Inflows of amino acids from the gut
were calculated according to the PDI system (Vérité ef af,,
1987). The recent equations proposed by Sauvant and Bas
{2001) for the input of dietary fatty acids appear to be the
most valid since they were based on a |arger data set than
previous proposals. Similarly, for starch digestion, the recent
proposals of Offner and Sauvant {2004a and b} based on a
large set of diets from feed tables (Sauvant et af, 2002)
were applied. This ‘starch part’ of the model allowed the
correction of fermentable OM in the rumen from by-pass
starch. This principle has been proposed in the Dutch ver-
sion of the PDI system (Tamminga et &/, 1994). Finally, the
mechanistic models of rumen digestive flows of VFA pro-
duction and absorption were the least reliable aspect of the
present model, even if the variations obtained for the ratio
acetate + butyrate/propionate as a function of diet OM
digestibility appeared to be fairly realistic.

In the present model, the balance between anabolism
and catabolism of adipose tissue simulated mobilisation in
early lactation and reconstitution of body fat reserves in late
lactation. This is consistent with observations on body fat
changes during lactation. Nevertheless, the present model
expresses a net balance and does not describe the intra-
cellular re-esterification of FA (Emery, 1979), and thus
probably underestimates the total [ipolytic activity of adi-
pose tissue. Since glycerol released from adipose tissue
covered not only apparent catabolism but also whole cat-
abolism of triglycerides, the model may also underestimate
glycerol release from adipose tissue.

In the model, oxidative flows were mainly concelved to
equilibrate pathways according to the carbon conservation
principle. The major contributor to oxidative processes in
the model was acetate + butyrate: 77% of its carbon units
were involved in oxidation over the 300 days lactation,
compared to 9.2%, 5.3%, 4.7%, 3.6% and 0.1% for glu-
cose, amino acids, propionate, fatty acids and glycerol,
respectively. The value for fatty acids reached more than
20% in the first week of lactation. Over 300 days of lac-
tation, 41.4% of carbon units involved in oxidative flows
took place in the blood plasma and lymph module, com-
pared to 30.8% through the rumen wall, 14.5% in udder,
6.9% through intestine wall, and 4.0% and 2.4%, respec-
tively, in protein and adipose tissues. Metabolic models of
lactation have rarely included ATP metabolism {Pettigrew et
al, 1992). Presently, this aspect was also not included for
simplicity of the model and to avoid some methodological
problems due to the high turnover rate of the ATP and ADP
compartments. Thus, it was assumed that ATP availability
was nejther a limiting factor nor a regulatory element.
Another reason for this choice was the current lack of
experimental data on the origin of ATP sources from dif-
ferent substrates and the contribution of different organs in
energy expenditure.

Although the milk lactose vield was conceived as a *pull’
mechanism, the milk protein and fat yields were outputs of
the udder sub-model. The simulated milk fat and protein
contents decreased, respectively, from 4.2% to 3.7% and
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from 3.3% to 3.1% with increasing peak milk production
level from 10kg to 50kg. Long-chain fatty acids repre-
sented about 60% and 30% of milk fatty acids in early and
late lactation, respectively. These features were considered
to provide a realistic simulation of milk composition.

Homeorhetic and homeostatic requtating sub-system

The first attempt to model homeorhesis in the lactating
ruminant has been the modeling approach of the mammary
gland of Neal and Thomley (1983}). These authors assumed
the existence of a theoretical hormone controlling the
division rate of basic udder cells to provide active secretory
cells. This hormone followed an exponential decay after an
initial pulse at parturition. This first simple model was fur-
ther developed by Dijkstra ef al {1997} and recently
by Vetharaniam et a/. (2003a and b} and Pollot {2004).
These models constituted a trend in which a central role
was played by the evolution of the mammary tissue. The
present model did not follow this trend. In contrast, it
described the organs and major metabolisms more accu-
rately. Its main originality was the definition of the home-
orhetic sub-system, which already existed in the first
version (Sauvant and Phocas, 1992) and was based oh
three basic principles.

The first principle of expression of a homeorhetic drive
for lactation is the consistent link between the kinetics of
intake and milk production. This results in a pushing role of
absorbed nutrients and a pulling one of the udder. This link
was established through an empirical dynamic model
derived from the database of lactation kinetics described by
Martin and Sauvant (2002} and defining realistic and con-
sistent patterns of DMI and RMY relevant with milk
potential varying from 10 to 50 kg at peak production.

The second principle was the definition of a theoretical
regulatory sub-system that adapted the nutrient flows to
the level of intake and milk yield. It was mainly achieved by
the key role of the parameter POT representing the milk
production potential. Parameter values were estimated for
milk potential varying from 10 to 50kg at peak production
and relationships between the most sensitive parameters
and the parameter POT were modeled. Thus, the model
produced realistic simulations of blood metabolite con-
centrations, regardless of the production level. In the pre-
sent paper, the multiple influences of POT were not
described in detail although introduced in several equa-
tions. Further studies will explore more systematically the
sensitivity of the model to POT and some other major basic
parameters.

The third principle was the hyperbolic relationship
between HM and HA, which was also one of the major
aspects of driving forces of the current model. This principle
did not explicitly exist in other mechanistic model of lac-
tating cows or sows. The shape of this relationship descri-
bed the alternative influence between the activities of
catabolism and anabolism and was consistent with the data
of MacNamara {1289} and Chilliard and Robelin (1985). The
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theoretical and relevant approach of this aspect was chosen
because of the lack of mechanistic information related to
the complex hormonal systems driving lactation. Firstly, the
hormones and neurotransmitters {including interrelation-
ships}, which are more or less directly involved in the lac-
tation process, have not been sufficiently identified to be
mechanistically described. Secondly, for each acting hor-
mone, the mechanisms involved in synthesis and excretion,
tissue sensitivity, receptor affinity, cellular metabolism after
the internalisation of the hormone-receptor complex are
poorly understood. Therefore, we tried to build the minimal
mechanism to interpret the majority of the homeorhetic
drives. The exponential decay of HM throughout |actation
was adopted from observations on the evolution of plasma
NEFA and milk long-chain fatty acids during lactation in the
cow (Chilliard, 1987) and goat {Conshea and Bells, 1990). An
advantage of the exponential expression was its flexibility
and the possibility to express its two basic parameters as
functions of POT. In the model of Baldwin ef al. {1987},
actual glycemia was considered as the major index of
energy status and drove catabolic and anabolic flows. In the
recent versions of this model, there was a lactation hor-
mone (Lhor) that presented a first-order decrease in time as
does the current HM. However, it did not seem to have any
relationship with the potential of production. In the lac-
tating sow model (Pettigrew et ai, 1992), a theoretical
homeorhetic system has also been proposed. In this model,
the hormone of lactation partly drove the potential value of
the body protein and lipid catabolism, and also regulated
milk secretion. In the model of Danfaer (1990), an empirical
equation was fitted to data of Herbein et af. (1985) to
provide kinetics of plasma growth hormone and insulin,
which drove the major metabolic exchanges between the
tissues and the udder. Theoretical principles of homeorhetic
regulation and body mass turnover were also included in
the mode! of pig growth proposed by Lovatto and Sauvant
{2003). However, in their model, some basic principles of
homeostasis were also explicitly taken into consideration to
maintain the concentrations of the major blood metabolites
within physiclogical ranges.

Some homeostatic controls concerned de novo fatty acid
synthesis in adipose tissue controlled by blood plasma tri-
glyceride ((37), (39)), gluconeogenesis from deaminated
amino acids (88} and glucose oxidation (66} controlled by
blood plasma glucose, liver extraction of fatty acids con-
trolled by blood plasma non-esterified fatty acids (73) and
the partition of liver extracted fatty acids between partial
and complete oxidation ((68), {94}, {95}}. These homeostatic
controls were necessary to ensure that model predictions
were within physiological [imits.

Present mode! and further developments

As underlined for previous models of the lactating cow
{Baldwin et af, 19873, b and ¢ Danfaer, 1990) and lac-
tating sow {Pettigrew ef al., 1992), only few experimental
data were used to provide values for the basic parameters
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of the models (e.g. rate, affinity and inhibition constants).
Therefore, the model calibration was not completed
globally but by successive partial optimisation processes
focusing on a particular flow. This was generally performed
by forcing selected flows through a model so that they
simulated an expected trend in metabolism in order to
estimate an unknown flow. For example, the flow of
blood amino acids extracted by the udder was forced
repeatedly through a model at different milk protein levels
in order to build the blood amino acid deamination flow.
Moreover, several experimental data sets have been
developed to specifically determine values for model
parameters. This was especially the case for uterine
involution in early lactation and the evolution in body
composition pattern.

Except for the simulation data, which was mainly focused
on the influence of milk yield potential, no specific sensi-
tivity study of the model was presented. This important
phase will be described in future studies. Some external
validations of the present model have been performed and
they remained as simple as possible. The target was to
check if the pattern of a given flow or compartment
exhibited previously observed classical trends. This
approach was applied to blood metabolites, body tissue
components and udder flows of major fatty acids. In all
these cases the results were globally satisfactory. Further
external validations will have to be performed. In particular,
since the data of measurements of flows of metabolites
through organs have been published mainly in sheep or
growing cattle, it will be necessary to build a database of
blood flows measured in lactating cows and to validate the
current model, taking into account major elements of ani-
mal husbandry {e.0. RMY, DMI}. Another important aspect
will be to compare, under similar dietary situations, the
current model with the other whole-animal models already
published. This will include not only the mechanistic dairy
cow models Molly (Baldwin et af, 1995} and Karoline (the
latest version of Danfaer’s model) but also the French dairy
cow empirical model of INRAtion (2004) and the dairy cow
module of the Comell Net Carbohydrate and Protein System
(CNCPS, 2000}. Such a comparative evaluation of models is
necessary to determine the modules where more work is
needed in order to progress in the development of a
minimal mechanistic structure able to aggregate the main
features of dairy cow metabolism.

The initial purpose of applied animal nutrition has been
to produce animal products as efficiently as possible.
Therefore, the prediction of nutrient reguirements at a given
production potential has been a basic aspect of diet for-
mulation. Today this sole objective is insufficient to answer
current issues conceming product quality, environmental
impact of animal production, animal welfare and food
safety. For these reasons, the concept of multiple responses
to diets and feeding practices was published over 10 years
ago {Sauvant, 1992 and 1394} and is now largely accepted.
This means that models should help our understanding
and predict responses to diets rather than just estimate
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nutritichal requirements. For example, the kinetics of lac-
tation can be modified significantly by exogenous factors
such as dietary strategy {Martin and Sauvant, 2002). The
current model was not conceived to explore and predict the
responses of dairy cows to variations in dietary strategies
because it does not take into account the major dynamic
principles of energy homeostasis around set values. This
will be the next stage in development and a major chal-
lenge for the present model. Several other major aspects
will have to be altered in view of this new perspective. The
kinetics of milk protein, fat and major fatty acid levels were
satisfactory. However, they will have to be challenged with
diets varying in energy density and in fat content.
Encouraging results were obtained with the major milk fatty
acids and this model could be a good basis to integrate
more information concerning fatty acid flows at the
digestive, metabolic and udder levels.

Obviously, the next challenge will be to include the ability
of the cow to respond to [imited supplies of lysine and
methionine {Rulquin et a/. 1993). In order to do this, the
rumen model of Lescoat and Sauvant (1295) will form a
convenient first step as it includes lysine and methionine
digestion. Several attempts to specifically model the
metabolism of NH; and urea have already been performed
{Sauvant, 1993; Faverdin and Verité, 2003} and the realistic
simulated data, which were obtained with these models,
suggest that they could be included fairly easily in the
present model.

A further development of the sub-model of lipid digestion
would be to separate the major groups of fatty acids {e.g.
saturated, unsaturated), and hopefully some strategic minor
fatty acids as transfatty acids and CLA (Chilliard ef ai,
2001). One of the difficulties will probably be the estima-
tion of ruminal hydrogenation and isomerisation processes.

In order to simulate hourly or minute-based processes
conceming glucose metabolism it will be necessary to take
into account the compartments of fiver glycogen, and cir-
culating insulin and glucagon (lemosquet and Faverdin,
2001). All these homeostatic aspects will have to be taken
into account when the target of the model is to simulate
metabolic disorders such as ketosis.

Conclusion

The objective of this model was to integrate the mean
kinetics of intake, milk production and its composition as
well as body weight changes. The present model is an
effective means to integrate experimental data of various
origins. The results from simulations were satisfactory in the
sense that the simulated values of all the parameters were
globally realistic. One of the major advantages of such a
model concerns its ability to behave reliably when milk vield
potential varies. As such the current model could evolve in
two major directions, firstly through its use in larger models
of herd or even farm management, and secondly it could
become more accurate and be completed by including the
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major underlying mechanisms, which allow the prediction
of responses to different dietary patterns during lactation.
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« Les modeles que je propose ne sont que des peikspart pour la réflexion. En aucun cas
des points d’arrivée. Ces modeles doivent étreroatds a la réalité et surtout a l'aléatoire.
lls doivent étre agressés, détruits et reconstri@ ils ne peuvent évoluer que dans la
confrontation et le discontinu. C’est & dire datastion »
Joél de Rosnay
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Le comportement global du modele est illustré &erm les F18 a 27 présentées en
Annexe 6. Ces figures correspondent aux compilatdedonnées de la littérature présentées
dans la Partie 1.3 et mises ici en regard des sitiomls produites par le modéle global
développé dans ce travail de thése, situant ag&gbn globale la plage de variation de son

comportement.

Les principales propriétés des trois modéles ptésatans la Partie Il sont rappelées dans
le Tableau 2. Outre un couplage concretement éaigre le modele métabolique et le
modéle énergétique, les perspectives d’évolutionmdutage formé par ces trois modeles
reposent sur des modifications de chacun de ceslemdEn effet, chacun des modeles mérite
un regard critiqgue et doit étre déconstruit poue &mélioré individuellement et pour faire

progresser la démarche conceptuelle qui les relie.

Tableau 2  Propriétés des modeles téléonomiquegétigue et métabolique.

Modéle Téléonomique Energétique Métabolique

Objectif Simuler la dynamique des Prédire les performances Interpréter les
priorités entre fonctions  productives. performances en termes de
physiologiques. flux métaboliques.

Questionnement Pourquoi ? Combien ? Comment ?

Concept «Chreod» Homéorhése & Homéostasgéonservation de matiére

Niveau systémique Espéce Animal Tissu/Organe

Représentation animaléProcessus Interface Machine

Unité de base Priorité Energie métabolisable Mole

Variables clés Croissance, reproduction,Poids vif, lait, veau, Acides gras volatils, acides
vieillissement, balance desaliment aminés, glucose, glycérol,
réserves acides gras, triglycérides

Input Niveau de maturité Génotype & alimentation rf@®nances

Output Dynamique des priorités Flux de matieres x et métabolites
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Modeéle métabolique

Le modéele métabolique est proposé comme une steustinimale au niveau tissu/organe
représentant lesvoies métaboliques majeuresdes principales molécules organiques
impliquées dans les fonctions d'intérét zootecheigDans sa forme actuelle, le modele
meétabolique n'utilise pas comme entrée les perfaoes prédites au niveau du modele
énergétique mais, a I'échelle de la lactation, éggations empiriques de prédiction de la
production laitiere et de I'ingestion en fonctiofurte variable de potentiel de production
laitiere (Figure 18). Par ailleurs, un sous-mod&emeéorhese gouverne la dynamique des
processus d’anabolisme et de catabolisme des tdsugserves adipeuse et protéique. Sa
construction avec le statut d’interprétation dplét de cinétiques {ingestion | poids | lait} en
termes de flux de métabolites le rend compatibkcde montage des modeles téléonomique

et énergétique.

a

=

=

Figure 18 Fonction d’interprétation du modéle métajue : métabolisme associé aux profils zootealnsq
selon le niveau de production laitiere.
Cette connexion reste a formaliser concretementanmment & I'échelle non plus
seulement de la lactation mais a celle de la vi€ashemal. En outre, d’autres perspectives
peuvent étre considérées a travers ce cadre gé@wed@éicomposition des niveaux fonctionnels

des modéles (gouvernance, prédiction, interprétatién premier lieu, le fonctionnement du

243



Conclusion et perspectives

modéle métabolique pourrait étre exploité pour l&gue fonctionnement du modele
energétique. Cette approche permettrait d’intégoer plus seulement des modulations de la
partition de I'énergie (AGV, glucose, acides gragis également celle d’autres nutriments
tels que les acides aminés. Une limite actuellenddéle est en effet son impasse sur I'effet
de la nutrition protéique. Cette approche permietti moduler la réponse du point de vue
énergétique par des indicateurs métaboliques, moganhau niveau du volet homéostatique
du montage actuel. En second lieu, le pilotage mymae par le modele téléonomique
pourrait étre exploité directement au niveau du e@mwdmétabolique. Cette approche
permettrait de déployer la logique de constructiatuelle sur I'énergie a I'ensemble des
nutriments, en définissant un métabolisme de rab&reet ses modulations en fonction des
apports. Ces pistes de travail permettraient dee fabnverger les enjeux explicatifs et
prédictifs du modeéle global. Actuellement, par egplamle modele métabolique utilise le
niveau de production laitiere pour déterminer lexfeanguin mammaire qui par la suite
détermine les prélévements de nutriments par laeti@iormalisant ainsi une coordination
homeéorhétique. Ce flux pourrait étre directemem¢mhdiné a partir de la priorité a la fonction
de lactation définie au niveau du modele téléonamidJn autre exemple concerne les flux
d'anabolisme et de catabolisme qui pourraient @itetés directement par des priorités
différentielles pour les tissus protéiques, adipeaxe osseux dans une perspective de
représentation du métabolisme phosphocalcique p@epectives sont contingentes de celles
concernant les modeles téléonomique et énergétinaas sa forme actuelle, le modele
métabolique constitue une représentation minimalandétabolisme, compromis entre une
représentation mécaniste exhaustive et une repateenempirique agrégative. Ce format
simple et qualifiable de réductionniste permet néains d’appréhender de facon satisfaisante
des processus tels que la stéatose hépatiquee(Ra&tiFigure 15) ou la chute de glycémie
postpartum(Partie 11.3, Figure 12). L'idée de couplage dmmodéle prédictif a un modeéle
simple d’interprétation métabolique peut ainsi ¢ibusr une premiéere étape intéressante pour
enrichir la prédiction des performances d’indicasicur le fonctionnement du métabolisme,
notamment en lien avec des aspects sanitaireaspett est cohérent avec I'enjeu de modele

des lois de réponses multiples (Sauvant, 1992

27 sauvant, D., 1992. Systemic modeling in nutriti@eproduction Nutrition Developmed, 217-230.
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Modéele énergétique

Le modéle énergétique est proposé comme une skuodprésentant Ipartition de
I'énergie entre fonctions et dont la dynamique est gouvepagde modele téléonomique. Le
comportement de ce montage a vocation prédictivee eles modeles téléonomique et
énergétique est illustré en Annexe 5 a traversHigsire 27 a Figure 36. Ces figures
superposent les principales sorties du modéle plesr niveaux variables de parametres
génétiques a des données de la littérature, maranasi I'aptitude du modéle a épouser des
plages de variations connues. Ce positionnemenglebalement satisfaisant méme si des
défauts persistent dans le détail. Ainsi, le paldsveau a la naissance et les durées de
gestation sont sous-estimés (Figure 31 et FiguneeB2s cinétiques de production laitiere au
cours des premieres semaines de lactation sonibksment en décalage par rapport aux
observations dans le sens d'une surestimation (&ig8). Par ailleurs, le décalage entre les
dates de pic de production laitiere et de maximtingdstion n’est pas suffisament marqueé
par rapport aux observations classiques. Ces défadtessitent, pour étre corrigés, des
modifications principalement des valeurs de pareesétiu modéle. Ce travail implique une
phase de calibration focalisée sur le début detiact et reposant sur des jeux de données
adaptés. D’autres modifications du modele concérsanstructure. A titre d’exemple, ce
modele n’integre pas actuellement le démarrage deobilisation des réserves corporelles au
cours des 20 derniers jours avant la mise bassiglamment observé par le biais de
'augmentationprepartum de la concentration plasmatique en acides gras asbérifiés
(Figure 19).

Une modification simple du modéle pour pallier &déaut pourrait consister a intégrer un
réle de pilote de la priorité orientée vers la ggsh (priorité U ) pour déterminer la
mobilisationprepartumdes réserves. Par I'intermédiaire du principe eripe différentielle

il serait aisé de simuler un démarrage de la nsatiin des réserves corporelles en fin de

. . . ey sz 7 ~ - k
gestation, pour des niveaux de priofitéélevés (valeur d& élevée dans le termé").
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Figure 19 Evolutiorperipartumdes acides gras non estérifiés plasmatiques a®xathes laitiéres

Données de la littératLf(26 références, 61 groupes de traitement).

La relation entre niveaux de production laitiered@gestion produite par le modéle est
globalement cohérente avec les données de Iatittércompilées par Hristat al. (20007 ;
2004°%). Les modulations imposées par des niveaux vasable potentiel génétique de
production laitiere et de densité énergétique datian produisent des trajectoires du couple
(lait, ingestion) s’inscrivant de facon satisfaigaans le champ des valeurs mesurées en
station expérimentale (Figure 20).

% Reidet al, 1979 ; Doreatet al, 1981 ; Skaaet al, 1989 ; Harrisoret al, 1990 ; Drackleyet al, 1991 ; Berticset al,

1992 ; Drackleyet al, 1992 ; Studeet al, 1993 ; Vazquez-Afioet al, 1994 ; Van den Topt al, 1995 ; Grunet al, 1996 ;
Smith et al, 1997 ; Vazquez-Afiomt al, 1997 ; Drackleyet al, 1998 ; Mantysaaret al, 1999 ; Putnanet al, 1999 ;
Rukkwamsuket al, 1999 ; Bremmeet al, 2000 ; Greenfielet al, 2000 ; Hartwelket al, 2000 ; Doepett al, 2002 ; Grum
et al, 2002 ; Bading&t al, 2004 ; Danret al, 2004 ; Grummer and Rastani, 2004 ; Rosestdd, 2004

2% Hristov, A.N., Hristova, K.A. and Price, W.J., IRelationship between dry matter intake, body tignd milk yield
in dairy cows: a summary of published daaurnal of Dairy Scienc83 (Suppl.), 260.

%0 Hristov, A.N., Price, W.J. and Shafii, B., 2004meta-analysis examining the relationship amongadjefactors, dry
matter intake, and milk and milk protein yield iaiy cows.Journal of Dairy Scienc87, 2184-2196.
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Figure 20 Relation entre niveau d’ingestion et piaiin laitiére journaliers sur trois lactationssessives
(rangs 1 a 3) pour des valeurs croissantes de paagenétique de niveau de production laitiére
(en bleu, gris et rougeet des valeurs croissantes de densité énergétaleerationifiveaux de

gris). Superposition des simulations du modéle aux élesmie Hristoet al, 2004 (Figure 1. Data
from Hristovet al., 2000, n =5814).

A ce stade de développement, ce modéle peut dirsgédvisagé comme le prototype d’'un
outil de simulation global de la dynamique des grantances d’'une vache ou d’un troupeau (n
vaches) avec une option de contréle direct d’'ureanv génétique. La construction d’un
modele a I'’échelle d’'un troupeau incorporant contomgue élementaire un modele animal au
fonctionnement régulé individuellement et repréaentun variant génotypique est
actuellement en cours de développement au seiriUidRlI PNA pour I'éspéce caprine
(Puillet et al., 20085). Le modéle animal développé ici, adapté a la Ehéitiére, pourrait
étre exploité en tant que maillon élémentaire versgansubstituer a la version du modéle
animal actuellement utilisée et conceptuellemenpaegntée (Puillet et al., 2008p
L’intéraction entre un modéle animal et une repnésg@n d’'un systéme de pratiques permet

d'appréhender la diversité des carrieres au seun @dlevage comme un faisceau de

31 pyillet, L., Martin, O., Sauvant, D. and Tichit, M008a. Lifetime performance diversity of dairyats and feeding and
reproduction practices: a modelling approach. Reesrautour des Recherches sur les Ruminants 15,7471-1

32 puillet, L., Martin, O., Tichit, M. and Sauvant,,[2008b. Simple representation of physiologicgltations in a model of
lactating female: application to the dairy goatirAal 2, 235-246.
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trajectoires individuelles dans un environnemennt@é, imposant des contraintes

alimentaires et rythmant les cycles reproductifs.

Les propriétés du modeéle en terme de modulatiola gartition d’énergie selon le niveau
d’apport alimentaire reposent sur une modélisat@orique globale n'ayant pas fait I'objet
d’'une validation fine. En effet, méme si le modgeduit des réponses globalement
cohérentes avec les connaissances actuelles, dsipréde ses prédictions reste a évaluer.
Cette étape indispensable devra reposer sur lacrdafion du modele a des jeux de données
expérimentales exprimant des déformations des npeaioces des animaux induites par des
modulations dynamiques des apports alimentairesidd#@reux essais ont été publiés dans la
littérature (compilation dans Martin and Sauvar@pZ® et peuvent étre exploités pour
notamment éclairer la représentation de la verdiat’une variation de la quantité d’énergie
exportée vers le lait entre ses composants. Cethspt actuellement intégré dans le modéle
sous forme simple d’'une hypothése minimale de ptapmalité. Des essais spécifiques,
destinés a I'évaluation du modéle, pourraient pbeuas étre menés afin d’explorer plus
spécifiguement et d’améliorer le comportement dudé@® a lintersection des facteurs
géneétique et alimentaire. En particulier, un factgénétique pourrait étre incorporé dans le
modeéle pour représenter une variabilité de répoas#gss modifications de niveau d’apport

alimentaire.

La construction du modele énergétique a été mewée an objectif de compilation de
I'état actuel des connaissances et de positionnemm niveau moyen par rapport a celles-ci.
Le paramétrage du besoin de gestation en énergistaime illustration (Figure 21). Sur ce
graphique, la forme sigmoide de la courbe refléteddxation du besoin en fonction du taux
de croissance fcetale contrairement aux autres emgelur lesquels il est calé sur le poids
foetal. Ce positionnement moyen peut étre envisagene une étape intermédiaire dans une
perspective d’amélioration de la prédiction desobes énergétiques. A titre d’exemple, le

modeéle pourrait étre utilisé comme outil pour éealles formules de calcul du besoin

33 Martin, O. and Sauvant, D., 2002. Metaanalysispfit/output kinetics in lactating dairy cowdurnal of Dairy Scirce
85, 3363-3381.
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d’entretien classiquement utilisées et celles régent proposées pour améliorer sa prédiction
(Ellis et al, 2006%).

10+
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Figure 21  Comparaison de modé&fe§ 37 383940414243 ga nradiction du besoin énergétique de gestation
(Mcal énergie métabolisable (EM) / jour).

34 Ellis, J.L., Qiao, F. and Cant, J.P., 2006. Evaduebf net energy expenditures of dairy cows acicgrdo body weight
changes over a full Lactatiodournal of Dairy Scienc89, 1546-1557.

% Frederiksen and @stergaard, 1931.Foderenheder rotpirp tii maelkeproduktion. 136. Beretn. Landgkondmis
Forsggslaboratorium, Frederiksberg, 256 p.

36 Moe, P.W. and Tyrrell, H.F., 1972. Metabolizabteeryy requirement of pregnant dairy codsurnal of Dairy Science
55, 480-483

37 Ferrell, C.L., Garrett, W.N., Hinman, N. and Gridgt, G., 1976. Energy utilization by pregnant and-pregnant heifers.
Journal of Animal Science 42, 937-950.

3% ARC, 1980. Agricutural Research Council, The nutrient requiretseof ruminant livestockFarnham Royal, UK:
Commonwealth Agricultural Bureaux, 1980, 123 p.

%% Vermorel, M., Coulon, J.B. and Journet, M., 1987.i81ém du systéme des unites fourragéres (@Entre de Recherches
Zootechniques et Veterinaires de Theix, Bulletichfiggue70, 9-18.

40 Jones,R.I., 1988. Final Report: Facet N6211/42/S{stems specifications and simulations for farm exténsion use in
stock and game farming: Development of microcomputegrams for dairy herd managememietermaritzburg, South-
Africa : Department of Agriculture, 1988.

41 Bell, AW., 1995. Regulation of organic nutrient mtmlism during transition from late pregnancy telyesactation.
Journal of Animal Scienceé3, 2804-2819.

2 Nishida, T., Kurihara, M., Terada, F. and Shiba,1997. Energy requirements of pregnant Holstigiiny cows carrying
single or twin Japanese black fetuses in late pregnAnimal Science and Technolo6§, 572-578.

43 Fox, D.G., Tedeschi, L.O., Tylutki, T.P., RussdlB., Van Amburgh, M.E., Chase, L.E., Pell, A.N. @derton, T.R.,
2004. The Cornell Net Carbohydrate and Protein Systeatel for evaluating herd nutrition and nutriertretion. Animal
Feed Science and Technoldb$2, 29-78.
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La vocation du modéle énergétique est orientée weesfonction d’outil pour tester des
hypothéses et potentiellement comme un outil deorm@candation. L'intégration de
parametres génétiques ouvre des perspectives pairpeedictions individualisées. Ces
parameétres sont définis comme des paramétres de&shgui modulent les niveaux de
réponse indépendamment de la structure généralmatiele. La recherche d’éventuelles
liaisons entre les paramétres génétiques (potdatiigr, labilité des réserves, composition du
lait, poids vif mature) est par ailleurs une pideetravail. Par construction, dans une optique
de segmentation des problématiques pour progreleseriéterminants génétiqgues ont été
injectés au niveau du modéle énergétique pour méter les performances de référence. En
revanche, ils n’interviennent pas explicitement raveau du module d’homéostase ni au
niveau du modele téléonomique. En effet, aucunnpait@ génétique n’a été incorporé pour
moduler la dynamique des priorités ni la ventilat®bune déviation d’énergie par rapport au
besoin de référence. Ces hypothéses restent a:testeil nécessaire de tenir compte d’'une
variabilité génétique dans l'aptitude a modulepéatition de I'énergie dans des situations
d’écart a la référence génétique ? Est-t-il nédessde tenir compte d’une variabilité

géneétique dans la dynamique des priorités entretifors au niveau téléonomique ?

Ces questions relévent des concepts de flexibditdasticité et de plasticité (Alcaras and
Lacroux, 199%) ou encore de robustesse et pourraient étre agfées par I'intermédiaire de
ce modele. Ces auteurs définissent les notionsedibifite, d’élasticité et de plasticité d’'un
systeme par l'intermédiaire des aptitudes a mad#ee structure et/ou sa finalité. Ainsi, les
systemes élastiques résistent a des contrainteésoemementales en supportant de facon
temporaire des changements de leur structure toutoeservant leur finalité (constances
structurelle et téléonomique). Les systéemes flesibt’adaptent aux contraintes soit en
modifiant leur structure tout en conservant leoalité (déformation structurelle et constance
téléonomique), soit en modifiant leur finalité toem conservant leur structure (constance
structurelle et déformation téléonomique). Enfies Isystémes plastiques s’adaptent en
modifiant leur structure et leur finalité (déforneais structurelle et téléonomique). La
construction du modeéle global, reposant sur unearsfipn entre structure (modéle
énergeétique) et finalité (modele téléonomique), assi a priori « compatible » avec cette

grille de lecture.

44 Alcaras, J.R. and Lacroux, F., 1999. Planifierst®adapterEconomie et Sociét&s, 7-37.
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Modéle téléonomique

Le modéle téléonomique est dans sa version actueiereprésentation de dgnamique
des priorités entre fonctions physiologiques. Cette construct&st orientée vers une
opérationnalité pour contrdler la dynamique deifiant de I'énergie au niveau du modéle
energétique. Le modele téléonomique doit constiémesoi un objet & méme d’étre considére
pour étre amélioré. C’est notamment dans une perspade comparaison des stratégies de
reproduction de différentes espéces de mammifarescg modeéle pourrait étre exploité. Ce
travail s’inscrit dans le domaine de I'écologie sens large et sort du champ strict de la
zootechnie. Les pistes d’amélioration des propsiéhé modele concernent par exemple le
flux de sénescence qui soustrait urguantité de priorité pour la fonction de reproduction a
mesure que l'animal vieillit. Ce flux a été consi&léde fagon tres simplifiee et sa
formalisation devra probablement étre reconsidérda lumiére de connaissances sur le
vieillissement. Une autre piste d’amélioration dwd®le concerne une représentation
démarrant des la croissance intra-utérine de I'ahighnon pas seulement des sa naissance.
Une telle formalisation, plus réaliste et plus élétg, permettrait de mettre en cohérence la
croissance foetale propre et celle portée par I'ahiem terme de priorité. Le principe de
priorité différentielle pourrait ainsi étre expkipour représenter la croissance des tissus
corporels des la conception. Dans I'état actudllsgwansfert de priorité entrelactation» et
« équilibre des réserves est modulé par le statut de I'animal, en palitcle niveau de ces
réserves et sa traite. Un niveau trop faible deseru@s corporelles induit ainsi une

acceélération de ce transfert et une reconstitygronlégiée des réserves.

D’éventuelles modulations des autres transfertpriteité doivent étre considérées, en
particulier pour mieux maitriser les variationsdd¢e du pic de production de lait ou de début
de reprise de poidpostpartum L’hypothese de base formulée actuellement remse
inéluctabilité et I'invariance du transfert deigmité entre «gestation» et «lactation» par
lintermédiaire d’une priorité a la transition emtces fonctions physiologiques. C’est la
priorité a cette transition qui contréle la molatisn des réserves. Est-t-il nécessaire de
représenter des variations de transfert de priomtduisant des modifications des
performances en tout début de lactation ? Le nivéesl réserves corporelles impacte-t-il
uniquement la quantité de réserves mobilisée (Ingset actuelle) ou module-t-il également sa

dynamique ?
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Couplage des modéeles téléonomique et énergétique

Le couplage des modeles téléonomique et énergétiguaet d’'incorporer la régulation
d’homéostase a deux niveaux : (1) des fluctuatdmsenvironnement alimentaire induisent
des déviations de la partition de I'énergie entsacfions par rapport a une partition de
référence pilotée par les priorités et (2) des fimations du niveau des réserves corporelles
par rapport a des seuils de référence induiseattéiment des modifications de la partition
dynamique des priorités entre fonctions. Ce dernieeau formalise une interaction entre
homéostase et homéorhese : la génétique fixe umaende base (la chreod) qui prescrit
(homéorhese) une dynamique de fonctionnement pogsiue, I'environnement module
cette dynamique par rapport a la norme a court de(homéostase énergétique») et
'accumulation de déviations par rapport a cettem@®impose un réajustement de la norme
(homéostase idirecte»). Ce mécanisme formalise ainsi un « bassin rd@ion » autour

d’une trajectoire de référence.

La cadre conceptuel formé par le triplet {chrebdméorhése | homéostase} et sa
formalisation par le couplage des modéles téléogoenet énergétique permet d’aboutir a un
modele de prédiction des performances possédantpsapre «agenda». Ce cadre est
original et pertinent dans la mesure ou il perngeeprbposer un modele dusysteme vache
dans son ensemble (croissance, reproduction,inaj;ifacilement transposable a la chevre et

la brebis, ou a tout autre organisme femelle de miéne.

Perspective d'une plateforme de modélisation

Le montage des trois modéles est envisagé commpeotetype d’'un animal virtuel .
Virtuel est employé ici dans son sens dérivé din lairtus (la vertu) : «Est virtuel ce qui,
sans étre réel, a, avec force et de maniere pleém¢mactuelle (c’est-a-dire non potentielle)
les qualités du réeb (Berthier, 200%). Le concept d’animal virtuel, en tant qu'objet
technique médiatisé par une interface, correspond arogramme informatique compilant
des équations mathématiques reproduisant le famaiment biologique d’'un animal dans son
ensemble et a I'échelle de sa vie. L'idée d’'aniwiguel existe déja sous la forme ludique

45 Berthier, Denis, 2004Viéditations sur le réel et le virtudParis : L’Harmattan, 2004, 280 p.
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d’'un compagnon artificiel sur console de jeu (taatelg) ou dans un élevage virtuel sur

internet (par exempleww.vacheland.coi Ces applications, réalisées pour le jeu, n'@# p

de vocation scientifique d’intégration de connaiees ni de simulation fine des processus
biologiques a I'origine des performances animdleserme «@animal virtuel» est par ailleurs
déja utilisé dans des outils de simulation infoima¢ d’élevage (Montekt al, 200d°)
proposant une représentation de la conduite efpddsrmances des animaux. Ce concept
peut étre vu comme une version moderne des UGB&&@ros Bovins) et des UZ (Unités
Zootechniques) utilisées dans I'approche des systade productions par les zootechniciens
des années 1960-1970.

Le concept d’animal virtuel est utilisé ici pousister sur 'autonomie du modéle et sur sa
vocation, non plus seulement a simuler les enteéssrties de I'animal vu comme une unité
de production, mais a simuler le processus de wel'@himal reconsidéré comme un
organisme vivant dans sa globalité. Il s’agit dhandéle, simulant de la naissance a la mort,
le fonctionnement biologique d’'un animal réel. @adtionnement se limite a ce stade aux
fonctions d’intérét zootechnique et n’inclut pasnscomportement, sa locomotion, ses
interactions sociales, sa pathologie, etc. Sordi ae@présentées les principales fonctions des
systemes digestif, métabolique et reproducteur @urscde la croissance et des cycles
reproductifs.

Le terme prototype est employé pour soulignerdimion d’initier un principe applicable
de facon plus globale sous la forme d'une plateéortie modélisation dont ce modeéle
constituerait le squelette. L'idée étant de faiveléer le modele actuel en améliorant son
fonctionnement et en incorporant d’autres fonctibidogiques pour affiner sa capacité a
constituer une copie virtuelle d’'un animal. La vioma de plateforme de recherche a court
terme a pour ambition d’accueillir, de fédérer, adlecter et de compiler des travaux de
recherches sur des aspects spécifiques du fonetivemt de I'animal. A long terme, le
concept d’animal virtuel est envisagé comme unrfatyport d’agrégation et de diffusion des
connaissances sur les femelles de ruminants. Gedypouvant a terme étre embarqué dans

une carcasse logicielle pour I'aide a la décisiole @ilotage sur le terrain.

% Montel, B., Van Milgen, J., Paboeuf, F. and Dourmdd., 2000. Construction d’'un modéle de simulatibes
performances zootechniques et des rejets azoté® diande de porcs charcutiers. 182™* Journées de la Recherche
Porcine en France, Paris, France, Février 1-3, 2080, 51-58.
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Les systemes de recommandations alimentaires psoolai les organismes de recherches
en sciences animales a travers le monde correspodédg a des collections d’équations
mathématiques plus ou moins sophistiquées et éfément incorporées dans un logiciel
(Chalupaet al, 20057). Le concept d'animal virtuel est principalemenhévant dans sa
vocation interdisciplinaire et fédératrice et daos enjeu de représentation des mécanismes
de régulations a travers laquelle 'animal est emme une entité autonome et non uiae¢

convertisseus de fourrages.

Il existe actuellement un fort engouement pour ladélisation, notamment a 'INRA
(Goffinet et al, 2006®). Le potentiel analytique de cette approche efrifable. Cependant,
a mesure que les travaux de modélisation foisonatmjue les modeles naissent, le sens
méme de la modélisation doit probablement étretouese. Le point de vue adopté dans ce
document retient deux idées clefs. En premier lre@me si la systémique constitue une
philosophie de représentation du réel et procédaedVvéritable démarche scientifique, les
modeles et la modélisation ne sont que des outitnipd’autres dans la boite a outil
meéthodologique du chercheur. Cette remarque déis&cla modélisation et renvoi le modéle
a son role d'outil adapté a une tache. En secand ii convient probablement d’envisager
une issue commune a tous les modéles développés @bjectif commun aux travaux de
modélisation en sciences animales. C’est le seagagr le projet de la plateforme RECORD

en agronomie http://record.toulouse.inra.ji/ C’est le sens de la proposition de projet de

plateforme de modélisation de la vache, et de fagamérique des femelles de ruminants,
auquel aboutit ce travail de thése. Ce projet, sagd comme la réalisation d'un animal
virtuel, est voué a devenir un support d’intégmatet d’interaction entre expérimentation
(virtuelle et réelle) et modélisation, pour fornsali la connaissance et ses progres et permettre
sa diffusion. D’un point de vue prospectif, cetindirche s’inscrit dans le champ de la
biologie intégrative, vers des modeles qui font &me un fonctionnement global de
'agencement de processus élémentaires. Elle sinégalement dans la perspective de
compréhension des invariants biologiques dansviersiié des génotypes. Elle doit permettre

dans le futur de mieux formaliser les interacti@mire génotype et environnement et de

a7 Chalupa, W., Boston, R. and Munson, R., 2004. Dairyrition models: their forms and applications.: INutritional

biotechnology in the feed and food industries. Beatings of Alltech's 20th Annual Symposium: re-iniag the feed
industry, Lexington, Kentucky, USA, 23-26 May 2004, Pagk&7-193

48 Goffinet, B. et le groupe de réflexion Modélisati@006. Lamodélisation & I'INRA. [en ligne], Paris, FrancéNRA,

2006, [référence du 25 avril 2007ktp://www.inra.fr/mia/doc/rapport_modelisation_\yaf
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fédérer les problématiques scientifigues émanantdifi@rentes disciplines telles que
I'éthologie, I'économie et I'écologie autour d'dsticommuns. A plus court terme, le
développement d'une plateforme de modélisatioriadenhal doit aider a faire progresser, au
sein de 'UMR PNA, les travaux de modélisation céntsur des organes tels que le rumen,
sur des problématiques inter-organes telles queatttion de I'énergie et sur des activités
telles que le comportement alimentaire. En exphbitan « squelette » minimal et fonctionnel
d’'un modéle animal, ces travaux pourraient étre énetie facon conjointe et se nourrir
mutuellement. Le travail de conception et de dgygdonent d’une telle plateforme se situe a
l'intersection des mathématiques appliquées, dadmgie et de I'informatique appliquée et
devra, pour aboutir sur le long terme, rassembdsrabmpétences dans ces domaines. A tres

court terme, ce travail de these fournit une basg gémarrer ce projet ambitieux.
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Annexe 1 Revue historique sur la composition corpetle

COMPOSITION OF FAT FREL ~ANIMAL.
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Figure 22 Moulton et al. (1922), Fig. 11, « Compiosi of the fat-free beef animal ».

Les travaux sur la composition corporelle des bewnt été traditionnellement menés par
des équipes travaillant sur la croissance et pgigiement dans le secteur de la production de
viande. La composition du gain de poids des anintgtermine en effet le besoin énergétique
associé a ce croit (Garredt al, 1959). Dans ce secteur, les investigations porten
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généralement sur la composition de la carcasse;anstitue la fraction commercialisable de

'animal, plutét que sur celle de I'animal entier.

Von Bezold (1857 ; 1858) fut 'un des premiers aumtea s’intéresser a la composition
chimique du corps des animaux. Les conclusionsedetrmvaux sur des mammiféeres, des
oiseaux, des amphibiens, des poissons et des agaséadifférents stades physiologiques,
révelent que I'age est la principale source deabdliié de la composition corporelle d’un
individu d’'une espéce donnée. Des 1880, plusieutsuas ont observé une réduction de la
teneur en eau dans le corps vide avec l'accroissiedeela teneur en lipides dans le corps
vide (Henneberg, 1880 ; Von Hosslin, 1881 ; Pfeiffiel886), laissant supposer la notion de
substitution de I'eau par les lipides lors du pestes d’engraissement. Par ailleurs, la fraction

lipidique du corps des animaux était déja connumeroe étant la fraction la plus variable.

En 1911, au terme d'une étude portant sur les rdifites de composition chimique
d’animaux a sang chaud et a sang froid, Inaba gbgcle des animaux morphologiquement
similaires présentaient des compositions chimigiredaires.

En 1919 et 1922, Murray analysa les données de asitign corporelle de bouvillons, de
moutons et de cochons publiées par Lawes et G{b8&9), de bovins publiées par Haecker
(1920) et de cochons publiées par Swanson (192F).c8nclusions portent sur la relative
constance des fractions aqueuse, protéique etatende la masse délipidée.

En 1922, Moultoret al. étudiérent la composition corporelle de bovingd&variant des
stades précoces de la vie embryonnaire jusqu’aaniteé ainsi que d’embryons humains
étudiés par Fehling (1877). lls constaterent umédearéduction de la teneur en eau de la
masse délipidée au cours de la vie embryonnaire pné réduction plus faible de cette
fraction au début de la vie autonome pour atteinthes valeur relativement constante (Figure
22). Cette évolution avec I'age de la compositioncdrps vide avait déja été soulignée par
Inaba (1911) et Murray (1919 ; 1922).

En 1923, en conclusion d’'une étude portant suohaposition corporelle du corps vide de
différents mammiferes, Moulton formula le concept imaturité chimique» d’'un animal
défini comme I'age auquel les fractions aqueusetépue et minérale de la masse corporelle
délipidée atteignent une valeur approximativememistante. Dans un ouvrage de 1925,
Armsby et Moulton situent la maturité chimique #esins a un age compris entre 150 et 300
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jours. Bien que les mammiféres étudiés atteigr&ematurité chimique a des ages différents,
ces auteurs notent que cet age représente ded39cade la durée de vie totale de I'animal.
Les conclusions de Moulton (1923) sont conformeselées de Murray (1922) : la masse
lipidique d’'un animal d’'une espéce donnée n’a peldence sur la composition de la masse
non-lipidique. Les travaux de Rubner (1924) et dsstitigs (1940) confirment la validité de
ce concept de composition approximativement cotestde la masse délipidée d’un animal.
De ce fait, reprenant la formulation de Retdl. (1955), le principal effet de I'accroissement
de la masse lipidique dans le corps vide sur lesuies aqueuse, protéique et minérale du
corps vide est un effet de dilution.

En 1945, Pace et Rathbun compilerent des donnéesrdposition corporelle obtenues
chez le rat, le cobaye, le lapin, le chat, le claete singe. lls dégagérent de cette étude une
teneur moyenne en eau de la masse délipidée égale% chez les Mammiferes (de 69.9% a
76.3%). La revue de Shebaita (1977) reporte desuxahbllant de 72.2% a 75.2%.

Bien que la composition chimique d’'un animal conérd’évoluer de fagon marginale au
stade adulte jusqu’a la mort, ce principe de comgtaapproximative de la composition
corporelle de la masse délipidée d'un animal arétiénu et dés lors largement utilisé pour

I'estimation in vivo de la masse lipidique, notanmnhehez 'homme.
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Annexe 2 Méethodes de mesure de la composition
corporelle

La mesure exacte de la composition chimique d’'umahentier implique son abattage et
le dosage chimique des composants du corps vides aplissection, broyage et
échantillonnage. L'analyse chimique fournit alasdécomposition de la masse corporelle en
eau, en lipides (extrait éthéré), en protéines (M.25) et en minéraux (cendres). En
alternative a ce procédé long et codteux, des pduwwyeé d'estimation indirecte de la

composition chimique corporelle de I'animal entierde la carcasse ont été proposées.

Dissection anatomique

La masse corporelle des bovins comprend la car¢asseeles, squelette et dépbts adipeux
internes, sous-cutanés et intermusculaires) et°Té duartier » (téte, cuir, viscéres, tube
digestif et dépobts adipeux viscéraux) (Robatnal, 1977). A maturité, selon le sexe et la
race, les dépobts adipeux de la carcasse bovinésament de 60 a 80% des dépdts adipeux
totaux (Gibbet al, 1992 ; Butler-Hogget al, 1985 ; Robelin and Geay, 1978 ; Ciamtal,

1982 ; Robelinet al, 1977 ; Hollowayet al, 1990). La masse totale des dépodts adipeux
sépares par dissection n’est pas égale a la giidetiipides déterminée par analyse chimique.
En effet, d’'une part le tissu adipeux n’est pagjuement composé de lipides (de 75 a 85% a
maturité) (Robelin, 1981 ; 1986) mais d’'une matrie tissu connectif et d’adipocytes
contenant les lipides (Alleat al, 1976) et d’autre part, tous les lipides ne s@# gontenus
dans les dépbts adipeux (lipides intermusculaiigsies du squelette, etc.) (Fiedd al, 1974

; Wright and Russel, 1984a). Robelin et Geay (19r@)proposé une équation de prédiction
de la quantité de lipides corporels a partir dmésse des dépodts adipeux de la carcasse et du
5°M quartier sur des bovins de différentes races. éde équation, il découle que les dépdts
adipeux totaux de la carcasse et du 5eme quagpeésentent en moyenne 91.5% des lipides

corporels totaux.
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Finalement, d’aprés Robelin (1982), Igras total» pesé apres dissection anatomique est
tres proche du gras chimique» dosé analytiquement. Par ailleurs, selon Loh(d8iil) les
erreurs de mesures associées a ces méthodesiblas fiar rapport a la variabilité biologique

de la teneur en lipides corporels.

Analyse chimique partielle

L’analyse chimique est limitte a un élément dont clamposition chimique est

im es

représentative de celle la carcasse (par exemple9{£0-1
Hankins and Howe, 1946 ; Robebknal, 1975 ; Ottcet al, 1991).

cbtes : Hopper, 1944 ;

Densitometrie

La densité de la carcasse est utilisée comme iddda teneur en dépobts adipeux et en eau
corporelle (Kraybillet al, 1952). Garrett et Hinman (1969) proposerent dpsations de
prédiction des compositions chimiques de la caecasslu corps vide a partir de la densité de
la carcasse, permettant une estimation a postaféola composition corporelle. Des jeux
d’équations analogues furent ensuite proposés’aatréds auteurs (Git al, 1970 ; Ferrelkt
al., 1976 ; Fortiret al, 1981 ; Lannat al, 1990 ).

Dilution d’'un marqueur de I'eau corporelle

Cette méthode se fondant sur le degré de dilutinm anarqueur apres injection
intraveineuse s’'appuient sur I'hypothese d'une ueneonstante en eau dans la masse
corporelle délipidée (Reidt al, 1955 ; Shebaita, 1977). Ainsi la déterminationlalenasse
lipidique, effectuée sur I'animal vivant, se rameneelle de la quantité d’eau corporelle
estimée par le biais de I'espace de diffusion degoeur. Des molécules diffusant rapidement
dans les fluides corporels, non toxiques, non nofides, stockées ou excrétées furent
retenues comme marqueurs candidats (Sobeehah, 1949). Différents marqueurs furent
ainsi testés chez le bovin parmi lesquels l'antigyr(Kraybill et al, 1951) ou le 4-
acetamidoantipyrine (4-AAA), I'un de ses dérivéshitvg et al, 1960), 'eau marquée
(lourde (Byers, 1979) ou tritiée (Little and Morrik972), revue de Robelin, 1973) et l'urée
(Preston and Koch, 1973).
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Ces méthodes furent largement évaluées, discutéasrgparées et de nombreux auteurs
proposerent par la suite des modeles de prédidiola composition du corps vide ou de la
carcasse (principalement I'eau et les lipides) dirpde I'espace de diffusion du marqueur

considéreé.

La précision de ces méthodes dépend de la vitessiffdsion du marqueur dans le tube
digestif (passage a travers la paroi du rumen ouepliais de la salive dans le tube digestif,
passage dans la vessie). Selon I'étendue de g#tisiah, I'espace de diffusion du marqueur
fournit une estimation de I'eau du corps vide oul’'dau corporelle totale. Dans certaines
études, les animaux étaient privés d’eau avanpégence afin de réduire la quantité d’eau

contenue dans le tractus digestif.

Bartle et Preston (1986) ont mis en évidence I'absale passage rapide de l'urée dans le
rumen, induisant une meilleure coincidence de #espde diffusion de I'urée avec I'eau du
corps vide qu’avec I'eau corporelle totale. Ce héswest confirmé par Doreaet al. (1988)
qui rapportent de plus une bonne correspondance kgpace de diffusion de I'eau lourde et
'eau corporelle totale. Selon Whittingt al. (1960) le 4-AAA présente l'avantage de ne

diffuser dans le rumen que par le biais de la saliv

Marquage isotopique de la masse maigre

Les propriétés du potassium, principalement inthalegre et quasiment absent dans les
adipocytes furent exploitées pour estimer la mase&éiqgue ou masse maigre des bovins.
Ainsi, la détection par scintillation diK en phase liquide fut proposée pour la déterninati
in vivo de la composition corporelle des bovinshflson and Ward, 1966). D’autres isotopes,
tels que le césium{Cs) furent également testés (Ward and Johnson,)1@&%e méthode,

nécessitant un appareillage lourd et colteux fpeedant peu exploitée.

Diametre des adipocytes

Robelin (1982) proposa d'utiliser la taille despaatiytes sous-cutanés comme indicateur
de la quantité de lipides corporels. Cette méthesteapplicable aussi bien sur animaux
vivants (par biopsie) que sur animaux abattus.yséesme de prédiction (Robelet al, 1989 ;
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Waltneret al, 1994) utilise le diamétre des adipocytes et idgpwif comme prédicteurs de la

guantité de lipides corporels.

Ultrasons

Principalement utilisée pour I'estimation de la qmsition de la carcasse, cette méthode
repose sur la vélocité différentielle des ultrasansavers des tissus de natures chimiques
différentes (Templeet al, 1956 ; revue de Simm, 1983). Wright et Russel84bJ,
Garnsworthyet al. (1986) et Ivingset al. (1993) ont proposé des équations de prédictida de
composition du corps vide de vaches laitieres &rpde mesures de vélocité d'ultrasons au

niveau de l'arriére-train et de I'épaule.

Note d’état corporel

La note d’état corporel est un indicateur de tarradépendant du poids vif et de la taille
adulte de I'animal, développé pour apprécier simglet la quantité de réserves corporelles.
Cette note est donnée aprés évaluation visuepalpaition de zones particuliéres du corps et
permet de classer les animaux par rapport a undigralard sur une échelle d’appréciation
allant de «émacié» a «obese». Plusieurs échelles de notation ont été proopéar les
races laitieres : de 1 a 5 (Wildmanal, 1982 ; Edmonsoat al, 1985) ou de 0 a 5 (Lowman
et al, 1976 ; Mulvany, 1977 ; Bazin, 1984). Ces systedeenotations sont largement utilisés
pour évaluer le niveau de réserves corporelleseemngitent de piloter les animaux en

production.

D’autres techniques, parfois tres sophistiquées notemles mesures d’impédance
bioélectrique, la tomographie assistée par ordumat@magerie par résonance magnétique
nucléaire, la photogrammétrie sont aujourd’hui ps@Ees pour I'estimation in vivo de la
composition corporelle des bovins ou de leur caedéevue de De Campeneeteal, 2000).
C’est aujourd’hui la technique de mesure de I'espde diffusion de I'eau lourde qui est
principalement utilisée chez les vaches en lactatadin de mesurer les variations

guantitatives de lipides (et de protéines) au cdark lactation.
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Annexe 3 Modele empirique de la composition corpolie
des vaches laitieres

Cette annexe est présentée sous la forme d’'unepidblié dans les actes d’'un congres
(6th International Workshop on Modelling Nutrienttilization in Farm Animals,
Wageningen, The Netherlands, 6-8 septembre 2004) :

Martin, O. and Sauvant, D., 2005. Empirical model dairy cow body composition, 127-
134. In : Kebreab, E., Dijkstra, J., Bannink, A., &rits, W.J.J. and France, J. (éd.),
Nutrient Digestion And Utilization In Farm Animals:Modelling Approaches. Wallingford,
UK : CAB Intenational, 2006, 480 p.
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1 3 Emirical Model of Dairy Cow Body
Composition

O. MARTIN AND D. SAUVANT

UMR INRA INA P-G, Physiclogie de la Nutrition et Alimentation,
16 rue Claude Bernard, 75231 Paris Cedex 05, France.

Abstract

The knowledge of body condition and dynamic body reserve changes in dairy cows is
of major importance in the understanding of lactation processes. An empirical model
of dairy cow chemical body composition was developed and fitted to literature data.
This model was aimed at predicting the concentrations of fat, protein, water, and min-
erals in empty body weight (EBW; kg) in relation to body cendition score (BCS) on
a 0-5 scale. Data were available for 239 groups of 1-36 animals. Body composition
data were determined by direct analysis, anatomical dissection and organ weighing,
or by indirect analysis. The relationship between body fat (F; kg) and fat-free EBW
(FFEBW; kg) was estimated with the sigmoidal model of Richards (1959}, where the
asymptote was assumed to be linearly dependent on BCS.This model, selected for its
flexibility, was fitted to the data in two steps. First, the model was fitted to mean val-
ues of F by classes of FFEBW [<50, 50-100), ..., (400-450), >450] assuming that
these intraclass values were representative of a mean BCS (- 2.5). Second, the asymp-
totic parameter of the Richards model was re-evaluated on each data for which BCS
was available, The model finally obtained wasF = {[117.4 + 39.8(BCS — 2.5)] < [1 —
exp(—0.0068 x FFEBW)]*7#5} with an estimated root mean squared prediction error
(RMSPE) of 20 kg. This model was not usable as such (since FFEBW = EBW - F)
but, given EBW and BCS, the EB fat was the numerical solution of this equation. The
ratios of body water (W; kg) to FFEBW, body protein (P; kg) and body minerals (M;
kg) to dry FFEBW (DFFEBW = FEEBW — W; kg) as well as their standard errors
were estimated by bootstrap analysis on data limited to direct analysis: 100 x
W/FFEBW = 72.6 £ 0.1% (r = 169), 100 F/DFFEBW = 78.9 £ 0.1% (n = 164) and
100 M/DFFEBW = 21.0 * 0.1% (n = 164). The complete chemical body composi-
tion of a cow (EBW = F+ P+ W + M) could therefore be simulated. The proposed
model predicted body composition data in dairy cows from a broad experimental con-
text and provided a practical prediction tool to study body reserves, particularly from
a dynamic viewpoint.

Introduction
The condition and dynamic changes of body reserves in dairy cows during

lactation are of major importance in the processes of lactation. It is therefore
essential to estimate the animal state of reserves, especially of fat and protein.

DCAB International 2005. Nutrient Digestion and Utilization in Farm Animals:
Modelfing Approaches (eds E. Kebreab et al.) 127
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The chemical body composition of an animal corresponds to the distribution
of its body mass into fat, protein, water and minerals. This distribution is
established on an empty body weight (EBW) basis, i.e. without digestive tract
contents (reticulorumen and intestine digesta) and urogenital tract contents
(urine, fetus, fluids and fetal membranes). Studies on cattle body composition
have traditionally been done by researchers working on growth and were
aimed at determining energy requirements, especially in beef cattle. Therefore,
investigations rather dealt with carcass composition than empty body (EB)
composition. As far back as 1923, Moulton (1923) had formulated the concept
of ‘chemical maturity’ defined as the age at which the fat-free body composi-
tion remains approximately constant. Thus, as mentioned by Reid ef al. (1955),
the effect of an increasing EB fat on EB protein, water and mineral content is
rather a dilution effect. Various indirect determination methods of EB chemi-
cal composition have been proposed (De Campeneere & a!., 2000) to avoid the
slaughter of animals for direct chemical analysis. In the field, to simply assess
the level of body reserves the body condition score (BCS) is used as an indica-
tor independent of the body weight (BW; Lowman ef af., 1976).

The objective of this study is to develop an empirical model aimed at pre-
dicting EB composition of fat, protein, water and minerals related to EBW
(kg) and BCS (0-5 scale) in dairy cows. An empirical model to predict
EBW from neutral detergent factor (NDF) intake by estimating digestive tract
fresh contents has been proposed elsewhere (Martin and Sauvant, 2003).

Compilation of the literature

Records of EB composition of growing, pregnant, lactating or dry dairy-type
cows (mainly Holstein x Friesian) published between 1920 and 1998 in
FEurope (8 articles) and North America (17 articles) were gathered in a data-
base. Collected data concerned 239 groups of 1-36 animals (154 individual
data and 85 means of 13 = 8 animals) and were obtained either by direct
analysis (chemical analysis (170 groups), anatomical dissection and tissue
weighing (10 groups) or by indirect analysis (deuterium dilution (38 groups),
densitometry (17 groups), estimate from adipocyte cell size (4 groups). Direct
and indirect analyses were assumed to furnish equivalent information. More-
over, no publication effect was taken into consideration, the database being
considered only as a collection of body composition records rather than an
experimental meta design. Notations used for empty body fat, protein, water,
minerals, FFEBW, and DFFEBW were F (kg), P (kg), W (kg), M (kg), FFEBW
(EBW — F; kg) and DFFEBW (FFEBW — W, kg), respectively.

Modelling empty body fat
The relationship between F and FFEBW was modelled with the sigmoidal

model of Richards (1952), where the asymptote was assumed to be linearly
dependent on BCS:
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F=[fot BBCS-2.5)]x[1 - exp(-fix FFEBW)]L (13.1)

Since FFEBW and BCS were reported in 25 (n = 239) and 7 articles (n = 38)
respectively (Fig. 13.1), this model, selected for its flexibility, was fitted to
data in two steps corresponding to the estimate of parameters £, f,, f, and
f3. First, the model was fitted to mean values of F by classes of FFEBW [«50,
(50-100), ..., (400-450), >450] assuming that these intraclass values were
representative of a mean BCS (-2.5). Second, the asymptotic parameter
f, was re-evaluated for each group of data for which BCS was available
(Fig. 13.2):

f>= F/[1 —exp(- f; x FFEBW)}" (13.2)

The parameter 8 was then estimated as the linear intratrial slope of f*
on BCS (Fig. 13.3) with a mixed model integrating the random effect of trial
on intercept (3 = df*/ dBCS)

Quantitative descriptors of fit accuracy associated with the first step (fit
of the model F =f % [1 - exp(-f, X FFEBW)]/? on mean values of F byclasses
of FFEBW) and the second step (fit of the model f*=(x+ 0, )+ < BCS) are
respectively n =13, RMSPE = 8.2 kg, f, = 1174 + 22.1, f, = 0.0068 + 0.0030, f,
=3.7235 +2.1130, and n = 38, RMSPE = 208 kg, =398 + 3.7, q__ = 258 kg.

The model finally obtained was:

F=[117.4+30.8(BCS — 2.5)] % [1 — exp (-0.0068 x FFEBW)|*™* {133)

+ Unknown BCS
oBCS <20
820<=BCS<30
®BCS =30 4 ]

EB fat (kg)
2

FFEBW (kg}

Fig. 13.1. Empty body (EB) fat data plotied against fat-free emply body weight (FFEBW,
symbols encode for BCS).
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160 1

140 A

120 1

EB fat (kg)
&

(=]

8 & 8

@ Direct analysis
0O Indirect analysis
------ Richards model
F=117.4 [1 — exp(-0.0068 x FFEBW)[*72%5

50 100 150 200 250 300 350 400 450 500
FFEBW (kq)

Fig. 13.2. Average empty body (EB) fat plolted against average fat-free empty body weight
(FFEBW) by 50 kg classes (symbols encode for determination method).

Re-evaluated asymptotic parameter f;*

= Intratrial slope

N
2

-
o
=]

-
(=]
(=]

50 4

5=398+38

00 05 10 15 20 25 30 35 40 45 50 55
BCS

Fig. 13.3. Re-evaluated asymptolic parameter fé plotted against body condition score
(BCS; symbols linked by trial).
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Since FFEBW is unknown in the field, this formula is not usable as such to
estimate F. Given FBW and BCS, F is the numerical solution of the following,
equation (typically computed with the Newton-Raphson method):

F=[1174 + 39.8(BCS—2.5)] {1 — exp[~0.0068 (EBW — P)}}ms {134)

Fig. 134 shows simulated values of F plotted against EBW and BCS. The
evaluated prediction error on F (unknown BCS assumed to be 2.5) is about
+ 20 kg.

The following section was aimed at estimating body water content
in FFEBW and body protein and minerals contents in DFFEBW. A first
approach was performed using mixed model regression analysis taking
into account the random effect of trial on intercept and slope of the regres-
sion ¥ = f{X) where Y is the weight of the considered component into the
total weight ¥. Results showed that intercept was not significantly different
from zero (and lower than residual error) and that random effects of trial on
intercept and slope were not significant. It was therefore decided to quantify
EB composition by the way of the ratio Y:X. The bootstrap analysis was then
selected as the appropriate method to provide an unbiased estimate of the
ratio and the estimate standard error of the estimated ratio.

Modelling fat-free empty body water content

The ratio W/FFEBW and its standard error were estimated by bootstrap
analysis on data limited to direct analysis (Fig. 13.5):

EB fat (kg)

700

EBW (kg)
Fig. 13.4. Empty body EB) fat (numerical solution of the model) plotted against empty
body weight (EBW) and body condition score (BCS).
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100W/FFEBW = 72.6 + 01% (n = 169) (13.5)

Modelling dry fat-free empty body protein and minerals

The ratios P:DFFEBW and M:DFFEBW and their standard errors were esti-
mated by bootstrap analysis on data limited to direct analysis (Fig. 13.6):

100 P/DFFEBW = 789 + 0.1% (n = 164) {13.6)

100 M/DFFEBW = 21.0 £ 0.1% (1 = 164) 13.7)

Discussion

The complete chemical body composition of a cow (EBW =F + P + W+ M)
at different BCS can be simulated stepwise with the proposed model. This
modelling study synthesized body composition data in dairy cows from a
broad experimental context and provided a practical prediction tool to study
body reserves. Indeed, the model can be used to establish initial values of a
mechanistic lactation model and to estimate the state of body reserves
according to observed BCS changes during lactation. The proposed model
gave predictions in average about 5% lower (10% for BCS 0 and 5) and 8%
higher (regardless of BCS) values for EB fat and protein, respectively, of a 400

400 4
9 Indirect analysis (n = 33)

3504 - Direct analysis (R = 169) ?

300
5 2501
=
3
= 200
o
1 150 4 s

oL EB water
100-W/FFEBW =726 £ 0.1%
1004
0 T T T T T T T T T 1
0 50 100 150 200 250 300 350 400 450 500

FFEBW (kg)

Fig. 13.5. Emply body (EB) water plotted against fat-free empty body weight (FFEBW;
symbols encode for determination method).
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1201
o Indirect analysis (n = 33)
+ Direct analysis (n= 164)

EB protein
100-PDFFEBW = 789 +0.1%

40 e EB minerals
. 100-MDFFEBW =21 0+ 0. 1%

EB protein and minerals (kg)
2]

0 20 40 60 80 100 120 140
DFFEBW (kg)

Fig. 13.6. Empty body (EB) prolein and minerals plotted against dry fat-free empty body
weight (DFFEBYY; symbols encode for determination method).

kg EBW cow when compared to the model proposed by Fox ¢f al. (1999). The
estimated value of 39.8 kg fat per BCS unit used in the proposed model was
in the range of the regression slopes of fat on BCS published in the literature
(Wright and Russel, 1984; Rémond &t al., 1988; Chilliard ef al., 1991; Waltner
et al., 1994; Komaragiri and Erdman, 1997, Komaragiri et al., 1998). Never-
theless, the present model has the advantage to integrate both the effects of
BW and BCS. The model should be evaluated on a different data-set in order
to verify its validity and to assess its associated prediction error.

Conclusion

The complete chemical body composition of a cow at different BCS was sim-
ulated with the proposed empirical model. The model can be used to estab-
lish initial values of a mechanistic lactation model and to estimate the state
of body reserves according to observed BCS changes during lactation. The
present model has the advantage to integrate both the effects of BW and BCS
but requires further independent evaluation.
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Annexe 4 Meta-analyse des cinetiques de lactatiohez la
vache laitiere

Cette annexe est présentée sous la forme d’urlepitlié dans la revue Journal of Dairy

Science :

Martin O and Sauvant D 2002. Metaanalysis of inpottput kinetics in lactating dairy
cows. Journal of Dairy Science 85, 3363-3381.
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Metaanalysis of Input/Output Kinetics in Lactating Dairy Cows

0. Martin and D. Sauvant

UMR INRA INA P-G,

Physiclogie de la Nutrition et Alimentation,

16 rue Claude Bemard, 756231 Paris Cedex 05, France

ABSTRACT

The kinetics of dry matter intake, raw milk yield,
milk fat yield, and body weight of 140 treatment groups
of cows reported in 37 articles published between 1959
and 1999 were collected in a databage. The majority
of these experiments were performed with Holstein-
Friesian cows (primiparous: n = 51, multiparcus: n =
82). Animals were fed with forages and concentrates,
offered separately (n = 98) or as a total mixed ration (n
=42). Empty body weight was calculated assuming that
an increase of 1 kg in dry matter intake corresponded
to an increaze of 4 kg in gastrointestinal tract content.
Each kinetic, denoted Y, was fitted with the model pro-
posed by Grossman (1299) for raw milk vield. This
maodel allowed the partitioning of the kinetic into three
stages (early, middle, and late stages of lactation), each
characterized by its own linear tendency. Kinetice were
therefore stummarized with parameter estimates of the
model: the plateau value of ¥ in middle stage, the glopes
of Y in early and late stages, and the weeks of start
and end of the middle stage. The following additional
variables were algo calculated: the total increase of ¥
in early stage, the extrapolated value of ¥ at calving,
and the pergistency of Y defined as the duration of the
middle stage. Variability of these parameters for each
kinetic across treatment groups wag examined through
mixed modelg including the year of publication as covar-
iate, parity as a fixed between-group factor, and trial
as a random factor. Correlationg between parameters
within a Y-kinetic and between different Y-kinetics
were calculated by parity group and feed allocation sys-
tem. Finally we propose predictive models which em-
phasgized (1) the effect of empty body weight at calving
on the depletion of empty body weight in early lactation,
(2) the incidence of the kinetic of dry matter intake on
the kinetic of raw milk yield in middle and late stages
of lactation, and {3) the relationships between the kinet-
ice of raw milk yield and milk fat yield in middle and
late gtages of lactation.

Received October 3, 2001.
Accepted June 17, 2002.

{Key words: metaanalysis, milk vield, dry matter in-
take, body weight)

Abbreviation key: CO = concentrate, EBW = empty
body weight, FO =forage, MEI = metabolizable energy
intake, MFC = milk fat content, MFY = milk fat yield,
MLC = milk lactoge content, MLY = milk lactoge yield,
MPC = milk protein content, MPY = milk protein yield,
Multi = multiparous cow, Primi = primiparous cow,
RMSE = root mean square error, RMY = raw milk
yield, YOP = year of publication.

INTRODUCTION

The majority of articles published on dairy nutrition
and feeding have dealt with short periods of experimen-
tation or with designs where animals receive successive
experimental diets (e.g., Latin square designs). These
trials provide static data, which allows empirical mod-
el of the effect of a particular type of diet or allocation
system on animal production regponses to be calculated
for a given period of lactation. However, lactation ig not
a get of successive independent periods; it needs to be
congidered ag a dynamic process (Broster and Broster,
1984). This is of practical importance. Knowledge re-
garding the impact of feeding on the kinetics of lactation
is necessary for the optimization of a feeding strategy
subject to congtraints of feed inventory and fluctuating
input and output priceg. It therefore appeared im-
portant to examine the kinetic patterns that character-
ize the course of the lactation (DMI, yield, BW) and to
model their interactions. In particular, the purposes of
this study were: 1) to evaluate the variability of the
kinetic patterns, their evolution through years of exper-
imentation, and their differences according to parity;
and 2) to highlight the dependencies within a given
kinetic or between different kineticg, which determine
a particular profile.

To achieve this goal, we decided to build a database
by pooling the regults from publighed trials dealing with
the dynamic features of feeding, lactation, and BW,
This paper presents the major characteristics of this
collection of curves and the main effects revealed by a
first metaanalysis approach.
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MATERIALS AND METHODS

Compilation of the Literature

Articles and experimental designs, Experimental
factors and resultg published in 37 articles covering
input/output kinetics of lactating dairy cows were col-
lected in the database. The articles, published between
1959 and 12929, reported trialg performed in North
America (n = 17), Europe (n = 17), Asia (n = 1), Africa
(n = 1}, and Oceania {(n = 1; Table 1). The criteria used
for inclusion were the existence of data concerning the
kineticg of DMI (ke/d) and/or metabolizable energy in-
take (MEI, Mcal/d), raw milk yield (RMY, kg/d) and/
or 4% FCM yield (kg/d), and BW (kg), all of which had
to have been recorded for at least the first 8 wk of
lactation. When available, the kinetics of milk fat yield
(MFY, g/d) or content (MFC, gfkg) [MFC = MFY/RMY],
milk protein yield (MPY, g/d) or content (MPC, g/kg)
[MPC = MPY/RMY], and milk lactose yield (MLY, g/
d) or content (MLC, g/kg) [MLC = MLY/RMY] were
recorded (Table 1). The data sets used were weekly
(32 articleg) or monthly means (five articles) of daily
records. Most of the data were published as praphs:
consgequently, they were stored in the database after
digitalization. Each graph was scanned (IrfanView
3.36, Irfan Skiljan, http:/Awww.irfanview.com/), and the
picture file wag incorporated asg the background of an
indexed praphical interface. Relative positions and
scales of the picture axis were usged to calibrate (X,Y)
coordinates, and data points were translated into nu-
merical values. These calculations were performed with
Excel 2000 {Microsgoft. Corporation}. This digitalization
procedure was tested on simulated graphs. This method
wag found to be unbiased and accurate with less than
1% error.

The 37 articles included 140 treatments that were
applied to groups of 3 to 277 cows (16.0 + 27.6 animaly
treatment group, mean + SD). Mosgt of these studies
were aimed at investigating the effect of defined feeding
strategies or types of diet on dynamic animal responses
(Table 1). Cows were generally blocked into groups ac-
cording to parity, BW, breed, calving date, and milk
vield of previous lactation or early performance from
the current lactation. They were then randomly as-
signed to each treatment group, generally at calving,
and maintained in carefully controlled conditions of
feeding and management over the experimental
periods.

Animals and housing. The experimenty were
mainly conducted with Holstein-Friesian cows. How-
ever, the two trials reported by Wiktorsson (1971, 1973)
were performed with cows of the Swedish Red and
White breed. Ayrshire cows (pure- or cross-bred) com-
priged half of the livestock used in the experiment of
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Garnsworthy (1982), Moreover, Ayrshire and Guernsey
breeds were involved in the trial of Everson (1276), and
Jersey cows in the trial of Swanson (1962). Within a
treatment group, animalg were predominantly of the
game parity: 51 treatments uged primiparous cows
(Primi) and 89 multiparous cows (Multi; including 10
heterogeneous treatment groups with between 25 to
34% Primi which were treated ag Multi). Animals were
mostly houged individually in tie stalls or stanchion
barns.

Diets and feeding. Cows from each treatment group
were individually fed during one or several experimen-
tal subperiods according to a given nutritional plan.
The dietary treatments were degigned using combina-
tiong of the type of diet and its allocation gystem. The
feeding regimens used three basic types of feeds: forage
(FO), concentrate (C0), and TMR. The feed allocation
gystems were applied to either FO, CO or TMR, and
there were four major types: 1) Restricted: allowance
according to a predetermined flat rate or gradual in-
crease up to a ceiling during the experimental period;
2) Ad libitum: feed allowance to appetite (seven papers
reported a standard daily ort of 5 to 12% on a DM basis
allowed); 3) Fitted: feed allowance adjusted at given
intervals to current yield of milk {(for production re-
quirements) and/or BW (for maintenance require-
ments}—the rate of feeding per unit output (kg FCM,
ke RMY, kg BW, or kg BW" ") was constant throughout
the whole experimental period or gradually changed;
and 4} Mixed: allowance of part of the ration in a re-
gtricted manner, the remainder being fed in a fitted
manner. As a codifying rule, if a treatment group was
fed more than 50% of the diet (in kg DM) ad libitum,
fitted, or restricted, it was labeled ag such. Since the
fitted system was applied on the basis of expected nutri-
ent requirements, the rate of feeding per unit output
determined the allocation scheme. Thus, depending on
the rate, the fitted gystem could be close to the ad libi-
tum gystem (liberal allocation) or close to the restricted
gystem (limited allocation). A total of 111 different feed-
gtuffe were used in these experiments: 29 TMR, 38 FO,
and 44 CO. The FO were either hays (mainly meadow
grass or alfalfa), grass or corn silages. The CO were
mixtures of cereals (mainly barley, corn or oats), cereal
byproducts {mainly wheat bran, brewers grains or corn
gluten meal), oil mealg (mainly soybean meal, peanut
meal, rapeseed meal, coconut meal or cotton meal}, and
agro-industrial byproducts (mainly sugar beet pulp or
molasseg). The TMR were mixtures of roughages
(mainly corn silage, meadow or alfalfa hay, or grass
gilage) and energy feeds (commercial dairy compound
or mixtures of barley, corn, sugar beet pulp, brewers
graing, and oil meals). All the available data concerning
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the chemical composition of feeds were systematically
recorded in the database.

Anrnalysis and records. In the majority of cases, feed
allowance and intake were weighed daily. In most of
the trials, samples of feed were collected weekly for
pooled monthly chemical analyses, which were carried
out according to conventional AOAC methods. Cows
were generally machine-milked twice daily, except in
Pinchasov (1982) and three treatment, groups in DePe-
ters (1985) for which cows were milked three times a
day. Analysig of milk composition was generally per-
formed monthly on weekly-pooled frozen samples. MFC
was determined using the Babcock method {in the
United States), the Gerber method (in Eurcpe), or by
infrared analysig (in the 1290°s). MPC was assayved us-
ing Kjeldahl determination (N x 6.38), orange G dye
binding method (Udy, 1956), amido-black colorimetry
(Posthumus, 1960) or infrared analysis. The MLC con-
tent was determined according to Somogyi (1952), Rook
and Line {1961}, orinfrared analysiz. The energy values
of feeds were calculated or estimated by the authors
according to the method generally used in the corres-
ponding country. Animals were usually weighed twice
per month on 2 congecutive d at the same hour,

Data Analysis

Additional variables. The percentages of FO and
CO in dietg allowed the calculation of the DMI of FO
(kg/d), and CO (kg/d). DMI of the TMR was also noted
(kg/d). The BW was used as such and algo corrected for
expected changesin gagtrointestinal fill related to DML,
where a mean digestive tract content correction factor
of 4 kgfkg DMI was used, assuming an increase in the
weight of the reticulo-rumen content of 3 kg/ke DMI
{Rémond, 1288) and an additional increase in intestinal
content of 1 kg/kg DMI (Chilliard et al., 1287) [Empty
BW (EBW, ke) = BW (kg) — 4 x DMI (kg)]. This correc-
tion was made to reduce the variability in the evolution
of BW, especially in early lactation when DMI in-
creased, and to estimate the real losg and gain of
body reserves.

Treatment group general outcomes. Letting Y be
the regponge variable (DMI, FO DMI, CO DMI, TMR
DMI, MEI, RMY, FCM, MFY, MFC, MPY, MPC, MLY,
MLC, BW, or EBW), the mean values of Y between wk
1 and 8 of lactation (Y[1-8]) were calculated for each
treatment group. Thiz measure was regarded ag an
overall level indicator of the Y-kinetic, from a static
standpoint.

Two sequential mixed models were fitted with Proc
MIXED of SAS (1992) to determine the effects of parity
and vear of publication (YOP) on Y[1-8]. The first model

3367

focuges on the effect of parity on the slope of the re-
gression:

Y[1-8]1‘jk = P] + t’k + BJ'YOP + Gk [1]

where,

P, = fixed effect of parity group j (j = 1, 2+),
t;, = random effect of trial k (various number
of trial according to Y[1-8]),
B, = regression coefficient of Y[1-8] on YOP for
parity group j,
eyx= error term ~ N(0, o2,).

A significant effect of Pj indicated that the intercepts
of the slope of the linear regression of Y[1-8] on YOP
were different from zero for at least one parity group.
Therefore, a second model was fitted as follows:

Y[1-8lyr= g+ Py + te + (G + A»YOP + ey, [2]
where gymbols are as previously defined with the fol-
lowing changes:

= overall mean,

By = overall regresgion coefficient of Y[1-8] on
YOP,

@ = deviation of regression coefficient of Y[1-
8] on YOP from the overall regression coef-
ficient for parity group j.

A significant g effect indicated that the slope of Y[1-8]
on YOP was different for parity groups. Because of the
unequal number of lactation (cow-year) between treat-
ment groups and gince the standard errors of Y by week
were generally not known, least-squares were weighted
with 5, where N; was the number of lactations of

treatment group i.

Thig firgt statistical model was aimed at giving an
overview of the database without respect of dynamic
aspects of lactation.

Modeling kinetics. Among the group of curves asso-
ciated with lactation in the dairy cow, the kinetics of
RMY have been most often described and modeled with
time dependent functions (see reviews of Rowlands et
al., 1982; Masgelin et al., 1987; Papajcsik and Bodero,
1988; Rook et al., 1993). Among them, the gamma fune-
tion y(t) = a-t*-e™* proposed by Wood (1967, 1968, 1969,
1977) has been extensively used to summarize the pat-
tern of lactational performance. In this function, y(t) is
the average daily milk yield in wk t of lactation, and
a, b, and ¢ are pogitive parameters that determine the
scale and ghape of the curve, While improving the pion-
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eering work of Wood, several authors have developed
alternative forms of this model (Kuck et al, 1976; Cobby
and Le Du, 1978; Dhanoa, 1281; Schneeberger, 1981).
More recently, Goodall and Sprevak extended the fit-
ting properties of Wood’s model with stochastic (1984)
and recursive (1985) procedures. Since the 1980°s, nu-
merous authors have suggested other mathematical ap-
proaches for fitting the milk yield x time data, either
empirical (Emmans et al., 1983; Grogeman and Koops,
1988; Morant and Gnanasakthy, 1989; Rook et al,,
19923; Grossman et al., 1999), mechanistic (Neal and
Thornley, 1983; Dijkstra et al., 1997), nonparametric
(Elston et al., 1989) or autoregressive (Dhanoa and Le
Du, 1982; Deluyker et al., 1290). Much less research
hag been undertaken on gpecific mathematical models
to fit other curves characterizing the lactation profile.
Nevertheless, gseveral authors have propoged an appli-
cation of their milk model to milk constituent yields
(Schneeberger, 1979; Morant and Gnanasakthy, 1989)
or contents (Wood, 1976), or to BW changes (Wood,
1979; Emmans et al,, 1983). Stanton et al. (1992) pro-
poszed a statistical mixed model for milk, fat, and protein
lactation curves, When fitting intake kineticg, Osgter-
gaard (1972) proposed, in the context of ad libitum in-
take, to use the function y(t) = a — b-e™ — d-t, where
y{t) ig the average daily DMI in wk t, and a, b, and ¢
are positive parameters which determine the scale and
shape of the curve. In the present paper, we wanted to
uge 1) the same model to fit the kineticg of all variables
Y, and 2) a model which parameters quantified a specific
and concrete aspect of the global pattern of the curve.
This model wag aimed at summarizing all curveg with
the same analytical rule in equivalent vectors of param-
eterg, Obgerved kinetics of Y over the recorded experi-
mental period [t0; t3] {t; = 1 and t; < 45) of each treat-
ment, group were then summarized with the following
triphasgic model {(only works concerning DMI, RMY,
EBW, and MFY are considered in the present paper).

Yc =+ kE't

YH(t) = 1 ¥nr
Yo + kpo(tz — t)

Ift ] [tg; tl]
Ifte [tl; tg]
Ift € [tg; tg]

[31

where,

Y* = predicted value of DMI, RMY, MFY, and
EBW,
t = time, in weeks of lactation from calving,
[to; t1] = early stage of lactation,
[ty ts] = middle stage of lactation,
[ts; t5] = late stage of lactation,
kg = slope of ¥ as a function of time in early
stage of lactation (kg = O for Y = DMI,
RMY, and MFY; kg < 0 for Y = EBW),
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Early stage

Middle stage Late stape

=t t t t 1
ooy, 1 T Byo4s

Weeks aficr calving

Figure 1. Model proposed by Grossman et al. (1999) (smoothing
logistic transzition between intersecting straight lines):

[ e ]
Y = Vg + bl — ) — rlkELnL%Eti]J
e

]

where Yy = plateau value of Y in middle stage, kg = slope of ¥ in
early stage, t; = upper bound of early stage, 1; and ro = durations of
smoothing transition between linear phases set to 0.15 wlt, k. = slope
of Y in late stage, and t; = upper bound of middle stage. Additional
parameters: Y. = extrapolated value of Y at calving time (t = 0), Yz
=total variationin Y during early stage, Yy =duration of middle stage.

k;, = glope of Y ag a function of time in late
stage of lactation (ky <0for Y=DMI, RMY,
and MFY; kg = 0 for Y = EBW),

Y = extrapolated value of Y for t = 0, calving
time,

Yu = plateau value of Y in middle stage lacta-
tion.

Uging the above model, each gtage was summarized
by its linear trend: increasing or decreasing for early
and late stages, constant for the middle stage. In order
to build a smooth function from the linear equations
gystem [3], we used the smoothing logistic transgition
between intergecting straight lines proposed by Koops
and Grossman (1993) and employed by Grossman
(1299} in the case of Y= RMY. Thus, the model finally
used for each Y variable was (Figure 1):

e+ by
1+ e

YE(t) = Yo + ket — t1) — I‘1kELn{

(4]

eﬂrz + etzf’rz
1+ etz |

+ '['gkLLn{

In equation [4], ry and rs were the measures of dura-
tion of smoothing trangition between linear tendencies,

284



4 Meta-analyse des cinétiques de lactation cheathe laitiere (Martin and Sauvant, 2002)

Annexes

LACTATION KINETICS IN THE DAIRY COW

from early to middle, and middle to late stages respec-
tively. These two parameters governed the curvature
of the model, with large values leading to smoother
trangitions. The values of the parameters ry and r; were
fixed at 0.15 wk, which is equivalent, to the value of 1
d used by Grossman (1292} for daily datasets. This
low value only conferred smoothing properties to these
parameters. Ag geen in Figures 2a and 2b, increasing

L
10~
T T T T T T T T 1
0 3 10 15 20 25 30 35 40 as
A Weeks alter cabving
s
L T T T T T T T T 1
] 5 10 L5 20 25 30 35 40 4s
B Werks ufter calving

Figure 2a. Effect of increasing values of parameter r; on the shape
of the model proposed by Grossman et al. (1999)

’—t‘r tfr-l

VH(t) = Yy + kit — t) — koL S 17|

M Erl 1E_I‘_'Ll+e‘1"lJ
7
+rofey Lo| ———
i 1+e*‘a"2J

(Model parameters: Yy = 30.0, iy = 2.0, kg, =05, t, =8, t3= 18, 11
=1{0.15,1,2, 3, ..., 8], 15 = 0.15).

Figure 2b. Effect of increasing values of parameter r5 on the shape
of the model proposed by Grossman et al. (1999

[ by |
YH(t) = Yo + keglt — 1) — TokzLn mj
1 + et
o 4 elafy
+r —_—
el 1+ elefz |

(Model parameters: Yy = 30.0, kg = 2.0, ky =05, t; =5, t; =15, 14
=015, 12=1{0.15, 1,2, 3, ..., 9]).
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values of r; and vy spread the duration of the smooth
trangition and then distorted the curve from the pattern
of Figure 1 (all the other parameters’ values were con-
gtant). The model get to an arbitrary slightly gmooth
curve (1 d) is locked on the fitting pattern of Figure 1,
with a valid assumption of the middle stage being a
plateau at the level of Yy, beginning in wk t; and ending
in wk tg. Hence, the model was completely defined with
the vector [Yyy, t1, ts, kg, k] and the constraint ty = t,.
Estimates for these five parameters were determined
using nonlinear least squares methods using Proc
NLIN of SAS (1292), Observed dependent variables
were weekly means from the digitized dataset. No par-
ticular precaution wag taken in the fitting procedure
to deal with the natural serial correlation between ob-
servations. The coefficient of determination (R?) and
the root mean square error (RMSE) were computed
and used as goodnegg-of-fit indicators. The agymptotic
standard errors of the parameter estimates Yy, tq, ta,
kg, kr, were denoted sy, 81, 83, 835, and gp, respectively.
The total variation in Y (Yg, in the unit of Y) during
the early stage and its gtandard error gz were estimated
with the following formulas:

YE = kE cty+ COV(kE, tl), [5a]

SEE = kE2 512 g t12 SkEz + 2 kE 11 COV(kE, tl), [5b]
where covikg, t;) iz the asymptotic covariance of param-
eter estimates kg and t;. The extrapolated value of ¥
at calving (Y, in unit of ¥) and its standard error s
were estimated with the following formulas:
Yc = YM - YE, [6&]
802 = s + kg? 2% + 1% m® — 2 kg coviTyy, ty)
— 2 1y cov(Yy, kg) — 2 kg t; covity, kg), [6b]
where cov(Yy, t1) and cov(Yy, kg) are the asymptotic
covariances of parameter estimates Yy and t1, and Yy
and kg resgpectively. Groseman (1229) proposed to de-
fine the persistency of RMY ag the duration of the mid-
dle stage. We employed this terminology for all kinetics.
The persistency of Y (Yp, in wk) and its standard error
sp were estimated with the following formulas:

V="te—"t1; [7al

8p° = 87 + 89° — 2 - covity, ty), [7hb]
where cov(t;, to) is the agymptotic covariance of parame-
ter egtimates t; and ts. Estimates of parameters were
used for further analysis if the following conditions
were regpected:
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ty 1 t; # 1y (early stage detected)
tg 1 tg # tp and ty # t3 (middle stage detected)
kg : t; # ty (early stage detected)
kg, @ tz— tz > 3 (slope estimated over at least 3
wk)
Y1 : t3 > t1 {end of early stage detected)
Yz and Yg @ Yy > Yg (valid estimate of a positive value

Of YE)
Yp @ t2 # t3 (non null persistency)

Finally a database was created with, for each Y-kinetic
of each treatment group, the vector of valid estimates
of eight parameters Yn, Yy, Yy, kg, ki, t1, ts, Yp and
their standard errors gq, Sg, Su, Skm, Su1, 91, 89, and &p.

This modeling approach allows one to decompose and
to quantify the pattern of each ¥-kinetic by the uge of
two glopes (kg and ki), two times (t; and t3), one dura-
tion (Yp), two levels (Y and Y¢), and one change (Yg).

Two gequential mixed models were fitted with Proc
MIXED of SAS (1992) to determine the effects of parity
and YOP on parameter egtimates. The first model fo-
cuges on the effect of parity on the slope of regression:

(B = Py + t + By - YOP + ey, [8]
where,

{(#phy = estimate of the parameter ¢, = [Yo, Yg,
Y, kg, k1, t1, to, Yp} for the Y-kinetic of
treatment group i in trial k (various num-
ber of treatment groups and trialg ac-
cording to Y-kinetic and parameter #p) for
parity groupj (j = 1, 2+),

P; = fixed effect of parity group j,
ty, = random effect of trial k,
B, = regression coefficient of §, on YOP for par-
ity group j,
ey = error term ~ N(O, o2,).

Agin model [1], a gignificant effect of Bj indicated that
the glope of the linear regression of p on YOP was
different from zero for at least one parity group. There-
fore, a gecond model was fitted as follows:

(e]ﬂ)jjk =+ PJ + tk + (,ﬁg + JBJ) s YOP + Sk, [el

where gymbols are as previously defined with the fol-
lowing changes:

1= overall mean,
o= overall regression coefficient of &, on YOP,
& = deviation of regression coefficient of ép on
YOP from the overall regregsion coeffi-
cient for parity group j.
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Ag in model [2], a significant §j effect indicated that
the slope of #p on YOP was different for parity groups.

To account for unequal accuracy of estimates, least-
gquares means were weighted ag follow: for parameter
f, with standard error s;, w; is defined as the inverse
of the squared of sy, and W as it mean value over
available data. Thusg, wg = wi/w was used as weight (5t~
Pierre, 2001). This statistical model was aimed at quan-
tifying the variability of the pattern of Y-kinetics across
YOP and parity.

Three levels of correlations between parameter esti-
mates were examined for kinetics of DMI, EBW, RMY
and MFY:

(1) Between parameter estimates of the same Y-ki-
netic within treatment group {e.g. DMIyz and
DMIy;, for the first treatment group of Johnson
(1983)). These correlations straight out of NLIN
were implied by the mathematical properties of
maodel [4].

(2) Between parameter estimateg of the same Y-ki-
netic across treatment groups (e.g., EBW, and
EBW3). These correlations provided information
about the structural dependencies within the pat-
tern of each Y-kinetic.

(3) Between parameter egtimates between Y-kinetics
acrogs treatment groups (parameters can be equiv-
alent, e.g. DMIyy and RMYy, or different, e.g.
DMIz and RMYyr). These correlationg provided
information about the relationships between the
patterng of different Y-kinetics.

Asymptatic correlations of level (1) are model-depen-
dent and therefore not different between Y-kinetics.
The sign of parameters kg (negative for EBW, positive
for DMI, RMY, and MFY) and k;, (pogitive for EBW,
negative for DMI, RMY, and MFY) determine the sign
of all correlations except that between t; and ts. This
latter correlation is always negative and induced by the
gtructural constraint ts = t;. Non null correlations exist
within stages (within linear segments): between kg and
t1 in early stage, between t; and Yy and between Yy
and te in middle stage, and between t; and ki, in late
gtage. Correlations between parameters of different
stage were approximately null {in particular between
kg and Yy, Yy, and kg, and kg and k).

These regults justify the corrections made with covar-
iance components for unbiased estimates of parameter
YE [5a] and standard error of parameters Yi [5b], Yo
[6b], and Yy [7H].

Correlations of levels (2) and (3) were all calculated
within parity groups and within allocation gystems A,
F, and R. Only correlations with the same sign and an
absolute value greater than 0.51in each parity group and
allocation system were retained. Correlations within Y-
kinetic between parameters Yp and Yis and between
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parameters Y,z and Yz were removed since they were
implied by construction ([6a] and [7a]). Finally the con-
ditions were matched for two couples of parameters
within the EBW-kinetic and four couples of parameters
between kinetics of DMI, RMY and MFY. These gix
correlations by parity group and allocation gystem are
presented in Table 6.

The following five couples of parameters (6, fx) were
retained for further analysis: {a) (EBWg, EBW,), (b)
(RM Yy, DML, (e} (RM Yy, DMI ), (d) (MFYy, RMYy),
and (e} (MFY;, RMYy;). Four gequential mixed models
were fitted with Proc MIXED of SAS (1992) to deter-
mine the effect of parameter fyx on Gy within parity. The
first model focuses on the effect of parity on the slope
of the regression.

(Byhje = Py + ty + By - (0 + ey, [10]

where,

Byl = estimate of the parameter 6y = (Yg, Yg,
Y, kg, ki, tq, ts, Yp} for the Y-kinetic of
treatment group 1 in trial k (various num-
ber of treatment groups and trial ac-
cording to couple of parameters (v, Ox)
and Y-kinetic) for parity groupj (=1, 2+),

P; = fixed effect of parity group j,

tx = random effect, of trial k;

B; = regression coefficient of 8y on & for parity
group j;

(fx)ix = estimate of the parameter 8y = [Yo, Yg,
Y, kg, ki, tq, ts, Yp} for the Y-kinetic of
treatment group i for parity group j,

ey = error term ~ N(0O, &2,),

Ag in model [1] and [5], a significant effect of Bj indi-
cated that the glope of the linear regressgion of fy on fyx
was different from zero for at least one parity group.
Therefore, a gecond model was fitted as follows:

Ovdpe= e+ Py +te + (G + &) - By + e, [11]
where gymbols are ag previougly defined with the fol-
lowing changes:

1 = overall mean,

B = overall regression coefficient of 6+ on dy;

;= deviation of regression coefficient of ¢y on
#x from the overall regression coefficient
for parity group j.

Agin model [2] and [6], a significant fj effect indicated
that the slope of 8+ on 6x wasg different for parity groups.
If not significant, a third model wag fitted as follows:

3371

(B = o+ Py + by + By - Bdyge + ey [12]
where symbols are as previously defined.

A gignificant P effect indicated that the intercept of
the regressgion of v on #x was different for parity groups.
If not significant, a fourth model was fitted ag follows:

(B = g+t + Bo - Bk + s [13]
where symbols are as previously defined.

To account for unequal accuracies of estimates, least-
squares were weighted as follow: for parameters fx and
fv with respective standard errors sx and sy, wy is de-
fined as the inverse of the product sx - sv, and w as its
mean value over available data. Thus, wy = w/Ww was
used ag weight (St-Pierre, 2001). By this way, both error
on fx and fy were used to estimate the regression coeffi-
cients.

Thesge four models were aimed at quantifying the
relationships between:

(a) the loss of EBW in early lactation and the EBW
at calving,
(b) the plateau valueg of RMY and DMI in middle
stage of lactation,
(e) the slopes of decrease of RMY and DMI in late
stage of lactation,
(d) the plateau values of MFY and RMY in middle
stage of lactation,
(e) the slopes of decrease of MFY and RMY in late
gtage of lactation.
The choice of independent (Y) vs dependent variable
(X) was get in the genge of prediction of performances.
Dependent variableg were thug, either state at calving
(EBW;) for prediction of EBW loss, characteristics of
intake pattern (DMIy; and DMI) for prediction of
equivalent characterigtics of RMY, or characterigtics of
milk yield pattern (RMYy and RMY,) for prediction
of equivalent characteristice of MFY pattern.

In statistical models [1], [2], [8], [2], [10], [11], [12],
and [13], trials were congidered ag blocks and their
effect was incorporated ag random intercept. When sig-
nificant, random slopes (interaction of trial by depen-
dent variable) were incorporated in the reduced models
[10], [11], [12], and [13]. Thig methodology takes into
account the fact that observations within a given trial
have more in common that observations across trials
(St-Pierre, 2001).

RESULTS

Database

Diets. Table 2 describes the average chemical compo-
sition of diets fed to the 140 treatment groups. The
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Table 2. Chemical composition of diets (DM basis).

MARTIN AND SAUVANT

Item nt nr Mean CV (%) Minimum Maximum
DM, % 25 92 87.5 37.1 27.2 93.4
Ash, % 17 65 7.4 23.1 5.0 11.2
Phosphorus, % 3 33 0.5 21.7 0.3 0.7
Calcium, % 3 33 0.8 13.3 0.8 0.9
OM, % 17 65 92.6 1.8 83.8 95.0
Digestible OM, % 3 11 64.2 8.6 58.6 785
CP, % 26 102 16.0 12.0 10.1 2058
Digestible CP, % 6 17 12.1 15.0 10.4 16.2
Ether extract. % 13 71 4.0 31.0 2.0 7.3
Crude fiber, % 17 63 18.8 26.0 3.4 32.2
ADF, % 10 45 22.9 12.0 18.1 275
Acid detergent lignin, % 2 11 5.1 10.4 15 5.7
NDF, % 6 24 35.3 6.6 31.2 39.6
Gross energy, Meallig & 15 4.5 2.7 4.2 4.6
Digestible energy, Mcalkg 3 6 3.2 6.3 2.9 3.4
Metabolizable energy, Mcallkg 24 84 2.7 10.1 1.5 3.0
NE;, Mcalkg 9 28 16 17.2 0.9 2.0

"Number of articles providing item chemical content data.
Number of treatment groups including item chemical content data.

availability of data was variable amongst articles. The
major sources of variability appeared to be associated
with DM, ash, phosphorus, ether extract, and crude
fiber content{Coefficient of variation greater than 20%).
Metabolizable energy and CP contents, ranging from
1.5 to 3.0 Mcal/kg DM and from 10.1 to 20.5% reflect.
experimental degigne investigated.

A subset of 24 treatment groups were fed CO and FO
separately, which ranged respectively from 17.9% to
75.9% and from 24.1% to 82.1% (DM bagis) over wk 1
to 8 of lactation. A gubset of 42 treatment groups were
fed a TMR, including 4 treatment groups in DePeters
et al. (1989) for which animals were fed both a TMR
and FO at 13.7% or 25.2% of the total DMI. A subset
of 4 treatment groups were only fed FO ad libitum
(Mohrenweiser and Donker, 1968).

Feeding systems. A summary of feeding systems
used across the 140 treatment groups is given in Table
3. From 1970 to 1992, TMR were only fed ad libitum.

Restricted allowances of FO or CO were used hefore
19234, Fitted or ad libitum programs of feeding FO or
CO were investigated from 1965 to 1999, Figure 3 shows
the average fractions of diet fed A, F, and R according
to the decade the article was published. The major part
of DMI was mainly fed in a restricted way hefore 1970
(> 50% DMI) and was primarily fed ad libitum after
1980 {from 53% to 100% DMI amongst treatment
groups). Before 1980, the underlying regearch was
aimed at measuring the quantitative effects of intake
on lactational performance (Table 1). Since 1280, ad
libitum systems have been used predominantly, re-
flecting practical on-farm conditions: qualitative ef-
fects, mainly that of feed type, were therefore studied.
Thus, data gathered across treatment groups were
highly unbalanced with respect to feeding gystem.
Treatment group outcomes. Table 4 provides
weighted least gquares means of Y[1-8] by parity group
(models [1] and [2]). Except for MFC and MPC, the

Table 3. Feeding systems applied for the 140 treatments.

1

Diet n

FO? co? TMR Multiparous Primiparous Total YOP®
Ad libittm (0] 4 4 19638
Ad libitum Ad libitum i 1 6 1973-1997
Ad libitum Fitted 31 13 44 1967-1953
Ad libituon Restricted 4 5 9 1984
Fitted Fitted 2 2 4 1992
Restricted Mixed 8 0 3 1971-1983
Restricted Fitted 10 1 11 1965-1979
Restricted Restricted 0 12 12 19591975

Ad libitum 29 13 42 1970-1999
Total a9 51 140 1959-1999

Number of treatment groups.
2R = forage, CO = concentrate.
SYOP = year of publication.
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Table 4. Weighted least squares means and significance of effects of parity and year of publication on
average dependant variables over the first 8 weels of lactation.

Effect of YOP!

Multiparous Primiparous Within parity®
Dependent:
variable?® n® LSM* SEM? n 1ISM SEM Multiparous Primiparous P value’
DMI, kg/d 83 16.79° 0.23 44 13.51° 034 0.19° 0.08% o
FO DMI, kg/d 56 7.40° 058 33 6.13" 0.67 NS
CO DMI, kgid 54 9.10° 048 27 7.00° 0.66 NS
TMR DMI, kg/d® 29 17.34*° 0.456 13 14.67° 0.59 0.29 0.11 ek
MEL Mcalid 61 42.61* 110 32  34.66° 1.39  0.59 0.41 R
RMY, leg/d 81 30.15° 0.55 39 22.41° 0.67 0.52° 0.30° ok
FCM, kg/d 53 28.06° 0.58 25 20.89° 0.71  0.37 0.38 Hokk
MFY, g/d 45  1111* 29 20 81 34 10 9 o
MFC, ghig® 73 37.80 077 30 39.15 0.89 NS
MPY, gid 32 853 34 9 608 41 10 10 HE
MPC, glkg 54 3164 059 13 31.31 0.66 NS
MLY, g'd 3 (149 (2 3 (919 (160) ND?
MLC, ghg® 13 4893 039 5 49.30 0.43 -0.13 0.08 *
BW, kg 89  578.7° 49 50 503.0° 58 23 1.2 R
EBW, kg 83 513.6° 4.9 44 445.8° 5.9 1.4 1.0 #

M east squares means within row with different superscripts differ (P < 0.06).

“ARstimates of regression slope within row with different superscripts differ (P < 0.05).

WOP = year of publication.

“F0O DMI = forage DMI, CO DMI = concentrate DMI, MEI = metabolizable energy intake, RMY = raw
milk yield, MFY = milk fat yvield, MFC = milk fat content, MPY = milk protein yield, MPC = milk protein
content, MLY = milk lactose yield, MLC = milk lactose content, EBW = empty BW.

*Number of treatment groups by parity group.

“Weighted least squares mean of mixed model of dependent variable on YOP including fixed effect of
parity and random effect of trial (see model [1]).

EStandard error of the least squares mean.

SEstimate of repression slope of dependent variable on YOP.

"Regression slope of dependent variable on YOP different from zero for at least one parity group.

®Random effect of trial not significant (F > 0.1).

*Least squares means not significantly different at the level of 6%.

*Group mean and standard error.

“Not determined.

NP = 0.1
P £ 0.05.
#5P < 0.01.
#86P < 0,001,
fixed effect of parity was significant (P < 0.01). Multi
100 — — had higher DMI (+ 3.3 kg/d), higher FO DMI {(+ 1.3 kg/
5 | :J d), higher CO DMI (+ 2.0 ke#d), higher TMDMI (+ 2.7

kg/d), and higher MEI {(+ 8.0 Mcal/d) than Primi. Multi
had higher RMY (+ 7.7 kg/d), higher FCM (+ 7.1 kg/d}
than Primi. The higher level of RMY for Multi was
agsociated with significantly higher levelg of MFY (+
233 g/d) and MPY (+ 244 g/d). Multi were heavier than
w e——>‘<\ | s Primi (BW: + 75.7 kg, EBW: + 67.8 kg). The effect of
s il " ket the YOP was found to be significant (P < 0.01) for at
& \.\ - w0 leagt one parity group for all variables except MFC,
MPC, FO DMI, and CO DMI. Significant effects of the
T T T T YOP were different between parity groups for variables
- 1970 1970-1973 1950- 1982 1980-2000 DMI and RMY

Diecude of publication

50 —
0 — /O — 50
« 2 A7

o .\ .

HHIMT
-4
|
Number of treatmen groups

Kinetic Patterns

Figure 3. Number of treatment groups (histogram) and average . .
fraction of diet (BDMI) fed, ad Libitum (O), fitted to current perfor. ~ Lable 5 provides weighted least squares means and

mances (&) or restricted (®) according to decade of article publication.  standard errors of least squares means of parameter
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Table 5. Weighted least squares means and zignificance of effects of parity and year of publication on
parameter estimates for kinetics of DMI, Raw milk yield (RMY), Milk fat yield (MFY), and Empty BW
(EBW).

Effect of YOP!

Multiparous Primiparous Within parity®

Kinetic Parameter® n® LSM* SEM® n LSM SEM Multiparous Primiparous P-value”

DMI DMI. 75 12.45° 049 37 10.01° 056 0.16° 0.024 5
Iy 81 1.16° 015 41 0.94° 0.16 NS
t 81 58 04 41 6.7 05 0.0 0.2 #
DMIy 75 641 046 37 572 052  0.05 0.12 #
DMIy 83 18.63° 041 41 1569° 033 022 0.13 R
t 62 12.6° 14 36 264° L7 NS
Iy, 53 -0.17° 001 31 -0.08* 0.02 NS
DMIp 58 69" 12 36 198 15 NS
EBW  EBW, 70 557.1° 7.0 36 4769° 86 24 1.6 L
kg 81 -10.2 12 42 8.0 15 0.2 -0.3 *
t; 81 44° 02 42 33> 03 NS
EBWy 70  -562° 45 36 —42.0° 54 0.9 -0.7 1
EBWy 83 5014° 52 44 4316° 43 1.6 1.3 B
ty 72 12.0 1.2 33 133 14 0.2 -0.2 1
Iy, 68 2.4 02 38 2.5 02 NS
EBWp 60 8.7 09 34 8.8 1.1 NS
RMY  RMYq 64 22.10° 094 30 15.07° 1.07 033 0.17 #
Ly 76 2,62 039 36 231 041 NS
ty 75 3.9 02 36 4.4 03 NS
RMYy 64 10.20° 1.00 30 8.20° 1.18 NS
RMYy 81 3167 066 33 23.74° 077 042 0.36 R
ts 75 75° 05 36 9.0° 07 0.0 0.3 A
I, 78 -056° 0.02 37 -0.20° 0.03 NS
RMYp 66 41 04 26 8.1* 07 0.1 0.3° ®
MEY®  MFY, 2 ND? ND 2 ND ND ND
kg 13 11 3 10 10 4 NS
ty 13 4.4 1.6 10 3.4 1.7 NS
MFYy 2 ND ND 2 ND ND ND
MFYy 45 1201° 38 20 900° 42 0 15 1
ts 25 668 10 15 9.3* 12 NS
Ly, 45  -18° 1 20 -112 1 N8
MFY: 8 3.9° 0.9 8 4.2° 1.2 NS

=*east squares means within row with different superscripts differ (£ < 0.05).
Y OP = year of publication.
¥, = Y at calving, kg and k; = slope of Y in early and late lactation, t; and t; = Jower and upper bounds

of middle stage, Yy = variation in Y in early stage, Yy = plateau value of Y in middle stage, Yz = duration
of middle stage.

SNumber of treatment groups by parity.

“Weighted least squares mean of mixed model of parameter on YOP including fixed effect of parity and
random effect of trial (see model [8]).

SStandard error of the least squares mean.

“Estimate of regression slope of parameter on YOP.

"Regression slope of parameter on YOP different from zero for at least one parity group.
®Random intercept nonsignificant for all parameters (P = 0.1).

*Not determined.

NP0l

TP <0.1.

*P < 0.05.

®P < 0.0l

D < 0.001.

egtimates by parity group for variables DMI, RMY, Dry matter intake. Goodness-of-fit was not different
EBW, and MFY (modelg [8] and [2]). Values cited in between parity groups, and the overall average RMSE
the following text are weighted least squares means + was 0,48 + 0.24 ke/d, The distribution of the 124 R?
standard error within parity group. calculated is given in Figure 4 (R? = 91.3 £ 7.9%).
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Figure 4. Box plot of R? of model of Grossman et al. (1999) fitted
to treatment group kinetics of DMI, raw milk yield (RMY), milk fat
yield (MFY), and empty BW (EBW). Bottom and top edges of the box
are located at the sample 25th and 75th percentiles; center horizontal
line iz at the sample median; central filled circle is at the sample
mean; asterisks are values more extreme than three interquartile
ranges (distance between the 25th and 75th sample percentiles).

From 1959 to 1299, the annual inereage in DMI, was
significant (P < 0.001; Multi: +0.22 kg/yr, Primi: +0.13
kg/yr). This increase was cbtained with a higher level
of intake at calving mainly for Multi (Multi: DMI-: +
0.16 kgfyr, Primi: DMIz: + 0.02 kg/yr) and a higher
increase in intake in early lactation mainly for Primi
(Multi: DMIg: + 0.05 kg/yr, Primi: DMIg: + 0.12 kg/yr).
No gignificant effect of the YOP on the kg wag found.
Neverthelegs, the annual increage in t; was significant
(P « 0.05) and nonnull for Primi (+ 0.2 wkivr). Effect of
YOP was not significant for parameters ts, k;, and
DMIg.

Weighted least squares means of parameters were
different between parity group except for t; (6.3 + 0.5
wk for pooled parity groups) and DMIg (6.18 + 0.48 kg
for pooled parity groups). Primi had a lower level of
DMI at calving than Multi {DMI;: —2.44 kg) and a lower
slope of increase in early stage (Primi: kg = 0.94+0.16
kg/wk, Multi: kg = 1.16 + 0.15 kg/wk) which induced a
lower level in middle stage (Primi: DMIy = 15.69 +
0.33 kg, Multi: DMI,; = 18.63 = 0.41 kg). It should be
mentioned that the range of kg estimates was higher
for restricted schemes of feeding than for others. The
end of the plateau stage was reached significantly later
by Primi (t;=26.4+ 1.7 wk, DMTp = 19.8 + 1.5 wk) than
Multi (to= 126 + 1.4 wk, DMIp = 6.9 + 1.2 wk).

No correlation wasg retained within the kinetic of
DMI. Only kineticg of the ad libitum allocation gystem
could express animal requirements. Patterns of the fit-
ted and restricted allocation systems are mainly deter-
mined by experimental designs.

Empiy body weight. Goodness-of-fit was not differ-
ent between parity groups, and the overall average
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RMSE was 4.2 £ 1.8 ke, The distribution of the 128 R?
caleulated is given in Figure 4 (R* = 93.1 + 7.4%).

From 1959 to 1999, the annual increases in EBWy;
and EBW . were significant (P < 0.01) and not different
between parity groups (EBWyp: + 1.5 kegfyr and EBW:
+ 2.1 kg/yr for pooled parity groups). The effect of YOP
was higher for EBW; than for EBWy because of the
asgociated reduction in kg while t; was not affected.
Thus, Primi and Multi were heavier at calving and their
total logs of EBW in early stage was greater (EBWg: —
0.8 kgfyr for pooled parity groupg). Time t; was also
influenced by the YOP for both parity groups (ts: —0.2
wk/yr for pooled parity groups). No significant effect of
the YOP on parameters k;, and EBWp wag detected.

Weighted least squares means of parameters were
different between parity group except for the slopes kg
and kr,(-9.4+ 1.3 kg/wk and 2.4 + 0.2 kg/wk respectively
for pooled parity groupg) and for the time t; (12.4 + 1.3
wk for pooled parity groupg). Multi had a higher level
of EBW;: (+ 80.2 kg) and a higher level of EBWy; {+ 62.8
kg) induced by a greater EBWy in early stage (- 14.2
kg) achieved 1.1 wk later than Primi (Primi: t; = 3.3 +
0.3, Multi: t; = 4.4 + 0.2). Duration of the middle stage
{plateau at minimum EBW before regrowth) was not
different between parity groups (EBWp = 8.7 £ 1.0 wk).

The only correlations between parameters within Y-
kinetics deemed coherent within parity and allocation
gystem (Table 6) were found between EBWg and EBW,
and between EBWy; and EBW;; (respectively p=-0.73
and p = +0.82 for pooled data). These relationships
gtresged the primary influence of animal size at calving
on the early decreasge of BW,

The relationship between EBW and EBW, is pre-
sented in Figure 5. Weighting factors applied were glob-
ally homogeneous across treatment groups. Slopes of
EBWg on EBW; were different from zero within parity
(P < 0.001, model [10]). The difference in the slopes
between parity groups was not significant (P = 0.688,
madel [11]) and the difference in the intercepts between
parity group was significant (P < 0.001, model [12]).

The regression equation proposed was obtained
from [12]:

EBWg (kg) = (145.9 + A) — 0.39 EBW, (kg). [14]

where A = 0.0 for Primi and A = 19.6 for Multi. This
model wag fitted for 104 treatment groups spread across
34 trialg, and had a residual error of 2.0 kg (regidual
standard error of random intercept: 13.0 kg). Regres-
sion coefficient of model [14] gives an estimate of the
within-trial effect of animal weight at calving on
early depletion.

Raw milk yield. Goodnesgg-of-fit was not different
between parity groups and the overall average RMSE
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500
B, (kg)

Figure 5. Plot of EBW5 (total loss of empty BW in early lactation)
on EBW ., (empty BW at calving) for multiparous (#) and primiparous
(). Data are linked by trial and sized with respect to weight used
in weighted least-squares analysis.

wag 0.66 + 0.34 kg/d. The distribution of the 112 R?
caleulated is given in Figure 4 (R? = 96.1 + 4.5%). These
resgults were better than those obtained with the alter-
native form of the lactation model of Wood (Wood, 1967)
proposed by Dhanoa (Dhanoa, 1981) using the zame
dataset (RMSE = 0.79 + 0.36 kg/d, R? = 93.8 + 6.9%).

From 12592 to 1299, the annual increases in RM Yy
and RMY were gignificant (P < 0.05) and not different,
between parity groups (RM Yy +0.40 kgfyr and RM Y
+ 0.28 kg/yr for pooled parity groups). The effect of YOP
wag gignificant on ty and RMYp (tg: +0.1 wkiyr and
DMIp: + 0.2 wkiyr for pooled parity groups). No signifi-
cant effect of the YOP wasg detected on other pa-
rameters,

Weighted least squares means of parameters were
different between parity group except for kg and t4 (kg
= 2.52 + 0.40 kg/wk and t; = 4.1 + 0.2 wk for pooled

MARTIN AND SAUVANT

45—
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RMYy, (kgi)

DML (kg'd)

Figure 6. Plot of EM Yy (plateau value of raw milk vield in middle
stage of lactation) on DMI,; (plateau value of DMI in middle stage
of lactation) for multiparous (@) and primiparous (). Data are linked
by trial and sized with respect to weight used in weighted least
squares-analysis.

parity groups). Multi had a higher level of RMY, (+
7.03 kg) and a higher level of RMYy; (+ 7.93 ke). Multi
had a shorter persistency (Primi: RMYp = 8.1 + 0.7 wk,
Multi: RMY: = 4.1 + 0.4 wk) obtained with an earlier
time ty (Primi: ts = 7.5 £ 0.5 wk, Multi: t; = 2.0 £ 0.7
wk). The weekly rate of decreage in RMY in late stage
was significantly higher for Primi (kp = — 0.29 + 0.03
kgfwk) than Multi (kp, = — 0.56 + 0.02 kg/wk).

No correlation was retained within the kinetic of
RMY. Nevertheless, the plateau value and the slope of
decreasge in RMY during late stage were found to be
correlated with equivalent parameters for DML The
relationship between RM Yy, and DMIy,; is presented in
Figure 6. Since the accuracy of parameter estimates
wag not equivalent across treatment groups, the
weighting factors applied were heterogeneous. The dif-

Table 6. Correlations between parameter estimates within and between kinetics (only correlations of same zign and with absolute value
greater than 0.5 for both parity groups and allocation systems are presented).

Parity Allocation system?®
Multiparous Primiparous Ad libitum Fitted Restricted
Couple of parameters® n® T n T n T n T n T
Within EBW* EBWg EBW, 70 -0.69 36 —0.77 o3 -0.76 30 —0.60 13 —0.61
EBWy EBW. 70 0.81 36 0.79 o3 0.91 30 0.83 13 0.79
Between kinetics® DMI,;, BMY,; 47 0.85 21 0.52 25 0.60 34 0.74 9 0.83
DMy BMYy 75 0.80 20 0.84 a7 0.82 35 0.85 12 0.58
RMY,, MFY,; 43 0.54 19 0.74 20 0.51 33 0.85 9 051
RMYy, MFYy, 45 Q.77 20 0.82 23 0.78 33 0.84 9 0.61

I Allocation system of the major part of the diet.

%Yy = variation in Y in early stage, Yo =Y at calving, Yy = plateau value of Y in middle stage, k; = slope of Y in late stage.
*Number of treatment groups involved by parity group or allocation system.

‘EBW = empty BW.
SRMY = raw milk yield, MFY = milk fat yield.
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Figure 7. Plot of RMY},, (slope of weelily decrease in raw milk
vield in late stage of lactation) on DMI,; (zlope of weekly decreaze
in DMI in late stage of lactation) for multiparous (#) and primiparous
(). Data are linked by trial and sized with respect to weight used
in weighted least-squares analysis.

ference in the glopes of RM Yy on DMTy between parity
group wag significant (P < 0.001, model [11]). The differ-
ence in intercepts between parity groups was signifi-
cant (P < 0.01, model [11]). Random effects on slope,
on intercept, and random interaction between random
slope and intercept were found to be gignificant (regpec-
tively P = 0.068, P = 0.066, and P = 0.071) and were
therefore incorporated in retained model [10].
The regression equation for Multi is:

RMYy (kgfd) = (3.43) + 1.498 DMTy; (kg/d), [15]

and the equation for Primi is:
RMYy (keg/d) = (19.16) + 0.374 DMIy; (ke/d). [16]

This model was fitted for 112 treatment, groups gpread
acrosgg 31 trials and had a residual error of 0.32 kg
(regidual standard error of random intercept: 13.7 kg).
Regreszsgion coefficients of models [15] and [16] give an
estimate of the within-trial increase in plateau value
of milk vield aggociated with an increase in plateau
value of DMI (about 1.5 and 0.4 kg RMY/kg DMI for
Multi and Primi respectively).

The relationghip between RM Yy, and DMy, is pre-
gented in Figure 7. Since the accuracy of parameter
estimates was not equivalent across treatment groups,
the weighting factors applied were heterogeneous, The
difference in the slopes of RM Yy, on DMy, between
parity group was significant (P < 0.001, model (11]) but
only the slope within the Multi group was different
from zero (P < 0.001, model [101]). The difference in
the intercepts of RM Yy1, on DMIy, between parity group
was also gignificant (P < 0.05, model [11]).
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The regression equation for Multi is (model [10]):

RMYy, kgfwk) = (—0.366) [17]
+ 1.232 DML, (kgfwk),
and the equation for Primi ig (model [10]):
RMYy, (kg/wk) = (-0.273) [18]

+ 0.191 DMy, (kgfwk).

This model wag fitted for 68 treatment groups spread
across 21 trialg and had a residual error of 0.06 kg/wk
(residual standard error of random intercept: 0.06 kg/
wk). The models [17] and [18] allow direct quantifica-
tion of the incidence of the kinetic of intake on the
kinetic of milk yield inlate stage oflactation. Thigresult
emphasizes the potential effect that feeding manage-
ment has on milk yield in late lactation.

Milk fat yield. Goodnesg-of-fit was significantly bet-
ter for Primi (20 treatment groups, RMSE = 27 + 10 g/
d) than Multi (45 treatment groups, RMSE = 40 + 18
g/d). The distribution of the 65 R? calculated ig given
in Figure 4 (R? = 91.4 + 9.0%).

The effect of YOP was significant only for parameter
MFYy (P < 0.1) and only for Primi (MFYy: + 15 g/yr).
A valid detection of an early stage with increasing MEY
(t; # ty) was only detected for 23 treatment groups,
and a valid estimate of MFYg in early stage was only
calculated for 4 treatment groups. Due to the number
of parameter estimates, models [8] and [2] were not
applied to parameters MFY., and MFYz.

Weighted least squares meang of parameters were
different between parity groups for all parameters ex-
cept kg and t; (kg =11 + 3 g/fwk and t; = 4.0 + 1.6 wk
for pooled parity groups). Multi had a higher level of
MFYy (+ 301 g/d), an earlier time ty (-3.2 wk}, and a
higher slope of decrease in late stage (Primi: ky, = -11
+ 1 g/wk, Multi: kp =—18 + 1 gfwk). No correlation was
retained within the kinetic of MFY. Nevertheless, the
plateau value and the slope of decreage in MFY during
late gtage were found to be correlated with equivalent
parameters for RMY.

The relationship between MFYy and RMYy; is pre-
gented in Figure 8. Since the accuracy of parameter
egtimates wag not equivalent acrogs treatment groups,
the weighting factors applied were heterogeneous. The
difference in slopes between parity groups was signifi-
cant (P < 0.001, model [11]), and the difference in inter-
cepts between parity groups was also significant (P <
0.05, model [11]). Random effects on glope, on intercept,
and random interaction between random slope and in-
tercept were found to be significant (P = 0.058, P =
0.049, and P = 0.057, rezpectively) and were therefore
incorporated in model [10].
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Figure 8. Plot of MFYy; (plateau value of milk fat yield in middle
stage oflactation) on RM Yy, (plateau valueof raw milk yield in middle
stage of lactation) for multiparous (®) and primiparous (). Data are
linked by trial and sized with respect to weight used in weighted
least-squares analysis.

The regression equation for Multi is:

MFYy (g/d) = (803) + 11.2 RM Yy (kg/d), [19]
and the equation for Primi is:
MFYy (g/d) = (-86) + 39.8 RM Yy, (kg/d).  [20]

This model wag fitted for 65 treatment groups spread
across 18 trialg and has a residual error of 6 g/d (resid-
ual standard error of random intercept: 16 g/d). Predic-
tiong of models [19] and [20] are congistent with obser-
vationg of peak yield of milk and fat of Schutz et al.
(1990} and Stanton et al. (1292).

The relationghip between MFYy;, and RMYy, is pre-
sented in Figure 9. Since the accuracy of parameter

MEY,, (k)

Ry leewkd

Figure 9. Plot of MFY,; (slope of weekly decrease in milk fat yield
in late stage of lactation) on RMY: (slope of weekly decrease in
raw milk yield in late stage of lactation) for multiparous (#) and
primiparous (). Data are linked by trial and sized with respect to
weight ugzed in weighted least-squares analysis,

Joumal of Dairy Science Vaol. 85, No. 12, 2002

MARTIN AND SAUVANT

estimates was not equivalent across treatment groups,
the weighting factors applied were heterogeneous. The
difference in slopes between parity groups was not sig-
nificant (P = 0.283, model [10]), and the difference in
intercepts between parity groups was also not gignifi-
cant (P = 0.088, model [12]). The regression equation
proposed for both parity groups is (model [13]):

MFY,, (gfwk) = (—1.82)
+27.65 RM Yy, (kefwk).

[21]

This model was fitted for 62 treatment groups spread
acrogs 18 trials and has a residual error of 1.8 g/fwk
(residual standard error of random intercept: 3.0 g/wk).
This model gives a direct quantification of dynamic
vield of milk and fat during the late stage of lactation.

DISCUSSION

The challenge of metaanalysis ig to identify the gen-
eral features of a gystem through the study of pooled
data from different origing. This approach wag selected
to examine lactation kinetics.

Each kinetic collected in the database was recorded
in a particular experimental context which can be de-
fined by animal factors (breed, genotype, potential, par-
ity, age, health, ete.), feed factors (composition, digest-
ibility, particle gize, energy value, ete.), environmental
conditions (temperature, calving season, ete.), farm
management (housing, feeding, milking, weighing,
ete.), experimental degign (allocation system, ete.), and
analysig techniques {chemical composition of diet, milk
congtituents content, ete.). Not all these factors were
defined in the different experiments used. Moreover,
the criteria used to gelect these data, which were based
on the availability of the three pieces of information
(DMI, RMY, BW), induced a biag in the sample. The
database wag used as a collection of various kinetics
rather than an experimental metadegign. Hence, our
purpose was to quantify the variability of these kinetics
between treatment groups. This overall variability in-
cludes the between-trial variability (random effect), ag-
gociated with experimental conditions, and the within-
trial variability, asgociated with experimental factors.
Only parity as fixed effect was incorporated in gtatisti-
cal models to deal with this latter source of variability.

The majority of the trials were carried out on Hol-
stein-Friesian cows, but animals differed in size, intake,
and milk yield potential. Values of DMI, RMY, and
EBW ranged in middle stage of lactation between 10.1
to 24.7 kg, 15.5 to 44.4 kg, and 320 to 573 kg, respec-
tively. The variability was mainly explained by parity
and YOP effects. From 1969 to 1999, the DMy in-
creaged by 6.6 kg, while the RM Yy increased by 15.3
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kg and the EBWy; increased by 51 kg, The increase
with time reflects genetic selection and improved man-
agement. The corresponding annual increase in 44-wk
milk yield was of 165 kg.

The correction of BW for gastrointestinal contents
was aimed at calculating the unbiaged changes in body
reserves. Nevertheless, the correction factor of 4 was
applied without taking into account the type of diet,
egpecially the ratio of FO to CO. Several equations,
already proposed to explain and prediet the rumen vol-
ume, have been reviewed by Sauvant (1996) and pro-
vided very different estimations of rumen content for
the same diet. If rumen load and therefore gut fill is
more closely related to fiber or FO intake, as geveral
data have suggested (Paquay et al., 1971}, the EBWg
would have been overestimated in the present model
for higher yielding animals. Moreover, corrections were
not made for uterine involution in early lactation,
gravid uterus growth in late lactation, and udder
growth in early lactation. Gier and Marion {1268) re-
ported a decrease of 8.5 kg in BW due to uterine involu-
tion during the first 3 wk of lactation. This could lead
toan overestimationin the loss of body reservesg in early
lactation. In order to more precigely estimate the early
depletion in BW due to mobilization, BW must be split
into uterus weight, udder weight, total digestive tract
weight, and EBW.

The model proposed by Grossman et al. (1999) sum-
marizes the kineticg into main intersecting straight
lines and, hence, into a vector of concrete parameters.
We proposed to uge this analytical approach on all ki-
netics of performance data during lactation. Thig al-
lowed the quantification and the linking of patterns of
intake, yield, and BW. In the case of milk yield, the
overall goodnegg-of-fit was greater with thig model than
with the model of Wood-Dhanoa. Considering its good-
nesg-of-fit, its use for each kind of kinetic, and the con-
crete signification of its five parameters, the model of
Grogegman could be a gatisfying alternative tool for mod-
eling the course of lactation.

The evolution in EBW wag not found to be influenced
by DMI, RMY or MFY in early lactation. The major
effect that explained EBW logs was the level of EBW
at calving (model [14]). This result agrees with the re-
view of Broster and Broster (1984), who observed no
clear buffering effect regarded as the “cow’s ability to
counter nutritional insults by withdrawal of body re-
serves to support milk production”. This result needs
to be validated in a context of severe under-nutrition
in early lactation. Finally, the knowledge of the BCS
at calving could probably improve the prediction of body
regerve depletion. The evolution in RMY and in MFY
exhibited very different shapeg according to parity, eg-
pecially according to the level of yield in midlactation
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and the slope of decrease in late lactation. Thesge results
are congistent with results of Schutz et al. {1990) and
Stanton et al. (1992). In particular, the current data
confirmed the well-known influence of parity on lacta-
tion kinetics. Models [15], [16], [19], and [20] allowed
the prediction of plateau values of RMY and MFY ac-
cording to DMI and RMY respectively, by parity. Models
[17] and [21] focuged on dynamic aspect of the lactation
through the relationships between slopes of decrease
in intake and milk yield, and milk and fat yield. The
choice of DMI ag a predictor for RMY ig coherent with a
“pugh” viewpoint, of lactation (Mertens, 1996} for which
milk gecretion is considered as a consequence of energy
intake. From the opposite “pull” viewpoint, intake is
a responge to requirements. Only mechanistic models
could integrate regulation systems gathering together
“push” and “pull” concepts.

CONCLUSIONS

This metaanalysig hag highlighted the importance of
three main types of effect in the dynamics of lactation:
general scale relationship within the couple (intake,
yield), incidence of animal gize on mobilization of body
reserves in early lactation, and effect of lower plane
of nutrition on decreasing milk yield and associated
decrease in fat yield in late lactation. This work has
algo opened up the possibility of building an empirical
model of lactation kinetieg by uge of parameter vectors
of the model proposed by Grossman (1299), Further
trials should be included in the database to validate
the regression models obtained.
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Annexe 5 Typologie des travaux de modélisation

Cette annexe consiste en un tour d’horizon desatravde modélisation réalisés a
différents niveaux systémiques impliguant une neaté&n de la vache. Cette typologie est
structurée a travers une grille de lecture systémigproposée comme alternative aux

typologies classiques.

Un modele mathématique peut se définir par I'expoesY = M(X). Dans cette formule
M est une méthode permettant de relier deux ensentbieformation X et Y ayant
respectivement le statut d’entrée et de sortie.néthode fait référence a des calculs
numériques incorporant des regles, des formulds®parameétresX etY correspondent a
des vecteurs de variables pouvant étre qualitabweguantitatives. Un modele peut ainsi se
définir formellement a travers les caractéristiques triplet {M, X, Y} en spécifiant par

ailleurs ses objectifs en cohérence avec une pratique et son domaine d’application.

Typologies classiques

Classiquement, les typologies utilisées pour compates modeles mathématiques
retiennent trois axes pertinents opposant les reedgbchastique et déterministe, les modeles

dynamique et statique, et les modeles empiriqueéeaniste (Thornley and France, 2007).

Les modeles stochastiques incorporent un ou plissieumes de nature aléatoire, dont la
réalisation releve du hasard. La méthdde contient alors une ou plusieurs procédures de
tirage aléatoire au sein d'une loi de probabil@€é,une ou plusieurs sortieg sont des
variables aléatoires ou des variables synthétigegsmant leur distribution. Le comportement
du modele s’analyse alors a travers une répétiteosimulations par opposition aux modeles
déterministes dont le comportement peut étre réfeett donc prévisible. Certains modeles
déterministes basés sur des relations non-linépinesentent un comportement imprévisible

gualifié de chaotique ou d’erratique, d’appareriéataire.
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Les modeéles dynamiques se caractérisent par l&mrésdu temps dans les variables
d’entrées, par opposition aux modeles statiquessgni indépendant de la chronologie du
systeme objet d’étude. La méthode peut alors repdsectement sur une expression
algébrigue ou sur une expression différentielleeséitant une intégration numérique pour en
approcher la solution. Dans le premier cas, le neod®ose sur une formalisation directe de
I'évolution des variabley en fonction du temps. Dans le second, le modglese sur une

formalisation de leurs variations par unité de termg/dt .

Les modeles dits empiriques sont construits arpagticonnaissances expérimentales, par
opposition aux modeles dits mécanistes qui s’attaich représenter des liens causaux entres
composants du systeme objet d’étude. Typiqguemestmodeles empiriques se fondent sur
une représentation enbeite noire» et les modéles mécanistes sur une représentation
« boite blanche». Ces définitions fournissent des archétypesass da pratique les modéles
sont des hybrides. A ce titre, un modéle peut sddp sur une représentation meécaniste du
fonctionnement d’'un systeme, c’est a dire en camaitt les relations de causalité entre ses
éléments constitutifs, mais en traduire le fongtement par I'intermédiaire d’'un formalisme
empiriqgue. D’'une maniére générale, les modéles rauopess répondent a des impératifs
opérationnels de prédiction et les modeles méeamisont développés pour expliquer, en
impliquant des variables caractéristiques de nixediorganisation sous-jacents. Le ratio
entre le nombre de variables prédictives et le mende variables prédites est généralement
supérieur ou égal a un dans les modeles empiriguaesférieur a un dans les modeles

meécanistes. En effet, ces modeles incorporent rada des variables auxiliaires.

Une autre catégorie concerne les modeles di&déenomiques dont le fonctionnement
est guidé par une finalité réelle ou imaginée (hley and France, 2007). Ces modéles

incorporent une représentation explicite d’un pigeet assurant un fonctionnement autonome.

D’autres clefs de typologie des modeéles peuvent @tisées, opposant par exemple les
modeles continus aux modéles discrets décrivanttdesements ou opposant les modeles
reposant sur des équations différentielles ordesasux modeles reposant sur des équations

aux dérivées partielles utilisées notamment poaridéla dynamique des structures.
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Les modeles peuvent aussi étre classés selonciploise qui héberge leur développement
et qui déterminent au moins partiellement leur HBp#&é (économie, épidémiologie,

pharmacocinétique, etc.), ou encore selon leur phdiapplication (génériques spécifique).

Typologie alternative

Les typologies classiques sont efficaces d’'un paénvue pédagogique pour caractériser la
forme d’'un modele mais ne permettent pas de founmé vision d’ensemble des travaux de
modélisation concernant un domaine. Par ailleesnodéles sont souvent dans leur forme
des hybrides. En outre, ces clefs ne renseignensyral’objectif de la modélisation et sur le

niveau de représentation systémique adopté pouotle.

La typologie d’analyse retenue ici pour procédemneour d’horizon des modéles publiés
dans la littérature est fondée sur la localisaties variables en sortie du modele. Les modeles
sont ainsi classés en fonction du niveau systéndguaérelevent ses prédictions.

L’'organisation des niveaux retenus est dérivée a@’wmalogie avec le modéle
ecosystémique de Bronfenbrenner (1979). Cette appraléveloppée dans le champ de la
psychologie chez I'enfant, préconise d’étudierdiindu dans son environnement par des
systemes en interaction avec d’autres systemesndiele de représentation propose une
terminologie pour distinguer cing niveaux systéregju ontosysteme, microsysteme,
mesosysteme, exosysteme et macrosystenmtdsystemecorrespond a l'organisme lui-
méme avec ses caractéristiques propresniteosystemeest un environnement immédiat,
lieu ou contexte d'interactions directes avec lkmyseme ; lenesosystémeorrespond a un
ensemble de liens et processus qui intervienneiné emicrosystémes ; dxosystémeest le
réseau externe d’influence des microsystemesmderosystemeest la toile de fond qui
englobe et influence tous les autres niveaux sygtéa. Ces niveaux se réferent a des lieux
physiques mais aussi aux personnes et objets goilsennent, aux activités et rdle qui s’y
déroulent. En 1986, Bronfenbrenner ajoute le nivewonosysteme pour eétudier les
influences découlant du passage du temps et nfatttevidu dans une perspective axée sur
son cycle de vie. Dans son développement origiaalBronfenbrenner, I'ontosystéme est

I'enfant.
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La transposition de cette structure de représentgliobale a I'animal est proposée comme

une grille de lecture :

» Le macrosystemecorrespond au territoire dans lequel est situéevage. Il définit
'environnement dans ses dimensions technico-écap@n socio-politique, bio-

climatique et géo-physique (Figure 23).

* L’exosystemecorrespond au systéeme biotechnique dans son eleserah lieu, des
acteurs, des objets, des pratiques, etc. Les erosgsagronomique et zootechnique

correspondent ainsi aux voletségétal» et «animal» d’'une exploitation agricole.

* Lesmicrosystemes(Figure 24) représentent des dimensions de I'dnilaas son milieu:
individu du microsystemeoologique (des animaux)entité de gestiomlu microsystéeme
humain (des décisions et des pratiquesdlisateur du microsystemephysique (des
batiments et des équipementiyjne budgétairedu microsystemeéconomique (des
dépenses et des recettésgnsformateurdu microsystemerganique (des flux de matiére
et/ou d’énergie). Les microsystéemes corresponddatcun a un point de vue sur

I'ensemble des animaux dans I'exosystéme zooteuakniq

* Lesmesosytemepermettent d’identifier des aspects du fonctionmende I'animal dont
la signification au niveau de [I'exosysteme zootégpie s’articule entre les
microsystémes. Les quatre mesosytéemes pertinenisag@s sont les mesosytemes
productif, reproductif, coproductif et non-proddidirigure 25). lls correspondent a une

dimension de I'animal en tant qu’interface dansd'®ystéme zootechnique.

- Le mesosysteme productifregroupe les processusirdjestion de lactation et de

croissanceet implique les élémentdiment (eau et ingrédientslit ettissus

- Le mesosysteme coproductifegroupe les processusrcrétion, d’échanges gazeux
impliqués dans la respiration et la digestion (ghson de dioxygéne et rejet de
dioxyde de carbone et de méthane) éctanges thermique® entre I'animal et son
milieu et implique les élémentgmz excréments(matieres fécales, urine et sueur) et

chaleur.

49 |es échanges thermiques consistent en un tramBéerergie cinétique d’agitation microscopique etrepose pas sur un
échange de matiesensu stricto
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- Le mesosysteme non-productif regroupe les processus deontamination,
d’infection et detraitement thérapeutique et implique les élémenisathogeneset

agent thérapeutique

- Le mesosystéme reproductifegroupe les processudrdémination et degestation

et implique les élémensemencestveau
* L’ontosysteme animalcorrespond a I'animal dans son ensemble ;

+ Lesendosystéme¥ digestif, reproductif etmétabolique correspondent & une dimension

de I'animal en tant que machine biologique.

environnement MACROSYSTEMETerritorial environnement

bio-climatique technico-économique|

EXOSY STEMEZootechnique

ONTOSYSTEMEAnimal

environnement environnement
géo-physique ' socio-politique

Figure 23 Emboitement des niveawontosysteme animal et «exosystéme zootechnigwedans le
macrosysteme territorial

50| e terme endosystéme est ajouté ici & la termgielproposée par Bronfenbrenner et correspond §aténse biologique.
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EXOSYSTEMEZootechnique

microsystéme zoologique

(individu)
mesosysteme mesosysteme
non productif coproductif
microsystéme organique i microsystéme humain
(transformateur) (entité de gestion)

mesosystéme mesosystéme

productif reproductif

microsystéeme économique microsysteme physique
(ligne budgetaire) (utilisateur)

[ ]: ONTOSYSTEMEAnimal |

Figure 24  Articulation des microsystemes et desosyestemes a l'interface entre ontosysteme animal et
exosysteme zootechnique.

 Mesosystémeon-productif Mesosystémeoproductif |

soin .
émission

Médicament

contamination excrétion

Pathogéenes

infection

i Ontosystéme

ingestion an | mal

insémination

lactation

gestation
Veau

Mesosystéemproductif Mesosystémeeproductif |

,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,

croissance

Figure 25 Processus et éléments impliqués damadssesystemes productif, reproductif, coproductiiat-
productif.
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Les modeles développés dans le cadre de ce trdeaihése se situent au niveau du
mesosysteme productif pour le modele énergétiquealet niveau de I'endosystéme

meétabolique pour le modele métabolique.

Cette typologie par niveau systémique est utildsies la suite de cette partie pour localiser
et classer les différents travaux de modélisatiohligs dans la littérature impliquant une
représentation de la vache. Elle est évoquée iditeid’'une proposition de point de vue

alternatif et fournit un référentiel permettantsggmenter les champs d’étude de I'animal.

Classification des modeles

Une collection d’articles de la littérature a étnstituée pour ce travail en janvier 2008
(All databases sur le serveur ISI Web of Knowledge)retenant les articles dont le titre
contenait: (MODEL* ou PREDICT* ou SIMUL* ou MATH*et (LIVESTOCK ou
RUMINANT* OU CATTLE ou COW ou COWS ou LACTAT* ou HOSTEIN ou DAIRY)
et dont le nombre de citations était supérieuroai Bannée de publication supérieure a 2006.
Apres dépouillement et exclusion des articles necemant pas le domaine des sciences
animales au sens larjeu concernant la génétiqdeun nombre total d’environ 700 articles
a été exploité. Sur la base des informations comrtemans le titre et le résumé de I'article
explicitant les variables en sortie du modele, ahacde ces références a été classé dans un
niveau systémique ou positionnée au niveau d'uncgasus ou d'un élément d'un
mesosysteme. Les références citées ci-dessoustlastitre de leur positionnement dans une
classe de modeéle sans avoir fait I'objet d’'unedexapprofondie. La plupart de ces références
sont a un niveau d’investigation non pertinent pogirtravail de thése. L’enjeu est ici non
seulement de procéder a un tour d’horizon des wrad® modélisation impliquant la vache
mais aussi d’illustrer l'intérét de cette grilleadalyse pour une vision hiérarchisée des

modéles.

51Un exemple typique : Baesens and MacKay, 1997.& oherence length on equilibrium states of geizedhladiabatic
Holstein models. Journal of Mathematical Physics23®4-2114.

52 Les travaux de génétique reposent généralemermtesuapproches mathématiques formalisant une picédite la valeur
d’'un individu dans une perspective de reproduction.
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I. Macrosystéme territorial

Dans les modéles au niveau du macrosysteme tatjttgs informations concernant la
vache laitiere sont intégrées indirectement a teaua ensemble d’exploitations composées
d’ensembles d’animaux. Ces modeéles représententrémdaible part de la littérature et sont
en général des travaux singuliers. Les travauxasiisvsont cités a titre d’exemple :

* modéle de croissance de la population de bovirgrésil (Freitas et al., 2005) ;

e modéle de propagation de I'encéphalite spongiforotwine en Grande Bretagne
(Ferguson et al., 1997) ;

 modéle de propagation de la tuberculose dans tegpdaux de bovins en Nouvelle-
Zélande (Barlow et al., 1997 ; 1998) .

* modéle de calcul de la distance minimisant lesamaiss olfactives entre fermes d’élevage

et zones résidentielles (Piringer and Schaubet§&9) ;

* modéle d’émission des gaz a effet de serre pdetases laitieres européennes (Olesen et
al., 2006).

* modele d’application commerciale des techniquesatesfert d’embryon chez les bovins

laitiers en Europe (Van Arendonk and Bijma, 2003) :

* modele d'implantation de fermes laitieres de gratailee dans le Midwest (Bailey et al.,
1997) ;

* modéle spatio-temporel des données de contrélerlait Nouvelle-Zélande (Clements et
al., 2005).

* modéle des routes de distribution des produitetai{fMuller, 2006).

[I. Exosystémes

i. Exosysteme agronomique

Les modeles relevant de I'exosystéme agronomiquiergadu cadre de ce travail. Seuls les
travaux impliquant indirectement les animaux, comesemodeles de I'effet du paturage sur

la végétation (Drewry, 2001 ; Clary, 2002 ; Finlays2002), les modeles de croissance d’'une
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patdre (McCall, 2003) destinés a étre couplés ae=x modeles de ferme laitiére, ou les
modeles caractérisant le voletessources> d’'une exploitation agricole (Senft, 1989) d'un

modele a I'échelle de I'exploitation dans sa gldBadont cités ici a titre d’exemple.

ii. Exosysteme zootechnique

Dans les modéles relevant de I'exosystéme zooteahnies activités de la vache laitiére
sont agrégées au niveau d’'une exploitation. Ceseteasdsimulent le fonctionnement d’'une
ferme laitiere dans son ensemlble, en impliquant plusieurs microsystemes. Ces modgies
en général pour vocation I'évaluation ou I'optintisa du fonctionnement d’'un élevage ou
d’'un systéme de productioe.@, Kristensen, 1998 ; Sorensen, 1992 ; Rotz, 199ayer,
1996 ; Reyes, 1981 ; Shalloo et al., 2004 ; H&98L, Cros, 2003 ; Herrero et al., 1999).

Microsystemes

Dans les modéles positionnés au niveau d’'un mistesye, les activités d’'un ensemble de
vaches sont interprétées spécifiquement a traverslimension. Ces modeles produisent des
sorties qui trouvent leur signification a lI'échelths troupeau, en impliquant plusieurs
mesosystemes. Ces approches reposent sur uneergptiés de I'animal en tant qu’individu
(microsystéme zoologique), en tant que transforangtaicrosysteme organique), en tant que
ligne budgétaire (microsysteme économique), en tgnofutilisateur (microsysteme

physique/matériel), ou en tant qu’entité de gesfinitcrosystéme humain).

i. Microsysteme zoologique

Les modéles développés a ce niveau d'approchedsresit les performances des animaux
a travers des indicateurs synthétiques a I'éclukliéroupeau. Il s’agit principalement d’'une
part de modeles qui décrivent la structure et lidetadu troupeau en lien avec les
performances de reproduction et en réponse auxjpeatde renouvellement et de réforme, et
d’autre part des modeéles qui décrivent la prévaestcla propagation de maladies. Dans la
premiéere catégorie de modeles, se trouvent par geetes modeéles décrivant la reproduction
du troupeau (Oltenacu et al., 1980), sa structaneagjraphique (McCullough and Delorenzo,
1996), sa durée de vie productive (Ducrocq etl&i88 ; Honnette et al., 1980 ; Caraviello et
al., 2004), la durée des cycles de reproductiofvifigdn, 1992 ; 1993) ou encore des
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modéles/outils dédiés a la caractérisation/déteam I'état physiologique des animaux (Erb
et al., 1985 ; Heuer et al., 1999 ; Friggens andglhda, 2005 ; De Mol et al., 1999). Dans
ces modeles, les animaux sont décrits par desblesigaractérisant leur état physiologique,
leur fertilité, la durée de phases de leur cycleegeoduction, leur age, leur survie, leur type,
etc. Dans la seconde catégorie, c'est I'état Samitdes animaux qui est considéré
relativement a différents types de maladies oualgbtes sanitaires comme le déplacement de
caillette (Leblanc et al., 2005), la paratubercel@Sollins and Morgan, 1991 ; Kudahl et al.,
2007), la fievre vitulaire (Dstergaard et al., 2008 diarrhée bovine virale (Innocent et al.,
1997a ; 1997b), les mammites (Green et al., 2@xkergaard et al., 2005), la cétose (Nielsen
et al., 2005) ou d’une maniére générale les trautdproductifs (Klerx and Snolders, 1997)

ou sanitaires (Sorensen and Enevoldsen, 1992).

C’est bien souvent dans ces catégories de modééekes auteurs ont recours a des termes
stochastiques pour réaliser des simulations. Cattgorie de modéles contient également les
modeles spatiaux.e. des modeéles représentant les déplacements deawanghles patterns
de pression de paturage (Senft et al., 1983 ; Piakd Chewings, 1988).

ii. Microsysteme organique

Les modeles appartenant a cette catégorie constdésanimaux d’'un élevage de vache
laitiere comme une unité élémentaire de transfaomadans le cycle d’'une molécule. C’est
principalement la question de la volatilisationl@nmoniaque qui a motivé ces travaux de
modélisation (Monteny, 1998 , Hutchings, 1996 ;ififlz 1997). Inscrite également dans des
problématiques environnementales, d’autres autentrconsidéré I'excrétion de phosphore
par les vaches (Davison, 1997 ; Gruber, 1996 ;iails, 1990 ; Modin-Edman, 2007). Enfin,
a travers le concept de la chainpéure-vache-lait>, les transferts d’iode (Shaeffer, 1981 ;
Crout, 1996) et de césium (Matthies et al., 198litchell, 1989) radioactifs ou encore de

dioxine (Slob, 1993) ont donnés lieu a des travdairmodélisation.

iii. Microsysteme humain

Les modéles appartenant a cette catégorie somipalament développés pour évaluer des
stratégies de conduite des animaux (Congleton,)1884le contréle de maladies (Bennett,

1992 ; Collins, 1992). Ces modéles sont en gérsénadtruits dans une perspective d’outils
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d'aide a la décision et se focalisent sur les flliinformation émanant du systéme

opérationnel (I'élevage) renseignant le systemésatgmel (I'éleveur).

Bon nombre de modeles formalisent une prédictioniagau du microsysteme zoologique
a partir de variables définies au niveau du micstesye humaini.g., effet de telle ou telle
stratégie de conduite sur les performances). L&igasement des modeles entre ces deux
microsystemes s’avere parfois délicate. Formellémen modele peut étre positionné au
niveau du microsystéme humain lorsqu’il incorponee ureprésentation du processus de
décision (Coleno and Duru, 1999 ; Muller, 1984 jkbuizen et al., 1986 ; Benari et al.,
1983). C’est I'objet des travaux sur I'ontologiesdgystemes pilotés (Martin-Clouaire and
Rellier, 2003) qui reconsidérent le volelhimain» dans la simulation des systemes d’élevage
(Garcia et al., 2005). Le modéle de Madelrieux|e{2006) représentant I'organisation du

travail dans une ferme rentre également dans catiégorie.

iv. Microsysteme physique

Les modéles appartenant a cette catégorie sost@amncernent en général les batiments
d‘élevage du bétail au sens large. Ces modelescm®nt a décrire les flux d’air (Timmons,
1984 ; Wu, 2001) et principalement au sens deifaplication dans les échanges thermiques
(Gebremedhin, 2003) et la diffusion d’odeurs (Stieager, 2002 ; 2006).

v. Microsystéme économique

Les modéles appartenant a cette catégorie rel@rergéenéral soit d’'une interprétation
economique de réponses relevant d’'un ou de plssiautres microsystemes soit du
développement spécifique d’'un modele répondant abjectif de maximisation du profit a
court ou long terme. Les modeles de la premiérégoate concernent par exemple
linterprétation économique en terme de colt oléleefice de la construction des batiments
(Pereira, 2003), d'un traitement contre les manmsnii8winkels, 2005), de [Iutilisation
d’hormone pour accroitre la fertilité (Weaver, 1988% changement de la durée de période de
tarissement (Sorensen, 1993), du choix des pratidaeeproduction (Dijkhuizen, 1988), du
potentiel génétigue des animaux (Simm, 1994), dentatalité des veaux (Martin and
Wiggins, 1973), d’'une épidémie de diarrhée (Someng€95), etc. De nombreux modéles

mettent en relation les performances économiqud'exj@oitation avec les performances de
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reproduction des animaux (Plaizier, 1997 ; 1998qe@, 1988). Les modeles de la seconde
catégorie sont par exemple des outils d’optimisaties pratiques de mise a la reproduction et
de politique de réforme (Groenendaal, 2004), den@ibation des rations a moindre codt
(Oconnor, 1989), ou d’analyse de I'impact de chamg#s techniques (Berentsen and Giesen,
1995).

IV. Mesosytemes

Les modeles développés a ce niveau systémique csdisEnt en particulier sur un
processus€.g, la lactation, la gestation), sur un élément do(eg, le lait, les gaz) ou
impliquent plusieurs processus et/ou plusieurs éids) et sont de fait considérés comme des
modeles du mesosysteme dans son ensemble. Au ndesumesosystemes sont ainsi
distingués les modeles focalisés sur son fonctimem¢ dans son ensemble, les modeéles
focalisés sur un processus en particulier (sa dimemnson occurrence ou son efficience) et
les modéles focalisés sur un élément en partic(deeiquantité, sa composition ou sa valeur)
(Figure 26).

Elément Processus

-7

occurence dynamique efficience

Figure 26 lllustration schématique des différenspests considérés pour les deux composantes d'un
mesosytéme : valeur, composition ou quantité dlé@mént ; occurrence, dynamique ou efficience
d’un processus.

i. Mesosysteme non-productif

Il existe peu de travaux de modélisation relevanhiveau du mesosyteme non-productif
dans sa globalité et développés spécifiguementlaehezche laitiereA priori, de tels modeles

décrivent a I'échelle de l'individu, les mécanisndésfection et de contamination impliquant
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des éléments pathogenes et les processus de gaiter@térinaire impliquant des agents
thérapeutiques. Un exemple typique de modele pualies la littérature rentrant dans cette
catégorie concerne l'effet de la désinfection dm&melle sur le risque de mammite (Lam et
al., 1996). Certains modeles se focalisent spégfitent sur le risque individuel d’'infection
(i.e., l'occurrence du processus d’infection) et coneatnprincipalement les mammites
(Lescourret et al.,, 1995 ; De Mol and OuweltjesQ26 Barnouln and Chassagne, 2001 ;
Allore and Erb, 1999 ; Chassagne et al., 1998 et al., 2004 ; Odegard et al., 2003).
Certains modéles se focalisent sur la réponsepheétigue ie., I'efficacité du processus de
traitement) et concernent par exemple la prédictiopartir de mesures physiologiques, du
succes d'un traitement d’'un déplacement de cali@taufenbiel et al., 2007). Rares sont les
modeles focalisés sur la transmission de pathogankschelle de I'individu. Le modéle
d’excrétion demycobacterium bovishez les bovins atteints de tuberculose dévelgapé

Neill et al., (1991) en est un exemple.

ii. Mesosysteme reproductif

Aucun modéle représentant le mesosysteme reprbddatis son ensemble n’a éte
identifié. Les modeles concernant I'axe reproduatiféchelle de I'animal sont développés
principalement pour prédire le risque de fécondatipe., I'efficience du processus
d’'insémination) généralement apprécié a travercd&ses de fertilité tels que I'intervalle de
temps entre la mise bas et I'insémination fécorelamipartir de criteres prédictifs tels que la
note d'état corporel (Suriyasathaporn et al.,, 1998andi et al., 1999) ou la balance
énergétique (De Vries et al., 1999). Les modéleld@pés pour représenter la dynamique
du processus de gestation correspondent a des esodélcroissance foetale (Sager, 1985),
développés le plus souvent pour les mammifereste@rgl (Laird, 1966). D’autres modeéles
concernent la prédiction du risque de mortalité mymtnaire {.e., I'efficience du processus
de gestation) (Curtis et al., 1988 ; 1993) maisweht plus du microsystéme zoologique dans
la mesure ou ces modeles décrivent son occurreniécltaelle du troupeau et non ses

déterminants a I'échelle de I'animal.

Deux modeéles concernant les élémentgau» et «semence ont été identifiés : ils
concernent la prédiction du sexe a partir du nivdatestostérone dans le fluide allantoidien
(Bongso et al., 1976) et la modélisation de la iitébdes spermatozoides (Serrano et al.,
2006).
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iii. Mesosysteme productif

Les modeles développés a l'échelle du mesosytenoduptif dans son ensemble
concernent des prédictions relatives a au moinsx ddes processus du triplet
ingestion|croissance|lactation. Les sorties demmaeles sont ainsi la dynamique du poids vif
et/ou de la quantité d’aliments ingérés et/ou dguantité de lait produit a I'échelle de la
lactation. Il existe trois catégories de modeleseaniveau de représentation : les modeles
reposant sur le calcul de la balance énergétigWiamienal (e.g, Bruce et al., 1984 ; Williams
et al., 1989 ; Walter and Mac, 1989 ; Heuer et28lQ0 ; Schwager-Suter et al., 2001 ; Banos
et al., 2005), les modéles proposant des jeux diaps reliant ces processus (Brown et al.,
1977 ; Shem et al., 1995 ; Holter et al., 19969719Miller et al., 1973 ; Gibson, 1987) et les
modeles proposant une formalisation empirique de apétiques conjointement (Wood,
1979 ; Menchaca and Ruiz, 1987 ; Martin and Say\zab).

D’autres modeéles se focalisent exclusivement surseul des processus impliqgués au
niveau du mesosysteme productif. Ces travaux daesti le front de recherche le plus dense

de la littérature a I'intersection de la modélisatet des vaches laitieres.
Croissance

Les modeles s’attachant a décrire la dynamiqueadrdsse corporelle sont développés a
I'échelle de la vie de I'animal et généralementmles bovins en générad.g, Nesetrilova,
2005) ou de sa lactatiore.§, Quinn et al.,, 2006). Ces modeles utilisent dasctions
mathématiques du temps avec l'objectif de décareinétique des variations de poids vif ou
de sa composition (Friggens et al., 2004 ; Williaansl Jenkins, 1997) ou reposent sur une
représentation mécaniste des mécanismes sousgaaeet I'objectif de décrire les variations
de composition du croit (Tedeschi et al., 2004 ljisvns, 2005 ; Oltjen et al., 2005).

D’autres modeles sont développés pour prédire glenfatatique le poids vif ou le poids
vif vide a partir d’'informations relatives a lI'anahet sa a ration (Holter et al., 1986 ;
Williams et al., 1992) ou a partir de mesures molpiiques telles que la circonférence
corporelle (Heinrichs et al., 1992 ; 2007 ; Kharale 2007).

Certains modéles, encore statiques sont dévelqmmésprédire la composition du poids

vif (Agnew et al., 2005) ou de la carcasse (Greslearal., 1986), en incorporant parfois

311



Annexes
5 Typologie des travaux de modélisation

comme prédicteurs des mesures de diffusion de rearg{Bird et al., 1982 ; Meissner et al.,
1980) ou des mesures de composition de constitaaatemiques (Klawuhn and Staufenbiel,
1997 ; Alhassan et al., 1975). Enfin, d’autres asteont cherché a relier composition

corporelle et note d’état (Martin and Sauvant, 209an et al., 2005).
Ingestion

Il existe dans la littérature de nombreux modéeggsésentant la dynamique d’ingestion a
I'échelle de la lactation et ce sujet continue &bitiser les efforts €.g, Shah and Murphy,
2006, Williams et al., 2006 ; Halachmi et al., 2Q04ayirli et al., 2003). Plusieurs revues
comparatives ont par ailleurs été publiées sut gFaverdin, 1992 ; Roseler et al., 1997 ;
Neal et al., 1984 ;Ingvarsten, 1994 ; Lopes et28lQ5 ; Keady et al., 2004). Certains de ces
travaux sont focalisés sur la régulation de lingesa I'échelle de la lactation (Ellis et al.,
2006b ; Petruzzi and Danfaer, 2004) ou a court @éefibove, 1996 ; Fisher, 1996 ; Forbes,
1980 ; Pittroff and Soca, 2006).

Tout un pan de cette littérature est orienté vargprédiction de la quantité ingérée,
généralement de facon statique, en fonction deseals mis a disposition des animaux
(Orskov et al., 1988 ; Dulphy and Demarquilly, 19%4uhtanen et al., 2002 ; Jarrige et al.,
1986 ; Steen et al., 1998). Formellement, ces nesdgbnt développés du point de vue de
l'aliment en considérant son ingestibilité par Irmaal. Une autre famille de modeles s’attache
a représenter et/ou prédire d’autres critéres deuvales aliments liés a leur composition
(Lindgren, 1981 ; Oconnor et al., 1993 ; Lyons &tdth, 1992 ; Rotz et al., 1989 ; Hulme et
al., 1986 ; Offner and Sauvant, 2004 ; Dhanoa.e280D0 ; Baumont et al., 1999 ; Dewhurst
et al., 1986 ; Golding et al., 1976).

Lactation

Depuis les travaux de Brody et al. (1923) en pdsgsanles travaux incontournables de
Wood (1967) jusqu’'a nos jourg., Prasad, 2007 ; Dematawewa et al., 2007 ; Grzegiak
al., 2006), la modélisation de la courbe de laatad fait I'objet d’'une multitude de travaux et
de nombreuses revues existent a ce s\gag,(Masselin et al., 1987). Ces modeles proposent
des formalismes incorporant principalement I'effattemps écoulé depuis le vélage avec des
modulations liées aux caractéristiques de la ragtainla race de I'animal. D’autres travaux de
modélisation, cette fois statiques, fournissentalégs de prédiction de la production de lait
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et/ ou de ses principaux constituants sur I'ensendd la lactation (Sharma et al., 2006 ;
2007 ; Grzesiak et al., 2003 ; Baranan et al., 2988mink, 1987 ; Schaeffer et al., 1977), ou
encore de la durée de la lactation (Piper and Pag@6) ou de la traite (Thomas et al., 1993).
D’autres modéles sont focalisés sur la prédictietaccomposition du lait (Hermansen, 1995 ;
Casper and Schingoethe, 1989) ou de sa valeur éitprg (Crovetto and Vanderhonong,
1984 ; Tyrrell and Reid, 1965). Certains auteurdomalisent enfin sur I'effet de troubles

sanitaires sur la production laitiere, tels quentesnmites (Lescourret and Coulon, 1994) ou
la cétose (Grohn et al., 1999).

iv. Mesosysteme coproductif

Aucun modéle représentant le mesosystéme coprbdd@tis son ensemble n'a été
identifié. Les modeéles publiés dans la littératseefocalisent principalement sur I'excrétion
d’azote urinaire et fécal (Kohn et al., 2005 ; Gaubnd Poetsch, 2006 ; Nennich et al., 2006 ;
Yan et al., 2006) et sur I'’émission de méthane tgfchnd Young, 1992 ; Wilkerson et al.,
1995 ; Benchaar et al., 1998 ; Yan et al., 2000llsMt al., 2003 ; Pelchen et al., 1998). Le
modele développé par Benchaar et al. (2001) a dicydaer pour objectif I'évaluation de
stratégies alimentaires pour réduire les émisglenméthane. Les travaux de Turnpenny et al.
(2000a ; 2000b) concernent les échanges thermigiéanimal avec son environnement, ce
modéle étant développés pour le bétail en génétalreodéle de Stevens (1981) concerne les
pertes hydriques liées a la respiration. Le modeléhanoa et al., (1985) a quant a lui été
développé spécifiquement pour décrire I'excrétiemthrqueurs dans une optique de mise au

point méthodologique.

V. Ontosysteme animal

Dans les modéles au niveau de I'ontosysteme anlesagictivités d’une vache résultent du
fonctionnement de plusieurs endosystemes. Ces pwdeht a I'échelle de I'animal dans son
ensemble considéré comme unboite blancke ». Ces modeles integrent simultanément les
fonctions biologiques de croissance, d’entretietheeteproduction, en général a I'échelle de la
vie de I'animal (Vetharaniam, 2005). Leur principadjet est la performance de I'animal,
exprimée en termes de besoins (Reynoso-Campos,).2Q@ question scientifique
fondamentale que ces travaux cherchent a résosticele de I'évolution de la partition des
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nutriments entre les fonctions biologiques de Haai (Baldwin, 1987 ; Friggens and

Newbold, 2007 ; Kebreab, 2004 ; Bywater and Def# 61, Bywater, 1976). Ces modeles
sont souvent le socle des systemes de recommamslatiionentaires construits a travers le
monde (Fox, 2004 ; Danfaer, 2005a; 2005b). Cestdimavaux cherchent par ailleurs
explicitement a exprimer les performances comneédeltat d’'une équation dont les termes
sont le génotype de I'animal, son environnemertirgeraction génotype x environnement

(Bryant, 2005).

VI. Endosysteme

Les modeles au niveau d’'un endosystéme sont fésadisr tout ou partie des phénoménes
biologiques réalisant difféerentes fonctions et iigaint différents organes. Ces modeles sont
a I'échelle des systémes biologiques. Les travauxnddélisation publiés dans la littérature
produisant des sorties a cette échelle concermsnemdosystemes digestif, reproductif et
métabolique.

i. Endosysteme digestif

Ces modeles concernent la digestion dans son efesaiepuis I'ingestion d’aliments
jusqu’a l'absorption de nutriments (Bywater, 198dlyrphy et al., 1986 ; Baldwin, 1987 ;
llius and Gordon, 1991 ; Mills et al., 2001 ; Dsjka et al., 2006). D’autres travaux ne
considérent qu'un segment du tractus digestif, @niqulier en se focalisant sur le rumen
(Petruzzi et al., 2002) ou un aspect particulier ldedigestion ruminale comme les
fermentations (Sveinbjornsson et al.,, 2005; Cranagt al., 2006), la methanogénése
(Vlaeminck and Fievez, 2005) ou la cinétique deraéagtion des aliments (France et al.,
2000 ; Paengkoum, 2005). La dynamique du transiatlmments dans le tractus digestif est un
aspect ayant donné lieu a de nombreux travaux dakelsation (Arnold and Trenkle, 1986 ;
Pond et al., 1988 ; Quiroz et al., 1988, Beauchamuh Buchanansmith, 1989 ; Collao-Saenz
et al., 2005a ; 2005b; Seo et al., 2006a ; 200BR06C ; Seo et al., 2007). Enfin, certains
auteurs se sont attachés a représenter la dige$tionconstituant particulier de la ration
alimentaire, comme I'amidon (Mills et al., 1999899b), les fibres (Mertens and Ely, 1979)
ou les protéines (Journet and Vérité, 1979 ; MadsehHvelplund, 1984 ; Rohr et al., 1986 ;
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Hvelplund and Madsen, 1989 ; Dijkstra et al., 19%&ulquin et al., 1998 ; Bateman et al.,
2001a; 2001b ; Bateman et al., 2005).

ii. Endosysteme métabolique

Certains modéles développés a ce niveau considierenétabolisme dans son ensemble
(Baldwin et al., 1987 ; McNamara, 2004 ; 2005 ; igan et al., 2006 ; Markantonatos et al.,
2006). D’autres modéles se focalisent sur les @agarefs impligués dans le métabolisme,
principalement le foie (Freetly et al., 1993), sst adipeux (Baldwin et al., 1976 ;
McNamara, 1994 ; McNamara and Baldwin, 2000) ettiesus splanchniques (Hanigan,
2005). D’autres auteurs ont considéré le métabeliston pas a travers des flux de
métabolites mais en terme d’énergie (Williams aadkihs, 2003a ; 2003b ; 2003c). Enfin,
une derniére catégorie de modéle concernent lebolétme d’'une molécule en particulier,
comme le glucose (Horsfiel et al., 1974) ou leggnes et les acides aminés (Hanigan et al.,
1997 ; Baldwin et al., 2003 ; Hanigan et al., 20@t) d'un élément chimique en particulier,
comme l'azote (Roffler and Satter, 1975a ; 1973bnker et al., 1998 ; Kebreab et al., 2002),
le phosphore (Kebreab et al.,, 2006) ou le cuivreckiky, 1991). En marge, d'une
modélisation dans le champ de la nutrition, il &xigles travaux de modélisation
pharmacocinétique décrivant le devenir de certaimases chez la vache (Derks et al., 1994 ;
Sweetman et al., 1999; Mclachlan, 1994).

iii. Endosysteme reproductif

Il convient de distinguer les travaux de modélmatconcernant le volet gestation de la
reproduction et impliquant une représentation dggdareil reproducteur, des travaux de
modélisation concernant le volet lactation et impdint une représentation de la glande
mammaire. Les modeéles reposant sur une descrigioft ou moins fine de la glande
mammaire sont quantitativement plus nombreux esidenent des flux de métabolites qui la
parcourent (Waghorn and Baldwin, 1984 ; Hanigan Baldlwin, 1994 ; Cant and McBride,
1995 ; France et al.,, 1997 ; Maas et al., 1997 nigdm et al., 2001) ou décrivent la
dynamique de ses modifications structurelles auscole la croissance et de la lactation
(Dijkstra et al., 1997 ; Hanigan et al., 2007 ;h&tniam et al., 2003a ; 2003b).
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Les travaux de modélisation a I'échelle de I'appasproducteur sont relativement rares
en vache laitiere (Blanc et al., 2001) alors que @aeancées significatives ont été réalisées
dans ce domaine en brebis laitiere (Martin et1#887 ; Scaramuzzi et al., 1993). Chez les
bovins, ils concernent principalement les profymamiques des signaux endocrines régulant
'axe reproducteur (Peters and Lamming, 1986 ; Kaye et al., 1981), principalement la
dynamique du cycle ovarien. Formellement, ces nesdebncernent en réalité l'intersection

de I'endosystéme endocrine avec I'endosystéme depteur.

Synthése

L’ensemble des références citées précédemment ilasirer la diversité des modeles
publiés dans la littérature ne constitue pas wte kxhaustive. De part la sélection des mots
clefs utilisés et la restriction selon le nombrecitations, de nombreux travaux significatifs
ne sont pas mentionnés. Ainsi, le travail de medébn de la fonction ovarienne réalisé par
Clément et al. (2002) ne concerne pas spécifiquetiesmpéce bovine en particulier mais se
positionne au niveau génériqgue des mammiferes. utie @xemple concerne le modele de
digestion ruminale publié par Lescoat et Sauva@9%) dont ni le titre ni les mots clefs ne
font référence a une espéece en particulier et gupasitionne au niveau générique des
ruminants. L’objectif de cette revue bibliographegest de produire une vision d’ensemble

hiérarchisée des travaux de modélisation impliquaetreprésentation de la vache laitiere.

Ce tour d’horizon montre que des modéles ont éwdyits a tous les niveaux
d’organisation depuis l'organe jusqu’au territoirEn revanche, ces approches restent
cloisonnées, focalisées sur les variables d’unauiv&ystémique et souvent inféodées a une
discipline. Ce cloisonnement procede d'un effet zb®m détaillant certains aspects au
détriment d’autres, abordés de facon simplifiemisAi par exemple, la construction d’un
modeéle des fermentations ruminales peut étre dgpél a partir d’'une représentation
minimale de lingestion. Il existe une légitimitgpérationnelle dans cette procédure et elle
permet d’allonger la liste des processus ayaninééen équations. En revanche, I'implication
dans un processus agrégatif vers un modéle glogstl mas inscrite au cahier des charges des
projets de modélisation. Certains modeles sonttnghgpar compilation d’autres modeles
déja développés par ailleurs (Freer et al., 19G@)type d’approche peut par ailleurs poser

des problemes d’homogénéité technique et concéptuel
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Il n'existe pas encore aujourd’hui une réelle déhar d’agrégation des modeles
permettant par exemple d’impliquer une représemadine du métabolisme de I'azote dans
un modele consacré a la volatilisation de 'ammguoéa I'échelle d’'un élevage. Le niveau
animal constitue la brique centrale de ce cadrgrd@ation, en tant que niveau d’expression
global des processus biologiques et niveau d’espes élémentaire des processus
biotechniques. A ce titre, le développement d'urdéte a I'échelle de I'animal est un enjeu
clef. A I'échelle de I'animal entier, persiste aujd’hui une opposition entre des modeles
«encyclopédiques tendant vers une représentation exhaustive meessus biologiques et
des modéles apérationnels> permettant de simuler et de prédire. De facbérsatique, les
modeéles mécanistes font progresser I'explicatifdétriment du prédictif. L'enjeu d’une
modélisation a I'échelle de I'animal est de récbecices deux fronts pour que I'agrégation
des connaissances a I'échellmfa » nourrisse de facon pertinente les besoins delaiion

a I'échelle «suprax.

Dans son ensemble, le travail de modélisation ptésdans la suite de ce manuscrit se
positionne au niveau de l'animal. Il constitue urotptype de modéle impliquant une
représentation du métabolisme a I'échelle inteapneg et produisant une entité élémentaire
de simulation, unité de production et variant giép&t, a méme d’étre utilisée comme brique
dans la construction d’'un modele a I'échelle deVége.
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Annexe 6 Comportement global du modele

Les Figures présentées dans cette annexe corregsppadx compilations de données de
la littérature présentées dans la Partie 1.3 etesifci en regard des simulations produites par

le modéle développé dans ce travail de these.

Cette annexe illustre le comportement global du éfeet situe la plage de variation de

son comportement.
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Figure 27
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Figure 28
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Figure 29
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Figure 30
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Figure 31 Relation entre poids du veau a la nagssahpoids de la vachmstpartumpour différentes races
de vaches laitieres (Ayrshire, Shorthorn, Frisortheernsey, Holstein-Frisonne, Holstein, Jersey,
Pie Rouge suédoise, Bovin laitier). A. Donnéesadiittératuré’ et modéles linéaires synthétiques
pour des veaux male (trait plein) et femelle (tradintillé) de race Holstein et Jersey. B.
Superposition des simulations du modeéle pour 4 &sré maturité et 5 lactations successives.

57 Eckles, 1916 ; Henry and Morrison, 1917 ; Ecklexl 9 ; Fitchet al, 1924 ; Joubert and Van Marle, 1959 ; Ridieal,
1963 ; Wickersham and Schultz, 1963 ; Swanson dntbhl 1964 ; Broster and Tuck, 1967 ; Gleeson, 197&dgeet al,
1975 ; Yadavat al, 1976 ; Gardneet al, 1977 ; Heitzmaret al, 1979 ; Huth and Schmidt, 1979 ; @stergaard, 1%® et
al.,, 1981 ; Lairdet al, 1981 ; Collieret al, 1982 ; Holteret al, 1986 ; Berglund and Philipsson, 1987 ; Stelwageh a
Grieve, 1992 ; Kume and Bicoku, 1993 ; Lacasssal, 1993 ; Troccon, 1993 ; Moore, 1994 ; Troceatral, 1994 ; Kertzet
al.,, 1997 ; Hansent al, 1999 ; Negash, 1999 ; Keadyal, 2001 ; Johanson and Berger, 2003.

335



Annexes
6 Comportement global du modele

A ® Ayrshire
J Shorthorn
x Frisonne °
290+ © Guernsey
o Holstein-Frisonne
—— o Holstein
— ¢ Jersey °
S A Pie-rouge suédoise ° . )
= 285- Bovin laitier .
o
T
I
()
(o2}
S 280
()
@
>
[a)
275+
°
270 T T T T T T T T T 1
15 20 25 30 35 40 45 50 55
Poids du veau a la naissance (kg)
B
290+
=S
= 285
kel
g
[%9)
8’ Q
8 280+ 1) 3
® ;
~9 4-5
>
[a] 2
2751 o J
1
270 T T T T T T T 1
15 20 25 30 35 40 45 50 55

Poids du veau a la naissance (kg)

Figure 32 Relation entre durée de gestation etspadidveau a la naissance pour différentes radesdes. A.
Données de la littératuteet modéles synthétiques (veatixet &, races Holstein et Jersey). B.
Superposition des simulations du modeéle pour 4 &sré maturité et 5 lactations successives.
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Evolution de la production laitiére awrsode la lactation de vaches laitiéres. A : Dosrde la
littérature® pour des animaux primiparesn(bley et multiparesén rougé. B : Superposition des
simulations du modeéle pour 3 niveaux génétiquespamuction laitiere t(aits d'épaisseur
croissantg et 2 rangs de lactatiofh €n bleu et 3 en rouyje
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Superposition des simulations du modele pour 3anixegénétiques de production laitieteaits
d’épaisseur croissanyest 2 rangs de lactatiofh €n bleu et 3 en rouge
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Figure 35 Evolution de la production de matiérestgiques du lait au cours de la lactation de vaches
laitieres. A : Données de la littératbr@our des animaux primiparesn( bley et multipares én
rouge. B : Superposition des simulations du modéle pduriveaux génétiques de production
laitiere raits d’épaisseur croissantet 2 rangs de lactatiod €n bleu et 3 en roujje
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Figure 36 Evolution de la quantité de matiére sd@obérée au cours de la lactation de vaches lagiék :
Données de la littératfepour des animaux primiparesn( ble) et multipares n rougé. B :
Superposition des simulations du modele pour 3anixegénétiques de production laitieteaits
d’épaisseur croissanyest 2 rangs de lactatiofh €n bleu et 3 en rouge
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Systemic modelling of ruminant female performance.
Application to dairy cows

The work described in this document is centredhenltuilding of a dairy cow model. The whole model i
composed of three dynamic, mechanistic and detéstitinrmodels corresponding to three different Isvef
representation of the cow. Each model has a spetifictionality. These models, respectively denoted

teleonomig energeticandmetabolic are linked through a hierarchical structure argimterdependent.

The teleonomic modetf. I1.1) consists in a representation of the anineginsas a living organism ensuring
its own survival and the continuation of its spsci€his model is aimed at driving the energetic elod@he
model describes thgynamic of the priorities of a female mammal between functions of growttdybeserve
monitoring and reproduction along its lifetime ptuated by successive reproductive cycles. This ode
produces a reference trajectory used to control ghergetic model trough two paths corresponding to
homeorhesis and homeostasis. The energetic mofdél.Z) consists in a representation of the aninmedrgetic
metabolism and is aimed at predicting performaite model describes thliynamic partitioning of energy
between flows for growth, maintenance, gestatiantation and body reserves mobilization and storage
model simulates milk yield and composition, foegadwth and calf birth weight, intake and change®dadly
mass and composition of a dairy cow throughoutifife and during reproductive cycles. The metabwiadel
(cf. 11.3) consists in a representation of the animatabolism at the inter-organ level and is aimeidtatpreting
performance predicted by the energetic model aaboétes flows. The model describes thaamic of flows
of glucose, amino acids, acetate + butyrate, thigygerides and non-esterified fatty acids assedatvith
material flows of the energetic model during lactat(milk yield, intake, body weight changes). Tmedel

simulates liver triacylglycerides and plasma meliédcontents during lactation.

The connexion between the teleonomic and energwiitels is effective, but that between the energetit
metabolic models has not been formally done buly qnit into perspective since these two models are
technically compatible. The hierarchical layoutloé three models forms a consistent set proposadstege of

work in a whole modelling project.

The introductive part of this document presentscihreext and the objectives .The first part of thisument
presents the modelling project through its stakésl(l), the view points adopted for the repreadah of the
“dairy cow system” (cf. 1.2) and the mobilized elents of knowledge (cf. 1.3). The second part of thicument
concerns the presentation of the proposed wholeematirough the description of the three sub models
teleonomic model of priorities, energetic modelasimal performance and metabolic model of metab®lit
pathways. The conclusive part of this documentaiostperspectives of improvement, extension anctisee

model as well as outlooks of work.

Keywords: dairy cow ; lactation ; regulations ; teleonomiodsl ; energy partitioning ; metabolism.



Modélisation systémique des performances des fenedlde
ruminants. Application au cas de la vache laitiere

Le travail de thése décrit dans ce document sidetiautour de la construction d’'un modeéle de laheac
laitiere. Ce modele consiste en trois modeles dymags, mécanistes et déterministes correspondatgsa
niveaux de représentation différents de la vach@résentant une fonctionnalité spécifiqgue. Ces hesdé
respectivementéléonomique énergétique et métabolique s’agencent entre eux de fagon hiérarchique et sont

interdépendants.

Le modéele téléonomiquef( Partie 11.1) se situe au niveau de I'animal ert tariorganisme vivant assurant
sa survie et la pérennité de son espece et possédenction de pilotage du modéle énergétiqus’aliit d’'un
modele de lalynamique des prioritésd’'une femelle entre les fonctions de croissaneegektion des réserves
corporelles et de reproduction au cours de saytimmée par la succession de cycles de reprodudiemodeéle
produit une trajectoire de référence et contrdlenledele énergétique a travers deux voies traduisant
’homéorheése et 'homéostase. Le modéle énergétigtiePartie 1.2) se situe au niveau du métabolisme
énergétique de I'animal et posséde une fonctiopréédiction des performances. Il s'agit d’'un modéée la
dynamique departition de I'énergie ingérée entre les flux de croissance, d’entretiengestation, de lactation
et de mobilisation et stockage des réserves cdtpereCe modeéle simule la production et la compasit
laitiére, la croissance foetale et le poids du v&da naissance, l'ingestion, et les variations dessa et de
composition corporelle de la vache au cours deisaev durant les cycles gestation/lactation. Le @ed
métabolique ¢f. Partie 11.3) se situe au niveau du métabolismeriotganes et posseéde une fonction
d’interprétation métabolique des flux de matiérentadéle énergétique. Il s'agit d’'un modéle delyaamique
des flux de glucose, d’'acides aminés, d’acétate/butyraeprdpionate, de triglycérides et d’acides gras-non
estérifiés conditionnés par les flux de matierarthdéle énergétique au cours de la lactation (ptaztude lait,
ingestion, variations de réserves). Ce modele sines teneurs en triglycérides du foie et des noditab

circulants dans le plasma au cours de la lactation.

Si 'implémentation de la connexion entre les medéEléonomique et énergétique est effective, esilee
les modéles énergétique et métabolique n'est paseftement réalisée. Elle est ici uniquement mise e
perspective dans la mesure ou ces modéles somideelment compatibles. L'agencement hiérarchiqusetiaes

modeles forme un ensemble conceptuel cohérentrgéésemme une étape de travail dans un projet bloba

L'introduction de ce document positionne le corgest les objectifs de ce travail. La premiére padie ce
document présente le projet de modélisation quidare travail a travers ses enjeak Partie 1.1), les points de
vue adoptés pour la représentation diystéme vache laitiese (cf. Partie 1.2) et les éléments de connaissances
mobilisés ¢f. Partie 1.3). La deuxieme partie de ce documenteore la description du modele proposé a
travers celle des trois sous-modeles qui le composaodele téléonomique des priorités, modele giigue
prédictif des performances zootechniques et modeédtabolique explicatif des flux de métabolites. La
conclusion de ce document contient des proposititamsélioration, d’extension et d’utilisation du dede ainsi

gue des perspectives de travail.

Mots clefs :vache laitiére ; lactation ; régulations ; modéléonomique ; partition de I'énergie ; métabolisme



