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Résumeé de la these

Contexte de thése
L’élevage porcin a contribué largement a [I'approvisionnement d’alimentaire

mondial depuis la second guerre mondiale, il est prévu de soutenir encore plus de
personnes a I'avenir. FAO a prédit qu’en 2050, la population mondiale va atteindre 9,1
milliards d’habitants. Pour nourrir cette explosion de la démographie dans un avenir
proche, le monde a besoin de 70 pourcent de plus de nourriture que ce qui est
disponible aujourd’hui. Dans ce contexte, la production de la viande doit doubler.
D’autre part, I'utilisation de céréales destinées a la consommation humaine doit réduire
dans les aliments pour les animaux afin d’éviter une compétition pour nourriture entre
les animaux et I’hnumain. Enfin, la vitesse d’'urbanisation associée a cette augmentation
de la population humaine réduis inévitablement la superficie des terres disponibles
pour la production animale. Ces chiffres indiquent que les futurs secteurs de I'élevage
doivent produire plus avec moins de ressources (c.-a-d. plus efficient).

L’approche prédominante pour produire plus de produits d’origine animale est
'élevage intensif. L'objectif principal de [I'élevage intensif est de maximiser la
production avec un colt minimum. Pour cela, le potentiel de la production et de
I'efficience des animaux ont été optimisé grace a la sélection génétique. Cette
approche entraine en effet une augmentation de la production animale. Cependant,
'amélioration de la production et de I'efficacité a entrainé les effets défavorables aux
animaux comme des troubles du comportement, physiologiques et immunologiques.
Par conséquent, les performances des animaux dépendent principalement de
I'environnement dans lequel ils vivent.

Des méthodes de contrdle de 'environnement sont largement appliquées dans la
production animale (intensive) pour empécher les animaux d’étre exposés aux
perturbations qui pourraient détériorer leurs performances telles que I'exposition a des
agents pathogénes ou a des conditions météorologiques extrémes. Malgré plusieurs
méthodes de contrble de I'environnement qui ont été mis en place, les animaux
d’élevage doivent de plus en plus faire face a de nombreuses perturbations exogénes
telles que les périodes de stress thermique résultant du réchauffement climatique et la
mutation des bactéries et des virus se passe trés rapidement. Les animaux deviennent

donc de plus en plus vulnérables dans le systéme d’élevage intensif.
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Actuellement, il y a une approche d’élevage plus durable qui focalise sur améliorer
la capacité intrinséque de I'animal a s’adapter aux perturbations de I'environnement
plutdét que d’essayer d’éradiquer ses sources. La capacité intrinséque d’'un animal a
maintenir sa fonctionnalité dans un large éventail de conditions environnementales et
s’adapter aux perturbations est communément appelée la robustesse. Un prérequis
important pour améliorer la robustesse de I'animal est la quantification de ce trait.
Cependant, la robustesse est une notion complexe qui est difficile a quantifier car elle
comprend des éléments dynamiques tels que lintensité de la réponse aux
perturbations environnementales et la capacité de rebondissement. Parce que la
réponse de l'animal aux perturbations (c.-a-d. la résistance et la résilience,
respectivement) sont dynamiques, la mesure prise a des points de temps uniques ne
suffisent pas a les caractériser. Actuellement, les nouvelles technologies de monitoring
permettent de suivre plus fréquemment la réponse de chaque individu aux
perturbations. Parmi de nombreux indicateurs de robustesse, I'ingestion volontaire
d’aliment apparait comme un candidat potentiel pour étudier la robustesse d’animal
parce qu’elle est une réponse précoce d’animal aux perturbations (par ex. plus rapide
que le poids vif de I'animal), elle est fortement liée au statut métabolique d’animal et
elle est non-invasive. Une approche multidisciplinaire basée sur la modélisation
mathématique de la réponse d’animal est plus appropriée pour tenir compte de la
complexité de la réponse de I'animal et caractériser cette réponse. Donc, I'objectif de
cette thése est de développer une procédure de détection automatique des
perturbations et développer un modeéle de la réponse de I'animal qui est indépendant
de l'origine de la perturbation, et qui reflete sa capacité d’adaptation face aux
perturbations. Dans cette thése, nous nous focalisons sur les perturbations ponctuelles

ou a court terme qui ont des effets sur des porcs en croissance.

Développement du modele
Notre premier objectif est de détecter de fagon automatique les perturbations, car

I'origine de ces derniers ne sont pas toujours connu. Pour cela, il faut d’abord clarifier
la notion de perturbation. Nous avons émis une hypothése qu'il existe une trajectoire
ciblée de l'ingestion volontaire d’aliment qui est la quantité d’aliment qu’un animal
désire de consommer dans un état non perturbé. Toutes déviations par rapport a la

trajectoire ciblée de lingestion d’aliment peuvent étre considérée comme des
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perturbations potentielles. Nous avons choisi de travailler avec la trajectoire ciblée de
la consommation cumulée d’aliment (CCA) qui, contrairement a la consommation
journaliere d’aliment (CJA), ne contient pas de variations rapides. De plus, la CCA
nous informe sur I'historique de la consommation d’animal. Contrairement a la CJA, la
CCA (en tant que trajectoire) permet de prendre en compte l'effet de la perturbation et
I'effet de la consommation compensatrice. La dérivée de la trajectoire ciblée de la CCA
(CCAcibice) représente la consommation journaliere ciblée (CJAcibice). Le modeéle du
CCAcibiee doit respecter les conditions suivantes (i) il ne doit pas capter les variations
liées aux perturbations, (ii) la CJAcibike est une fonction linéaire croissante ou
constante, ce qui implique que la CCAcibiee €st décrit par une fonction quadratique-
linéaire. Les paramétres du modéle de la CCAcibice sONt 'age a la quelle CCA =0, la
CCA a lafin de la période concernée, la CCA au milieu de la période concernée, et le
jour auquel la CCAcibice change I'allure et passe d’'un modéle quadratique a un modéle
linéaire. La procédure pour déterminer les parameétres du modéle de la CCAcibige
consiste a réaliser plusieurs régressions linéaires successives en éliminant
temporairement les données qui pourraient étre issues d’'une perturbation [basée sur
la valeur des résidus (la différence entre valeur observée et prédite) et un test
d’autocorrélation des résidus].

Dans cette étude, nous considérons seulement les perturbations avec un effet
négatif sur la consommation. Pour cela, une fonction B-Spline a été ajustée a la
différence entre la CCA observée et la CCAcibike. Une perturbation est alors définie
comme une période avec des valeurs négatives de cette différence, d’'une durée de
plus de 5 jours de d’'une amplitude (le maximum de déviation pendant la durée de la
perturbation) supérieur a 5 pourcents de la CCAcibice. En effet, cette condition permet
de négliger des petites variations dans la consommation de I'aliment, qui font partie du
comportement alimentaire normale des animaux. La flexibilité des fonctions B-Splines
permet de capter le maximum des déviations, et par la suite, nous aurons la possibilité
de choisir les conditions pour considérer une déviation comme une perturbation.

Aprés que les perturbations sont identifiées, notre objectif est de caractériser la
réponse des animaux en termes de résistance et résilience. Pour cela, un modéle basé
sur les équations différentielles a été développé. Les deux forces motrices du modéle
sont I'influence de la perturbation et la capacité d’adaptation de I'animal. La réponse
d'un porc a une perturbation est caractérisée par quatre parameétres. Les temps de

début et de fin de la perturbation (c.-a-d. t_start et t_stop, respectivement), et les deux
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parametres décrivant la résistance et le potentiel de résilience du porc. L'un d'eux
décrit la réduction immédiate de la CJA au début de la perturbation (c.-a-d. un trait de
« résistance »). Nous faisons I'hypothése que I'influence de la perturbation sur la CJA
est négative et constant pendant toute la durée entre les temps de début et de fin de
la perturbation. L’autre paramétre décrit la capacité du porc a s'adapter a la
perturbation par l'ingestion compensatrice pour rejoindre a nouveau la CCAcibise (C.-a-
d. un trait de « résilience »). Le ratio entre la CCA observée et la CCAcibice €St utilisé
comme la force motrice pour décrire la capacité de la résilience. Plus le ratio entre la
CCA observée et la CCAcibige est petit, plus grande est I'intensité du mécanisme de
résilience pour CJA.

La procédure a été utilisée avec succés pour identifier la trajectoire ciblé de la prise
alimentaire chez cinq porcs en croissance dans un groupe et pour quantifier ses
réponses a une perturbation. Notre démarche a permis de proposer un moyen pour
quantifier la notion de la robustesse via la résistance et la résilience. Ces parameétres

permettront d’hiérarchiser des animaux pour leur capacité d’adaptation.

Evaluation du modéle
Notre prochain objectif est d’utiliser ce modéle pour quantifier la résistance et la

résilience des porcs dans une expérimentation testant des régimes avec ou sans
céréales contaminées par des mycotoxines - la déoxynivalénol (DON). Les porcs (n =
155) ont été divisé en part égale dans un groupe « témoin » (groupe CC) et dans trois
groupes « challengés ». Lors d’'une expérimentation des 55 jours, les porcs de groupe
CC ont recu un régime normal. Les porcs des trois groupes « challengés » ont regu un
régime contaminé en mycotoxines soit pendant 7 jours au début de I'expérience, c.-a-
d. du 113 au 119 jours d’age (groupe DC), pendant 7 jours a la fin de I'expérience, c.-
a-d. du 134 au 140 jours d’age (groupe CD) ou pendant les deux périodes (groupe
DD).

Certains aspects du modeéle original ont été modifiés pour le rendre (plus) adapté
aux données de cette expérimentation. Pour estimer la CCAcibise dans le modeéle
original, un test d’autocorrélation a été combiné avec la suppression temporelle des
données avec des résidus négatifs de 'ensemble de données. La durée de la période
expérimentale dans cette étude était courte (55 jours), la procédure s’est souvent

arrétée en raison d’un critére dans la procédure pour conserver un nombre minimum

16



d’observations restantes. Dans la procédure modifiée, a chaque étape de filtration
seulement 10 pourcent de données avec des résidus négatifs ont été supprimé, qui
résulte a une estimation plus progressive de la CCAcibice. En outre, dans la procédure
d’origine, une déviation était définie comme une perturbation si elle s’écarte de la
CCAcibice au moins de 5 pourcent et pour une durée au moins de 5 jours. Pour tester
la capacité de la fonction B-spline a identifier les périodes de distribution de I'aliment
contaminée avec la DON, ces critéres n'ont pas été appliqués. Toute période pendant
laquelle la CCA observée s’est écartée de la CCAcibige a €té caractérisée par I'’heure
de début, 'ampleur de I'écart et la durée (c.-a-d. le temps nécessaire pour la CCA
observée retrouve sa CCAcibige). Finalement, le ratio entre la CCA observée et la
CCAcibice définit l'intensité du mécanisme de résilience, varie avec le temps. Par
exemple, la CCA sera petit a un stade précoce de la vie et une petite réduction de la
CJA provoquera une réduction considérable du ratio. Aux stades ultérieurs de la vie,
la CCA sera beaucoup plus grand et la méme perturbation aura un petit impact sur le
ratio. Ignorer la dépendance temporelle du ratio provoquera une estimation biaisée de
la résilience. La procédure d’origine a donc été modifiée pour calculer le ratio entre la
CCA observée et la CCAcibiee depuis le début de la perturbation, et non depuis le début
des mesures.

Pour évaluer la capacité de la procédure a détecter les perturbations, les
estimations des paramétres de la CCAcibie et les résultats des fonctions B-spline ont
été comparés entre les quatre groupes. Ensuite, la quantification de la réponse aux
régimes contaminés par la DON a été réalisée dans les trois groupes « chalengés »
(c.-a-d. DC, CD et DD). Dans la procédure d’origine, les quatre paramétres du modéle
de perturbation (les temps de début et de fin de la perturbation, la résistance et la
résilience) ont été estimés. Avec I'ensemble de données actuel, il a semblé difficile
d’estimer tous ces paramétres, car la période de distribution du régime d’aliment
contaminé par la DON n’a duré que 7 jours. Nous avons alors décidé de fixer les deux
parameétres t_start ett_stop aux temps de début et de fin de la distribution des régimes
d’aliment contaminé par la DON dans le procédure de quantifier le réponse des
animaux.

Pour la procédure de détecter les perturbations, les résultats ont montré que la
CCAcibiee peut étre estimée indépendamment du type de challenge alimentaire. De
plus, la CCAcibiee estimée du groupe CC a été tres proche des observations faites. Pour

le procédure de quantifier le réponse des animaux, les parameétres estimés a partir du
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modele ont confirmés les résultats de I'expérience selon lesquels la réponse des porcs
a un régime alimentaire contaminé par la DON est influencée par I'age ou le poids vif
et par une exposition antérieure avec le régime contaminé par la DON, les porcs plus
ages ou plus lourds récupéraient plus rapidement que les porcs plus jeunes aprés la
provocation a la DON. Les porcs qui avaient regu le régime contaminé par la DON au
début de leur vie ont été mois affectés quand recevant ce régime la deuxieme fois et
ilIs ont semblé de récupérer plus rapidement par rapport a ceux qui I'ont recu pour la
premiére fois. De plus, la résistance et la résilience au régime contaminé par la DON
semblent étre deux traits indépendants. Le modeéle a prouvé sa capacité pour détecter
et quantifier la réponse des animaux aux régimes contaminés par la DON et les
caractéristiques de la réponse (résistance et résilience) peuvent étre utilisés pour

stratégies de sélection en élevages.

Discussion
Le concept principal derriére ce modéle est que l'ingestion alimentaire réel d'un

animal est une combinaison de la trajectoire cible et des écarts a cause des
perturbations. La réponse et la récupération des perturbations de I'animal peuvent étre
quantifiées en séparant ces deux composants. Parce que le concept est générique,
les différents éléments peuvent étre adaptés si jugé nécessaire. Par exemple, le
modele actuel pour caractériser la réponse de I'animal suppose I'existence d’'une
période spécifique ou la perturbation commence et s’arréte. Cependant, il peut y avoir
des perturbations, tels que les agents pathogénes, ou le début de la perturbation peut
étre identifié, mais il n'y a pas de fin claire. Au début, le pathogéne provoque une
réduction rapide des CJA mais, avec le temps, cet effet négatif peut étre atténué parce
que I'agent pathogéne devient moins efficace par lui-méme ou parce que l'activité du
systéme immunitaire de I'néte est plus élevée, méme si 'agent pathogéne peut encore
étre présent. Une telle réponse peut étre représentée dans notre modeéle en supposant
qu'un agent pathogéne a un effet immédiat sur la CJA a un moment explicite, mais
que son effet sur la CJA diminue progressivement sans représenter un temps de la fin
explicite de la perturbation. Dans ce cas, le mécanisme de réponse de I'h6te (ou l'effet
de la perturbation) peut étre modifié tandis que la structure du modéle et le nombre de
paramétres a estimer restent les mémes. Le choix d'un modeéle de perturbation

approprié ne peut pas étre évident en considérant uniqguement la CJA comme critere

18



de réponse. Des informations sur I'environnement des porcs (par exemple, la
température comme indicateur de stress thermique) ou I'évaluation des réponses de
CJA de tous les porcs dans une population, ou des indicateurs de I'état de santé de
porcs individuels peuvent étre utiles pour déterminer le modele de perturbation le plus
approprié.

La quantification des traits de résistance et de résilience est un élément important
pour améliorer la capacité des animaux a se battre contre des perturbations
environnementales. Il existe deux stratégies communes pour améliorer la robustesse
des animaux: la sélection génétique et les pratiques de gestion. La thése portait sur
les données « historiques » et son impact potentiel est donc plus approprié pour la
sélection génétique que pour les pratiques de gestion. Dans ce projet, nous avons
défini deux traits potentiels qui pourraient étre utilisés pour la sélection génétique: un
trait de résistance lié a la réduction de la CJA en raison d'une perturbation et un trait
de résilience lié a la capacité de rebondir par l'alimentaire compensatrice pour
surmonter I'effet négatif de perturbation. L'approche a une application potentielle dans
I'élevage d'animaux parce que les données nécessaires pour estimer ces caractéres
deviennent de plus en plus disponibles dans les exploitations commerciales. La
procédure développée dans ce projet peut étre appliquée a un grand nombre de porcs
en croissance et combinée avec leurs informations de pédigrée. Ensuite, une analyse
geénétique quantitative peut étre menée pour estimer I'héritabilité des traits de
résistance et de résilience, leur corrélation génétique et la corrélation entre ces traits
et d'autres traits de production et fonctionnels.

La procédure développée dans ce projet de thése est basée sur des données «
historiques ». Il est difficile d’appliquer cette procédure dans I'élevage de précision
parce qu’'un traitement des données en temps réel permet que les décisions soient
prises en temps réel (par exemple, en termes d'alimentation ou de médicaments).
Dans I'élevage de précision étant donné que l'ingestion (ou d'autres données) est
générée en temps réel, il sera difficile d'extraire une trajectoire ciblée et des écarts par
rapport a cette trajectoire ciblée a partir des données obtenues. Le délai au cours
duquel les données sont accumulées pour calculer l'apport alimentaire cumulé est
probablement trop long pour détecter les écarts en temps réel (et donc prendre les
décisions de gestion correspondantes). Pour détecter les écarts en temps réel pour
des animaux individuels, un délai plus court et d'autres caractéristiques de réponse

(par exemple, les comportements alimentaires) seront nécessaires. De plus, un seul
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trait de réponse ne peut pas étre suffisant pour identifier les écarts par rapport a ce qui
peut étre considéré comme « normal » ou comme « perturbé ». Le développement
rapide des technologies de capteurs fournira sans doute de grands volumes de
données, et il sera difficile pour les modélisateurs d'identifier les « écarts par rapport a
la normalité » de ces sources d'information, afin qu'une gestion appropriée mesurée
puisse étre prise en temps réel. Cette thése de doctorat peut étre un premier et petit
pas vers cela, mais il reste encore beaucoup a faire.

En conclusion, ce projet de thése a permis de développer une procédure d'analyse
et de modélisation des données pour caractériser et quantifier la réponse de l'ingestion
alimentaire des porcs en croissance aux perturbations a court terme. La procédure
développée a prouvé sa capacité a quantifier la réponse du porc aux perturbations en
testant avec les données d'une expérience ou les porcs ont regu des régimes avec ou
sans céréales contaminées par la DON. Les résultats de cette thése de doctorat ont
le potentiel d'étre appliqués davantage comme outil de phénotypage pour la sélection
génétique ou comme composant de modeles pour étudier la réponse de I'animal aux
perturbations aux niveaux sous-jacents (par exemple, métabolisme, partage des

nutriments).
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Introduction

The explosion of human population over few decades has affected significantly
livestock production. For instance, the use of human-edible crops in livestock feed has
to be directly reduced to avoid the food-feed competition. Moreover, the rising in
urbanization has inevitably reduced the area of available lands for livestock worldwide.
With the prediction of FAO that human population will continue to increase in the next
decades, livestock will undoubtedly be provided feed with lower quality and be kept in
crowded herds. On the other hand, the increasing in frequency and intensity of
perturbations due to global climate change and prevalence of pathogens has put even
more pressure on the current livestock production. To sustainably control human’s food
security, environmental problems and animal welfare issues, instead of putting efforts
on solely increasing productivity, livestock production needs to focus more on
enhancing the robustness of animals.

Robustness is commonly defined as the capacity of an animal to maintain its high
production potential under wide variety of environmental conditions and take short time
to recover when faced to perturbations. Quantification of robustness is a prerequisite
to improve this trait (e.g., through genetic selection and management practices).
Quantification of robustness, however, is challenging because of its complexity,
notably in the response to perturbations. The response of an animal to perturbations
and the rate of its recovery, termed as resistance and resilience, have the dynamic
characteristics so that single time-point measurements are not enough to characterize
them. Recently, with the deployment of automatic monitoring technologies on farm,
traits associated to animal’s performance and other physiological and behavioural
traits can be measured much more frequently. This provides an opportunity to quantify
the dynamic aspect of animal’s response to perturbations.

Feed intake measured is a promising candidate to quantify elements of robustness
because it is the early response of animals to perturbations, is strongly related to
animal’s metabolic status and with the availability of automatic feeding stations on farm
it can be measured at individual level, in very large groups and with a high frequency.
Until now, however, information of feed intake recorded by automatic feeding stations
has mostly been used to detect perturbations and not yet for quantification of the

animal’s response.
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Given the complex of the interplay between perturbations and animals,
mathematical modelling could be a suitable approach to represent and quantify the
response of animal to perturbations. Also, for the purpose of genetic selection,
modelling is beneficial for quantitatively phenotyping animals because it can
summarize complex physiological mechanisms into few mathematical parameters. The
objective of this PhD project was therefore to develop a data analysis and modelling
procedure to detect the consequences of short-term perturbations on feed intake of
individual growing pigs and quantify their subsequent feed intake responses in terms
of resistance and resilience.

This PhD thesis consists of four chapters. In the chapter 1, a literature review was
conducted to understand the concepts of robustness, of feed intake and mechanisms
underlying responses of animals to perturbations. Current approaches in detection and
quantification of animal’s response to perturbations were also reviewed. Because feed
intake data of growing pigs was chosen to develop the procedure, emphases were
given to this species. The chapter 2 described in details the development process of
the data analysis and modelling procedure to quantify the response of individual
growing pigs to an unknown perturbation. The procedure was then evaluated in
chapter 3 by applying it to feed intake data of growing pigs from an experiment, where
they received diets with or without cereal contaminated with mycotoxins, to test the
capacity of the procedure. Finally, some aspects related to modelling the response of
animals to perturbations associated with data from other types of monitoring
technologies and the potential to apply the procedure in genetic selection and

management practices will be discussed in chapter 4.
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Chapter 1. Literature review

1. A robust animal

1.1.Why we need a robust animal

Livestock production has contributed largely to the world’s food supply since World
War I, and it is expected to sustain even more people in the future. The FAO (2009)
predicted that by 2050 the world’s population would reach 9.1 billion. Most of the
increase in human population will take place in developing countries (Goldstone,
2010). Moreover, the rapid economic development in these countries will evidently give
rise to an escalated demand for meat consumption. To feed this large human
population in the near future, the world would need 70 percent more food than is
available today. Meat production alone is expected to increase by more than double to
reach 470 million tons per year (FAO, 2009). At the same time, urbanization is
increasing at an accelerating rate and about 70 percent of the world’s population would
be urban by 2050 (FAO, 2009). In addition, the use of human-edible cereals will have
to be reduced in animal feeds to avoid a feed-or-food competition. These figures
indicate that future livestock sectors will have to produce more with fewer resources

(i.e., be more efficient).

Intensive livestock production

The predominant approach to produce more animal products is intensive farming.
The main objective of intensive farming is to maximize production with minimum cost
(Luiting, 1990; Ten Napel et al., 2006). Production and efficiency potential of animals
have been optimized (amongst others) through genetic selection. Breeding for
efficiency indeed results in a successful increase in animal production. An example of
genetic improvement in pig production is shown in Figure 1.1. This figure shows that
across countries and genetic resources, voluntary feed intake of growing pigs has
decreased from 2.8 kg/d in 1975 to 2.4 kg/d in 1990 and followed by a stabilization.
Meanwhile lean tissue growth rate continuously increased from 0.3 to 0.4 kg/d and
feed conversion ratio gradually decreased from 3.3 to 2.6 over the period of 35 years.
Similar to pig production, other species also witness a substantial improvement in

production over the past decades. For instance, carcass weight per animal has
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improved around 30% for broiler and beef cattle; meanwhile, milk and egg productivity
have improved around 30% (Rauw et al., 1998; Rauw, 2012). With the fast
development of genetic techniques such as genomic selection combined with the
availability of large database, it seems that there is still a potential for more productive
and efficient animals (Rauw, 2012).
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Figure 1.1 Trends of change in voluntary feed intake, lean tissue growth rate (upper
graphs — Knap, 2009) and feed conversion rate (lower graph — Knap and Wang, 2012)
in growing pigs of 103 terminal crosses over 35 years in Denmark, France, Germany,
the Netherlands, the UK and the USA. Dots are mean observations of terminal crosses,

solid lines are general trends and dashed lines are their 95% confidence limits.

However, in contrast to a great achievement in improvements in production and
efficiency, unfavourably side effects of selection to that direction have become more

and more apparent. Selection for high efficiency puts animals at more risk of
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behavioural, physiological, and immunological disorders (Rauw et al., 1998; Van der
Most et al., 2011; Rauw, 2012). According to the Resource Allocation theory, resources
are limited and if it is used primarily for one function (e.g., growth) it is less available
for another function (e.g., immunology) (Beilharz et al., 1993). Rauw (2012) stated that
selection towards a high production in animals has shifted the allocation of resources
to a undesirable direction for fitness functions. The performance and fitness of animals
therefore depend mainly on the environment where they live in.

As the environment is constantly changing in nature, controlling methods are
widely applied in (intensive) livestock production to prevent animals from exposure to
perturbations that could deteriorate their performance such as exposure to pathogens
or extreme weather (Ten Napel et al., 2006; De Goede et al., 2013). In well-controlled
systems, animals are kept constantly indoors where they can receive antibiotics and
disinfection treatments not only for cure but also for prevention (at least in Asia).
Although this combination can improve production and efficiency in the short term,
long-term drawbacks have started to emerge. For example, over use of antibiotics and
disinfections can create resistant bacteria and damage the micro fauna; keeping
animals in high stocking density can raise social concerns on animal welfare and
makes them more susceptible to infectious diseases. More importantly, despite efforts
have been made in controlling the environment, farm animals still encounter many
exogenous perturbations such as periods of heat stress resulting from global climate
change, that are increasing in both intensity and suddenness (Hansen et al., 2012;
Wingfield, 2013) and the mutation of bacteria and viruses is happening very quickly.
Animals are therefore becoming increasingly vulnerable to these perturbing elements.

In short, intensive livestock production focuses on optimizing the potential of
animals while trying to control the environment around them. If animals were not
exposed to disturbances, they could maximize their production potential as expected
from their genetic potential. Nevertheless, the environment has become increasingly
variable and uncertain, that compromise the production of animals. Increasing the
production potential of animals may no longer be an ideal (or only) approach to ensure
food security in the future. Therefore, besides the need to produce more with fewer
resources, future farmers will certainly have to find more sustainable solutions to limit

negative impacts on the environment, human health, and animal welfare.
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Sustainable livestock production

In recent years, the need for implementing more sustainable livestock farming
practice has increased substantially. To make livestock production systems more
sustainable, the focus should be on improving the animal’'s capacity to adapt to
perturbations in the environment rather than trying to eradicate their sources (Ten
Napel et al., 2006). For this purpose, the intrinsic capacity of animals should be
maximized so that animals can deal with (and adapt to) various environmental
conditions (Ten Napel et al., 2006). The intrinsic capacity of an animal to maintain its
functionality under a wide range of environmental conditions is commonly termed
robustness (Knap, 2005; De Goede et al., 2013). A robust animal is an animal that can
deal with disturbances itself, and can maintain its production potential in a wide range
of environmental conditions. Raising more robust animals therefore can limit the
negative impacts on animal health and welfare while meeting demands of consumers
and citizens.

This robustness characteristic in animals can be promoted by management
practices (i.e., support and encourage the expression of animal’s intrinsic capacity)
and genetic selection (i.e., improve the genetic adaptation potential of animals).
Examples of management strategies are: applying biosecurity on farm; providing
multiple micro-climatic areas in the production facilities so that animals can find
locations that suit them best; training young animals to deal with stressors by exposure
to minor perturbations early in life; enriching farm facilities to encourage inquisitiveness
of animals and to build up their immune-competence by vaccination (Ten Napel et al.,
2011; Colditz and Hine, 2016). The advantage of genetic selection over management
is that the improvements have effects on all successive generations (Berghof et al.,
2018). Knap (2005 and 2009) proved that breeding for robust animals is feasible and
suggested that sustainable breeding objectives should combine selection traits for
robustness with production efficiency to an extent that can balance production potential
with environmental sensitivity. Improving robustness through genetic selection and/or
management practices both require to measure and quantify robustness precisely. In
order to quantify robustness, it is imperative to gain better understanding about this

term and related factors, which will be dealt in the next sections.
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1.2. What is a robust animal

Over the past decades, robustness has received a remarkable interest in animal
science. A prerequisite to quantify and measure robustness in farm animals is a clear

understanding of its definitions and related concepts.

Defining robustness

Knap (2005) defined a robust pig as: an animal that can incorporate its high
production potential with resilience to exogenous stressors in order to maintain its
production potential un-problematically in a wide range of environmental conditions. In
his definition, two elements of robustness are highlighted: “high production potential’
and “resilience to exogenous stressors”. Maintaining a high production potential is
important because it refers not only to the economic value but also to the normal
expression of the animal’s functions. Resilience helps an animal to cope with different
environmental stressors and thus keep “producing” (i.e., growing, reproducing,
producing milk, laying eggs). In accordance with Knap (2005), Star et al. (2008) defined
a robust laying hen as “an animal under a normal physical condition that has the
potential to keep functioning and take short periods to recover under varying
environmental conditions”. The capacity to “take short periods to recover’ resembles
resilience in the definition of Knap (2005). Resilience was described by Colditz and
Hine (2016) as the capacity to be minimally affected by transient and sporadic
perturbations and/or quickly recover back to the behavioural, physiological, and
neurological situation before perturbed conditions. De Goede et al. (2013) considered
robustness as a stability of a system. This stability refers to the ability to maintain
structure and/or function of a system despite external and internal perturbations. To
maintain this stability, animals rely on three main key elements: constancy, resistance,
and resilience. Constancy refers to the stability of the system without the presence of
perturbations whilst resistance and resilience denote the capacity to withstand under
perturbing impacts and quickly return to the stabilized position when the perturbing
factors are over (De Goede et al., 2013).

A broader definition of robustness was given by Friggens et al. (2017) as: “the
ability, in the face of environmental constraints, to carry on doing the various things
that the animal needs to do to favour its future ability to reproduce”. In this definition,

Friggens et al. (2017) focused on three important key elements: “future ability to
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reproduce”, “various things that the animal needs to do” and “carry on doing”. Firstly,
to favour its “future ability to reproduce”, the animals need to grow (to become mature),
to survive (to have the possibility to reproduce), and to succeed in reproducing. The
second key element “various things” indicates multiple functional components that an
animal needs to invest resources in, to obtain these aforementioned goals (Figure 1.2).
As described in the previous section, resources are often limited and cannot be
distributed to all bioligical functions (Beilharz et al., 1993). Therefore, an animal cannot
be robust to all types of perturbation and trade-offs between different functions exists
(Friggens et al., 2017). This implies that investing more resources to one function
necessarily decreases the investment of resources for another function. A robust
animal is an animal that can allocate resources to the right function at the right time.
This regulation of resource in the context of robustness relies on the mechanism of
resource allocation and/or aquisition (Friggens et al., 2017). The last key element
‘carry on doing” signifies the resistance and resilience abilities to cope with

environmental perturbations.

Level n
Whole organism

(.

Level n-1
Biological
function/trait

.
et e

Figure 1.2 Robustness of the whole animal level (level n) is built from the combination

of multiple functional components below (level n-1) (Friggens et al., 2017).

Infectious diseases are among the most detrimental perturbations, which can have
devastating effects on animals and their production. There are two defence
mechanisms in relation to robustness that animals can exploit to combat infectious
pathogens: host resistance and host tolerance. Resistance to pathogens consists of

the mechanism that minimizes pathogen load in the host (e.g., by inhibiting the
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pathogen to enter the host or by decreasing pathogen replicating) (Doeschl-Wilson and
Kyriazakis, 2012). Tolerance indicates the capacity to limit the harmful impact of
pathogens on the host, without necessarily effecting pathogen load. Repairing and
inhibiting cell damage are the main mechanisms of tolerance (Doeschl-Wilson and
Kyriazakis, 2012). Resistance mechanisms are often disease-specific whilst tolerance
mechanisms are more intrinsic to the host and thus more generic to a variety of
infections. Although host resistance and host tolerance are considered to have an
antagonistic relationship (Doeschl-Wilson and Kyriazakis, 2012), they are two
elements that both occur in the animal. In farm condition, these two capacities are not
independent of the animal’s response to environmental perturbations (Salak-Johnson
and McGlone, 2007) and the effects of all perturbations are cumulative on the host
(Black et al., 2001).

All aforementioned studies are illustrations that robustness is a complex concept
that encompasses many phenomena that relate to the ability to adapt to external and
internal perturbations so that the animal can maintain its functionality and production.
This PhD thesis focuses on two robustness’s elements to counteract the impact of
perturbation: resistance and resilience. In the scope of this PhD thesis, resistance is
defined as the capacity to be minimally affected by perturbations while resilience is

defined as the capacity to quickly return to a pre-perturbed state.

Perturbations that affect animals

As mentioned above, there is little need for robust animals in well-controlled
farming systems when animals are rarely exposed to any perturbation. Robustness is
therefore not expressed in the absence of perturbations. Different types of perturbing
factors exist, with different types of response of the animal. Perturbations can be
classified as external (i.e., the environment around an animal) or internal (i.e., within
the animal), acute (e.g., encounter a predator) or chronic (e.g., climatic events),
transient (e.g., day-to-day variation in ambient temperature, human disturbance) or
long-term (e.g., infection, injury), and predictable (e.g., changing seasons) or
unpredictable (e.g., diseases) (Ten Napel et al., 2011; Wingfield, 2013; Friggens et al.,
2017). Ten Napel et al. (2011) grouped perturbations into four types (adopted from
Maxwell, 1986) (Figure 1.3):
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Noise: perturbations that are frequent in the environment with a transient
magnitude (e.g., change in feed ingredients, temperature variation within the
comfort zone). This type of perturbation is referred to as normal variation to
animals.

Shocks: perturbations that are unusual either in occurrence or magnitude (e.qg.,
weaning, mixing animals). The frequency of a shock determines its
predictability.

Cycles: perturbations due to cyclical changes in the environment or concerning
the animal (e.g., diurnal or seasonal changes in weather, oestrous cycle).
Trends: changes over time that have a gradual effect on the animal (global

warming, decreased available space for a pig during the growing period).

Normal variation

D e

Shocks

Cycles

SN\
/

Trends

Figure 1.3 Four types of perturbations (Maxwell, 1986). See related text for detailed

explanations.

The distinction between the types of perturbation depends not only on the

occurrence and magnitude of the perturbation, but also on the perception of animals

(Ten Napel et al., 2011). For example, experiencing a dazzle sunlight in an indoor

environment could be perceived as noise by one animal and as a shock by another.
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Mechanism underlying robustness

Maintaining a more or less constant level of physiological functions regardless of
the perturbation is the key component of robustness. Claude Bernard, a French
physiologist in 19" century, was the first to elucidate the ability of an animal to maintain
a relative equilibrium level of multiple endogenous functions (e.g., body temperature,
body fluid and energy) or “milieu intérieur”, irrespective of external fluctuations. Walter
Canon (1929) later named this capacity as homeostasis — the vital principle of
physiological balance. Homeostasis refers to an active process involved multiple
physiological systems to monitor and maintain the interior environment within a critical
range (Nelson and Kriegsfeld, 2017). The homeostatic regulatory mechanisms of
internal environment are based on negative feedback systems (Rosenblueth et al.,
1943). These negative feedback systems function like a thermostat. When the room
temperature drops below the “set point” of the thermostat, the heater is activated to
warm the room up. As soon as the room temperature gets close to the set point, a
negative feedback is sent to the thermostat to inhibit the heater from producing more
heat (Nelson and Kriegsfeld, 2017). There is a tolerance range (or set zone) around
the set point, which prevents the thermostat from sending the warming or cooling
signals too frequently (Nelson and Kriegsfeld, 2017). For example, although the set
point in human body temperature is 37°C, we are also doing fine in the set zone
between 36 and 38°C.

An example of homeostasis in warm-blooded animals is the regulation of body
temperature (Figure 1.4). The main thermostat of endotherms (i.e., animals whose
body temperature is regulated by interior metabolisms, like mammals and birds) is the
hypothalamus. If the body temperature deviates out of the set zone, the hypothalamus
triggers various behavioural and autonomic responses to maintain homeostasis
(Nelson and Kriegsfeld, 2017). For instance, when the body temperature drops below
the set point, the hypothalamus commands multiple organs to generate more heat and
to reduce heat loss by:

¢ Increasing feed intake

e Constricting blood vessels in the body surfaces (to restrict heat lost)

e Shivering muscles

e Stimulating thyroid hormones to increase the metabolic rate
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e Breaking down brown fat (which generates heat)

e Huddling with conspecifics
Conversely, when the body temperature rises above the set point, the hypothalamus
instructs the body to perform a cooling response:

e Decreasing feed intake (to reduce heat production)

e Dilating blood vessels in the body surfaces (to release heat)

e Sweating (for evaporative cooling)

e Panting

¢ Avoiding physical contacts

Negative
Input Hypothalamus Feedback
4 Body too
warm
; Cooling
Tempera‘ture Ersor Signs * response
information _ 3
from skin, - Set point - Xoceeoeomenennnns
viscera, and

c anal Warming
rror signa # response

Body too
v cool

hypothalamus

Figure 1.4 The regulation of hypothalamus to maintain homeostasis (Nelson and
Kriegsfeld, 2017). Receptors in the skin, in the viscera and in the hypothalamus
transfer information about the temperatures to the hypothalamus. The hypothalamus
works like the thermostat, which integrates the information and compares the desired
body temperature to its set point. Deviations (both positive and negative) of the actual
body temperature from the set point of the hypothalamus trigger response signals that
command multiple organs to warm up or cool down the body temperature back to the
set point. The negative feedback system works continuously like a loop to maintain

homeostasis for body temperature.

Perturbations can occur in the environment at any point in time and space. Any
perturbation causing a change in the homeostatic state demands a response of an
individual to regain the equilibrium condition. The response to a perturbation may

require energy and energy that is not essential for survival may be directed to cope
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with the perturbation. As mentioned in the previous sections, perturbations can occur
at different points in time, and with differences in duration and magnitude. The
mechanisms that an animal uses to cope with two main types of perturbation are
explained below: (1) transient, acute perturbations (i.e., noises and shocks), which
have short-term effects and provoke a rapid response of the animal and (2) long-term,
chronic perturbations (i.e., cycles and trends), which force an animal to multiple

physiological responses to cope with the perturbations.

Responses to transient, acute perturbations

An animal can respond extremely quickly to an acute threat by a set of
physiological and behavioural responses, termed as a stress response (Nelson, 2011).
The stress response is executed in a nonspecific manner (i.e., different perturbations
can provoke a similar response) to re-establish homeostasis (Selye, 1956). Two main
endocrine groups are involved in the stress response: catecholamines (epinephrine
and norepinephrine) and glucocorticoids (Nelson, 2011). Almost immediately after
perceiving a perturbation (e.g., encountering an aggressive pen-mate), norepinephrine
and epinephrine are secreted by the sympathetic nervous system and the two adrenal
medullas, respectively. The immediate release of catecholamines increases the
cardiovascular and respiratory rates of the animal, and provoke an escape or defend
behaviour. Few minutes later, glucocorticoids are secreted through the activation of
the hypothalamic-pituitary-adrenal (HPA) axis. The raise in glucocorticoids has an
effect on metabolism and mobilises body energy reserves to fuel the “fight or flight’
behaviour (Cannon, 1929). Other activities not directly related to the immediate
survival (e.g., food intake) are suspended until the animal is no longer in danger.

The stress response is not specific for a perturbation, but can be different among
individuals. Koolhaas et al., (1999) indicated that individuals can differ in their coping
styles (i.e., a set of coherent and over-time-consistent behavioural and physiological
responses to perturbations), which may be classified as proactive and reactive coping
styles (Koolhaas et al., 1999). In general, proactive copers show more active
behavioural activities (e.g., escape attempt and aggression), higher sympathetic
reactivity (e.g., high levels of catecholamines), and lower HPA axis reactivity (e.g., low
levels of plasma corticosterone) (Koolhaas et al., 1999; Coppens et al., 2010). In

contrast, reactive copers display more passive behavioural activities (e.g., freezing and
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withdrawal), higher para-sympathetic reactivity, and higher HPA axis reactivity
(Koolhaas et al., 1999; Coppens et al., 2010). Therefore, the proactive coping style is
considered as a more aggressive, rigid and routine-like style while the reactive coping
style is expressed as a more adaptive and flexible type and only when a response is
really necessary. A specific coping style does not guarantee a successful coping with
a perturbation. These two concepts describe only the difference in the strategy an
animal recruits to deal with perturbations. One coping style may be more successful
for a certain perturbation environmental than another. For example, proactive copers
are more suitable under constant and predictable conditions while reactive copers are

more thriving under variable and unpredictable conditions (Koolhaas et al., 1999).

Response to long-term, predictable perturbations

Not all perturbations are unpredictable because some perturbations have cyclical
or persistent effects that can be anticipated (i.e., perturbations categorised as cycles
or trends). Some species have developed the capacity to prepare for predictable
perturbations. For instance, many livestock species change their fur formation
according to the seasons, i.e. development and maintenance of a long, thick hair cover
is seen in winter and vice versa is the case in summer. Animals anticipate seasonal
changes by weather cues and modify their hair coat in advance, e.g. in cattle the
growing rate of long hair is related inversely to photoperiod whilst the rate of shedding
hair is associated with animal’s thermal status (Webster, 1974). The anticipation of
predictable perturbations is indicated also by the animal’s capacity to reserve energy
in the body during favourable conditions and then mobilise it in unfavourable
conditions. For example, in tropical environment, the capacity to store fat during the
wet seasons where pasture has better quantity and quality is essential for grazing
sheep to survive during the dry seasons (Mirkena et al., 2010).

A more familiar example with industrial production is metabolism in lactation. Cows
and sows accumulate body reserves during pregnancy and then mobilised them in
early lactation. The successful transition from pregnancy to lactation relies on a series
of physiological adaptations that involves the activity of almost all tissues (Collier et al.,
2005). If the animal is not able to mobilise energy reserves rapidly enough to balance
the demand for milk production, her production will be below the demand (of the
offspring or of the farmer) and the health and well-being of the mother or of the offspring

may be compromised (Bauman and Currie, 1980). For example, in cows if there is an
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imbalance between the supply of glucose precursors (e.g., propionate) and demand
for glucose in lactose, the cow might be susceptible to develop metabolic disorders
(e.g., ketosis). To provide a sufficient amount of glucose for lactation, a series of
orchestrated changes is put into place such as increasing gluconeogenesis while
decreasing uptake, utilization, and oxidation of glucose by adipose tissue and muscle
(Collier et al., 2005). In adipose tissue, lipogenesis is decreased and lipolysis is
increased to provide lipid as an alternative energy source to glucose. The orchestration
of metabolic changes in body tissues to prioritise a particular physiological stage is
termed homeorhesis by Bauman and Currie (1980) or allostasis by others (Sterling,
1988; McEwen and Wingfield, 2003). A key feature of the homeorhetic control is that
its effect lasts over several hours, days or even weeks instead of seconds and minutes
(as is the case for most events of the homeostatic regulation). It has a simultaneous
effect on multiple tissues and systems that result in an overall coordinated response
(Bauman and Elliot, 1983; Vernon, 1989; Bell and Bauman, 1997). Therefore,
homeorhesis is considered as the major mechanism that regulate long-term adaptation
and acclimatisation for cyclical or persistent perturbations (Collier et al., 2005; Collier
et al., 2008).

In summary, homeostasis and homeorhesis are the main mechanisms to maintain
internal status of an animal. While the homeostatic mechanism ensures the short-term
equilibrium, homeorhesis orchestrates resources to prioritize a physiological stage and
acclimatizes over long-term perturbations. Understanding and accounting for these two

concepts facilitate the quantification of robustness in animals.

1.3.ldentify reliable indicators for animal robustness

Quantification of robustness is imperative for improving it in farm animals,
especially for breeding programmes. It is difficult to quantify robustness because of its
dynamic elements such as the rates of response to and recovery from perturbations
(Friggens et al., 2017). Traditional methods using single time-point measurements are
not suitable to quantify robustness. For instance, Spurlock et al. (1997) conducted an
experiment to study the negative effects of lipopolysaccharide (a bacterial endotoxin)
on growth performance of growing pigs. They reported and analysed data over weekly
periods whilst the reduction in performance lasts only a few days (Spurlock et al.,

1997). With this period of measurement, effects of the pathogen on the host may be
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cancelled out by the host’s ability to recover (Kyriazakis and Doeschl-Wilson, 2009).
More frequently and repeated measurements are needed to quantify the dynamic
aspects of robustness (Knap, 2009; Friggens et al., 2017).

Some experiments were conducted in which perturbations were imposed to
animals (Sadoul et al., 2015a; Friggens et al., 2016). Before, during, and after a
perturbed period, multiple physiological and behavioural traits were repeatedly
recorded to identify the physiological mechanisms underlying the responses of the
animal. In comparison to the short-term responses of two rainbow trout lines, Sadoul
et al. (2015a) carried out a confinement challenge to provoke a stress response of the
fish. Behaviour, cortisol levels, and oxygen consumption were recorded every 2 hours.
They found significant differences in cortisol reactivity over time between two lines,
which were consistent with the physiological and behavioural responses of two
different coping styles (i.e., proactive vs. reactive coping). Friggens et al. (2016)
conducted an experiment in which dairy goats were fed a very low nutrient diet (i.e.,
only straw) for 2 days in early and late lactation. Production traits (e.g., feed intake,
body weight and milk yield) and blood metabolites were measured daily. They reported
significant variation among individuals in terms of dry matter intake (DMI) and milk yield
to the same nutritional challenge. They suggested to cluster the adaptive capacity of
animals based on multiple traits.

Quantifying robustness based on experiments often depends on the nature of the
investigated perturbations or on the coping style of the animals (Colditz and Hine,
2016). Phenotypes characterized as being robust can be too specific to one particular
type of perturbation (Berghof et al., 2018). Moreover, to implement a robustness trait
in a breeding program, measurements have to be done on a very large number of
animals to determine the heritability of the robustness trait (Star et al., 2008).
Measuring behaviour and taking blood samples at the individual level are very
expensive and labour-intensive. These measurements can be made in experimental
settings and they can help in gaining insights in the physiological mechanisms
underlying the response. However, it is often difficult to apply them in breeding
programs.

To breed against disease susceptibility, several immunological traits have been
considered. These traits have shown to be correlated not only with survival (Berghof
et al., 2015) but also with performance (Clapperton et al., 2009). They are heritable
and can be used for selection (Clapperton et al., 2009; Flori et al., 2011; Berghof et al.,
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2015). Reed and McGlone (2000) exposed two genetic lines of pigs with the same
immune status to different environments and reported difference in the immunological
responses. This implies that immunological traits can be indicative not only of disease
resistance but also of the response to changes in environment (Guy et al., 2012).
However, similar to traits extracted from experimental designs, immunological traits
may be pathogen-specific, since the immune system responds differently to different
pathogens (Salak-Johnson and McGlone, 2007). Selection for improving the immune
response to one pathogen may cause antagonistic effects on others (Guy et al., 2012).
For instance, when challenging two divergent selected lines of pigs for high and low
immune response with Mycoplasma hyorhinis, the high response line showed greater
incidence of arthritis (Magnusson et al., 1998), accusing a side effect of selection for a
higher immune activation. Potentially immunological markers therefore need to be
examined critically before using these to quantify robustness and resistance.

The recent progress on farm automatic monitoring technologies make it possible
to collect longitudinal data from production traits such as feed intake, body weight, and
milk yield. There are three advantages of using production traits to assess resilience
and resistance relative to using physiological, behavioural, and immunological traits.
Firstly, these production traits can be measured without contention of the animal and
without invasive techniques. Secondly, they can be measured automatically on a large
scale and with a very high frequency (e.g., up to level of each visit to the machine).
Thirdly, production traits are sensitive to environmental perturbations and, because of
the high frequency of measurements, the dynamics of the response to the perturbation
can be measured (Codrea et al., 2011; Munsterhjelm et al., 2015; Friggens et al.,
2016).

Among production traits, voluntary feed intake has emerged as a potential
candidate to study robustness in growing pigs for the two following reasons. Firstly,
reduced voluntary feed intake is seen as the early response of animals to perturbing
factors (e.g., reduction in body weight is normally seen few days after feed intake is
decreased). Secondly, voluntary feed intake is considered as “the most easily
measurable trait to reflect the day-to-day dynamics of the animal’s metabolism” (Knap,
2009). An example of a relationship between heat production of growing pigs and

ambient temperature is given in Figure 1.5.
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Figure 1.5 Relationship between heat production and ambient temperature of 500
simulated growing pigs shared the same genotype (Knap, 2009). Each black dot refers
to the lower critical temperature of one pig in relation with its heat production (illustrated

by each grey broken line).

The variation shown in Figure 1.5 indicates that the lower critical temperature
differs among growing pigs. Different pigs increase their heat production (and in turn
their feed intake) at different ambient temperature (Knap, 2009). Temperature is just
an example of an environmental factor that can affect the metabolic status of animals
and different environmental factors are expected to have different critical points (i.e.,
the points that trigger a change in the metabolic status). Because of variation among
animals and in a given environment, several critical points may be attained for a less
robust animal while none may be attained in a more robust animal. This difference can
be a source of variation between individuals in response to the environment (Knap,
2009).

In conclusion, we need to identify (a) reliable indicator(s) of robustness that reflects
its dynamic characteristic of the response of the animal to perturbations. A new type of
data — longitudinal data — automatically recorded by modern monitoring technologies
on farm can aid the quantification of elements of robustness such as the rates of
response to and recovery from environmental perturbations. A potential indicator of the

animal’s response to perturbations is the voluntary feed intake because it responds to
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different perturbations and it can be recorded rather easily and continuously in group-

housed animals.

2. Using feed intake as an indicator of robustness

Feed intake reflects the acquisition of resources needed for maintenance, growth,
and reproduction. The relationship between feed (and energy) intake and the
requirements for the aforementioned functions is tightly controlled. If the feed intake
differs from the requirement for these functions, homeorhesis will be impaired.
Nevertheless, there is considerable day-to-day fluctuation in feed intake and feed
intake responds very rapidly to changing environmental or internal conditions (e.g.,
heat stress, fever). Understanding the main principles of feed intake regulation and
factors that affect feed intake is important to assess it and to quantify the animal’s

response to a perturbation.

2.1. Main principles of feed intake regulation

Feed intake is a complex process resulting from short-term and long-term
regulations. The meal is considered as the most relevant unit of short-term feeding
(Tolkamp et al., 2000). Much research in this field has focused on the understanding
whether meal initiation is regulated by hunger or by satiety. This question can be
addressed by investigating correlations of meal size with intervals before or after
feeding (i.e., pre- and post-prandial correlations, respectively) (Maselyne et al., 2015).
If satiety is the main driving factor for the initiation of feeding, an animal is expected to
start eating again when its satiety drops below a certain critical point (i.e., the meal
size is highly correlated with the post-prandial interval). In contrast, if hunger motivates
feeding, an animal is supposed to adjust its meal size according to the time since the
last feeding (i.e., a high correlation is anticipated between meal size and the pre-
prandial interval). In fact, post-prandial correlations with meal size were found in a large
number of studies across animal species (Duncan et al., 1970; Davies, 1977; Natelson
and Bonbright, 1978; De Castro, 1981; Tolkamp et al., 2000; Tolkamp et al., 2012) and
pre-prandial correlations with meal size were only found in some specific situations
(Levitsky, 1974, Slater, 1974; Bokkers and Koene, 2003). This suggests that satiety is
the main control factor of feeding motivation. Because the probability of starting a new

meal after feeding depends on the satiety condition, this probability is low directly after
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a meal and will increase with time. It is also related to the size of the meal that was just
ingested (postprandial correlation) (Tolkamp et al., 2012; Maselyne et al., 2015).

Although the initiation and cessation of a meal are considered as the short-term
responses to hunger and satiety, the fundamental principle of long-term feed intake
regulation in the relation to growth are yet to be defined. The question of whether
animals grow because they eat or animals eat because they want to grow has been a
subject for discussions among nutritionists over a long period of time (Halas et al.,
2018). Eating-for-growth suggests that an animal has a genotypic desire to grow and
voluntary feed intake is driven by the need of the animal to meet the nutrient demands.
The capacity to eat may be constrained by limiting factors in the diet and by the
environment (Emmans, 1991; Kyriazakis and Emmans, 1999). The hypothesis that
feed intake of each animal is driven by its own genetic potential to growth seems to be
supported by the observation that genotypes have huge effects on feed intake of pigs
despite the fact that they were raised in the same environments and were fed the same
diets (Schinckel, 1994).

There is a theory that the energy status of the body is the main factor that regulates
short-term feed intake. Forbes (1986) represented this relationship by a hydraulic
model in which energy regulation is demonstrated by water flow (Figure 1.6). The open
tap with a constant flow of water denotes food availability (e.g., in ad libitum regime).
The funnel filled with sand represents the interval from ingestion to absorption and the
small beaker that carries water from the open tap to the funnel represents the
frequency and quantity of food consumption. The accumulation of water in the reservoir
indicates the filling of a pool of available energy in the body. The drain tap at the bottom
of the reservoir indicates a depletion of available energy for metabolism activities. The
arrow on the side of the reservoir in Figure 1.6 indicates a reference point of the control
system that determines when animals should start eating again, i.e., when the water
level is below that arrow in the reservoir beakerfuls of water will be transferred from
the open tap to the funnel. The phenomenon that water is delayed in the funnel
(because of the sand layer) and slowly seeps into the reservoir represents the
prolonged satiety after each meal. This concept of controlling food intake was applied
by Toates and Booth (1974) to simulate feeding patterns of rats under different energy

supply conditions and the model fitted data satisfactory.
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Figure 1.6 A hydraulic model of the control of energy status in the body on food intake

(Forbes, 1986). See related text for detailed explanations.

Physiologically, nutrients and their metabolites are the main factors that control
short- and long-term feed intake via direct or indirect hormonal secretions that interact
with local and central neural processes. Black et al. (2009) gave an extensive review
on this topic and the main factors that control feed intake are briefly summarized below.
Hormone secretions from the gastrointestinal tract and the pancreas respond to
nutrients such as carbohydrates, fats, proteins and products of digestion. The
hormones act collectively to control meal size mainly by termination of eating through
the jejunal, ileal, and/ or colonic brakes that help to reduce gastric emptying as well as
propulsive contraction along the gastro-intestinal tract. Many of these nutrient-
stimulated hormones are also active via the vagal nervous system or directly on
specific regions of the brain to effect feed intake in the long term (Black et al., 2009).

The main metabolic regulation of long-term feed intake is under the control of two
opposing energy-monitoring systems: (1) adenosine monophosphate activated protein
kinase (AMPK) and, (2) mammalian target of rapamycin (mTOR). Figure 1.7 gives a
schematic summary of how these systems act and interact to influence feed intake and
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energy expenditure. In brief, these two systems act both peripherally and centrally
inside the hypothalamus to regulate feed intake. The activation of AMPK is driven by
a deficiency in energy available for metabolic processes by the signal of a high AMP:
ATP ratio. AMPK inhibits the consumption of ATP and stimulates the production of ATP
by the regulation of enzymes involved in lipid, carbohydrate, and protein metabolism.
Low cellular energy levels and high AMPK activity also result in inhibition of mTOR,
which in contrast to AMPK, reflects high nutrient and energy availability in the cell.
Moreover, AMPK activation increases the expression of orexigenic peptides and
decreases the expression of anorexigenic peptides that signal the brain to stimulate a
sensation of hunger and thus increase feed intake and decrease energy expenditure.
Conversely, when nutrients are in excess in the blood, or when adiposity status is high,
the mTOR pathway is activated and the secretion of hormones such as insulin and
leptin and anorexigenic peptides are increased. These factors act as reversed
mechanisms to release a sensation of satiety. Thus, feed intake is reduced and energy

expenditure is increased.
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Figure 1.7 Metabolic control of feed intake by two opposing energy-monitoring systems: adenosine monophosphate activated protein

kinase (AMPK) and mammalian target of rapamycin (mTOR). Solid-green arrows indicate a stimulating effect while dashed-red arrows
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The regulation of feed intake in growing pigs is influenced also by many external
factors related to ambient temperature and the environment (Quiniou et al., 2000;
Nyachoti et al., 2004), social interaction (Bornett et al., 2000; Hoy et al., 2012), contacts
with humans (Martinez-Miré et al., 2016) and diet composition (Kyriazakis and
Emmans, 1999). Many of these factors have negative effects on feed intake and
productivity of the pigs. In the next section, effects of high ambient temperature and
pathogens on voluntary feed intake and the dynamic response of animals are

investigated in more details.

2.2. Examples of perturbations that decrease feed intake

High ambient temperature

Heat stress is considered as one of the main factors contributing to loss in animal
performance (St-Pierre et al., 2003; Renaudeau et al., 2012). As animal production
has been increasing rapidly in tropical and subtropical areas in the last two decades,
global animal performance will be affected more by heat stress. Moreover, under the
impact of global warming, heat stress has become more severe in Summer in
temperate areas such as North America, Australia and Europe (Renaudeau et al.,
2012). For example, in California in 2006 approximately 25,000 cattle and 700,000
poultry were killed by a major heat wave (Nienaber and Hahn, 2007). In pigs, every
year the U.S. swine industry estimated to lose at least $900 million due to heat stress
(Pollmann, 2010).

The reduction in performance by heat stress is cause either directly by a reduction
in feed intake or indirectly by affecting health, reproduction, and the metabolism of the
animal (Renaudeau et al., 2012). Under hot thermal conditions, an animal will strive to
reduce heat production by reducing feed intake and physical activity and by increasing
heat losses by evaporation, conduction, convection, and radiation. Because of the
limited capacity to dissipate heat, decreasing heat production when the ambient
temperature increases is the main strategy to maintain the body temperature.
Reducing voluntary feed consumption is very effective to decrease heat production
when ambient temperature increases above the upper limit of the thermoneutral zone
of pigs (Collin et al., 2001; Renaudeau et al., 2011). Quiniou et al. (2001) reported 24
to 25°C as the upper limit of the thermoneutral zone for growing pigs. Above this

temperature, voluntary feed intake decreased. The reduction in feed intake varies from
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409 to 80g/°'C/day due to factors such as genotype, diet composition and body weight
(Nyachoti et al.,, 2004). Among these, body weight has a large impact on the
susceptibility to heat stress (Quiniou et al., 2000) and the effect of heat stress is more
severe in heavier pigs than in lighter pigs. Heavier pigs are more susceptible to high
temperatures because they have a higher feed intake and a lower capacity to lose heat
due to a lower area-to-mass ratio and a thicker subcutaneous fat layer (Renaudeau et
al., 2012).

Studies on the short- and long-term effects of heat stress on pigs have shown that
pigs can acclimatize to a high temperature over time. For example, the average daily
feed intake (ADFI) of pigs was found to decrease significantly within the first 24 hours
of exposure to heat stress and stay constant or increase slightly during the further
thermal acclimation period (Morrison and Mount, 1971). Recently, Renaudeau et al.
(2007) compared the responses of two pig breeds (Creole - the local Caribbean breed
and Large White) to an elevated temperature of 31°C after an climatically adaptation
period of 24°C. They found that ADFI of Creole pigs was significantly lower than that
of Large White pigs during the period of 31°C. Creole pigs were also significantly
different from Large White pigs in the rise in cutaneous and rectal temperatures with
increasing ambient temperature (Renaudeau et al., 2007). The general patterns of feed
intake response to heat stress were quite similar in two breeds: a quick drop in ADFI
at the onset of heat stress, followed by a gradual increase in ADFI on the subsequent
days (Figure 1.8). This increase in ADFI is associated with a decrease in respiration
rate of pigs after successive days of exposure to 31°C. This suggests that (1) the two
pig breeds are different in their response to heat stress and (2) a long-term acclimation
to heat stress in both breeds was observed in the change in their feed intake
(Renaudeau et al., 2007).
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Figure 1.8 Comparison of average daily feed intake response of two breeds (Creole

and Large White) at the same age (Exp.1) or at the same body weight (Exp.2) over a

period of exposure to 31°C (Renaudeau et al., 2007). Each dot represents the least

squares mean of each group of pigs in each experiment. x represents the significant
effect of breed (P < 0.05).

Pathogens

Pathogens can be very detrimental for animal performance. For example, the
porcine reproductive and respiratory syndrome (PRRS) virus contributed to an
estimated annual loss of $664 million of the US swine industry (Holtkamp, 2013).
Anorexia or a reduction in voluntary feed intake is a very common and early syndrome
of animals when challenged by pathogens (Hart, 1988). Anorexia is observed across
pathogen types (Kyriazakis et al., 1998) and is considered as the main contributor for
undesired effects of infection on animal growth and reproduction (Kyriazakis and

Doeschl-Wilson, 2009). Therefore, a better understanding the patterns of anorexia and
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related factors can help to overcome some of its negative impacts (Kyriazakis and
Doeschl-Wilson, 2009). An example of the feed intake pattern of pigs following to a
bacterial infection is shown in Figure 1.9. According to Kyriazakis and Doeschl-Wilson
(2009), this anorexic pattern can be characterized by five features: (1) the lag time is
the interval between the infected point and the onset of anorexia; (2) the rate of change
(or rate of decline) indicates how fast the reduction in feed intake is; (3) the extend of
anorexia refers to the lowest intake value due to infection; (4) the duration of anorexia
refers to the period during which the lowest intake is maintained; and (5) the rate of
recovery indicates whether and how fast the host can overcome the consequences of

pathogens.
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Figure 1.9 Daily feed intake response of weaned pigs to a bacterial infection (started
at the day indicated by the arrow) (Kyriazakis and Doeschl-Wilson, 2009). The dynamic
changes in feed intake due to pathogen infection can be characterized by five features:
(1) lag time; (2) rate of decline; (3) extend of anorexia; (4) duration of anorexia; and (5)

rate of recovery. See related text for detailed explanations.

A number of factors such as pathogen type, nutritional condition of the host, and
genotype affect these aforementioned features of anorexia. Firstly, different pathogens
have different effects on the immune system of the host and on the appearance of
anorexia. The appearance of anorexia is related to the secretion of cytokines during
the inflammatory response (acute phase) of the immune system of the host (Petry et

al., 2007). Pathogens need to be recognized by the innate immune system for anorexia
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to occur (Kyriazakis and Doeschl-Wilson, 2009). The lag time between the time of
infection and the occurrence of anorexia depends on this recognition. Therefore,
features of anorexia caused by pathogens with different impacts on the immune
response will be different. Microparasites such as bacteria and viruses will have a
shorter lag time, a faster rate of decline in feed intake, a shorter duration and a faster
rate of recovery than macroparasites such as gastrointestinal nematodes (Kyriazakis
and Doeschl-Wilson, 2009). In addition to the types of pathogen, the pathogen load
can influence some features of anorexia. For example, a higher pathogen loads will
result in a shorter lag time, faster rates of decline and a greater extent of anorexia
(Houdijk et al., 2007; Kyriazakis and Doeschl-Wilson, 2009). Secondly, anorexia is
associated with the immune response, the food composition of the host can influence
anorexia via an effect on the immune system (Kyriazakis and Doeschl-Wilson, 2009).
Indeed, providing a food with high crude protein contents have been shown to
contribute for reduce the duration of anorexia (Datta et al., 1998) and a faster rate of
recovery of the host (Kyriazakis et al., 1996; Tu et al., 2007). Finally, although direct
evidence of genetic variation in the anorexic response to pathogens is scarce, a study
on sheep showed that divergent selection for growth affects anorexia of animals when
exposed to gastrointestinal parasites (Zaralis et al., 2008). In details, in the lines that
selected more intensively for growth, infected animals had a more severe reduction in
food intake over a prolonged time compared to controlled animals while in the
alternative lines there was almost no difference between infected and controlled
animals.

In summary, a high ambient temperature and pathogens are common
perturbations in a farm environment that result in a decrease in feed intake and
performance of animals. The impacts of these perturbations on feed intake depend on
a number of factors such as the perturbing factor (e.g., level of heat stress or type of
pathogens), environmental factors (e.g., relative humidity or feed composition), and
animal genotype. Faced with these perturbations, response characteristics such as
duration, magnitude, and rate of recovery of the reduction in feed intake can be used

to quantify the response of animals.
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3. Current approaches in using feed intake to detect
perturbations and quantify subsequent response of

animals

3.1. Detection of perturbations

To use feed intake to detect perturbations in group-housed pigs, feeding related
information must be measured for each individual. Measuring feeding information of
pigs can be done easily nowadays thanks to the development of automatic feeding
station. Details of how this type of technology works have been described by Maselyne
et al. (2015). First, each individual pig in the group has to be identified. This is done by
using a Radio Frequency ldentification (RFID) ear-tag for each pig. These ear-tags
carry a unique code and a transponder. The feeder needs to be equipped with an
antenna or reader system. When the pig enters the feeder, the antenna captures the
signal of the RFID ear-tag and the pig’s unique code is registered. The feeder basically
consists of a trough and a hopper connected through a load cell to a computer. Access
to the feeder can be restricted by installing adjustable protection bars so that (it is likely
that) only one pig can access the feeder at a given time. Alternatively, separate
individual feeding areas with RFID-controlled access can be created to ensure that
only one pig has access to the feeder (Figure 1.10). The latter system is especially
important if a feed restriction is applied to avoid “feed steeling”. After a pig enters the
feeding station, a limited amount of feed is distributed to the trough. The distribution of
feed can be realized upon request by the pig (e.g., by lifting a lever) or automatically if
the trough is mounted on a load cell. The feeding station registers the start and the
stop of the feeding visits and the weight or volume of the distributed feed. The raw data
of visits and feed distribution can then be processed further into more aggregated traits
(e.g., daily feed intake, eating rate).

In addition to feed intake, some feeding stations can also measure or estimate the
body weight of the pig. The estimation is typically done by a scale positioned just in
front of the feeder so that pigs put their front legs on the scale while eating. The body

weight is then estimated from this measurement.
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Figure 1.10 An example of an automatic feeding station with controlled access for pigs
(Maselyne et al., 2015). This feeding station is equipped with entrance and exist gates,
protective crate and a feed trough. Only one pig can enter at a time. After each visit,
feed consumption and feeding time of the pig are recorded for each pig thanks to the
RFDI ear-tag of the pig. These measures are then computed to provide information at
more aggregated levels such as number of feeder visits, feed intake and feeding rate

per day.

Using feed intake and feeding patterns recorded by automatic feeding stations to
detect illnesses have been done across species for a long time. Table 1 summarizes
the results of some of those studies. In general, changes in feed intake and feeding
behaviour are good predictors of diseases and often these changes occur much earlier
than the observed clinical signs. Changes in feeding behaviour (e.g., feeding rate,
number of feeder visits, meal size) seem to occur earlier than a reduction in feed intake,
although a reduction in feed intake was observed for a wider range of perturbations.

Animals modify their feed intake and feeding behaviour differently in response to
different perturbations. For example, Gonzalez et al. (2008) observed that cows first
responded to locomotion problems by decreasing the number of feeder visits and

increasing feeding time per day while maintaining their feed intake (Figure 1.11).
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Because standing on lame legs is painful, animals would probably try to eat more at
each visit. However, if the locomotion problem leads to lameness, cows will eventually
decrease their feed intake. Wallenbeck and Keeling (2014) found that tail-bitten pigs
consumed significantly less feed than other pigs did during an outbreak of tail biting.
However, the victims of tail-biting visited the feeders more frequently than other pigs 2
to 5 weeks before the outbreak. Their interpretation was that a problem, finally resulting
in tail biting, was already ongoing few weeks before the detected time of the outbreak.
Although the origin of the problem is not known, it is interesting to see that feeding
behaviour can be affected before the “visible and physical” problem is detected and
that it is specific for the victims. The example above is based on the analysis of feeding
behaviour (i.e., after the tail-biting problem occurred) and the challenge is to see
whether changes in feed intake behaviour can be detected to foresee the problem and
take preventive measures.

In summary, with the development of modern monitoring technologies such as
automatic feeding stations, measuring feeding behaviour and feed intake can be done
at the individual level in group-housed animals and with a high frequency (e.g., up to a
level of feeder visit). This type of information is representative of the consequences of
perturbations on farm because animals change their feeding behaviour and intake due
to different perturbations in characteristic ways. They also can facilitate the

quantification of animal response to perturbations.
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Figure 1.11 Changes in feed intake (A, D), feeding time (B, E) and feeding rate (C, F)

of two cows (upper and lower panels) diagnosed with different types of lameness

(Gonzalez et al., 2008). Although these two cows suffered from different disorders,

they showed a very similar response in feeding behaviour: a decrease in feeding time

accompanied by an increase in feeding rate before being diagnosed and the reversed

changes were observed after day of treatment (day 0). This resulted in a constant level

of feed intake in both cases.
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Table 1 Summary of some studies that used feeding information extracted from automatic feeders to detect perturbations in farm

animals
Feeding Species Detected Note Studies
information perturbations
Frequency and Steer’ Morbidity? Morbid steers spent less time at the feed Sowell et al. (1998);
duration of feed- bunk, had fewer immediate visits to the Sowell et al. (1999);
bunk visits bunk in response to feed delivery, and had Quimby et al
fewer feeding bouts than the healthy (2001)
counterparts.
Morbidity can be detected 4.5 days earlier
by this method than by trained employees.
Daily dry matter Dairy cows Metritis after Prepartum DMI and feeding times Huzzey et al. (2007)
intake (DMI) and calving (especially one week before calving)
daily feeding time decreased in cows with severe and mild
(e.g., sum of forms of metritis compared to healthy

durations of all

visits per day)

COWS.
Cows at risk of metritis after calving can be
detected by observing a decrease in DMI
and feeding time up to two weeks before
the first clinical signs and one week before

calving.
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Individual  eating Sows Oestrus, lameness, Sows suffering from health problems Cornou et al. (2008)
hierarchy (e.g., the other health would be less motivated to eat and allow
order of feeder disorders others to eat first. This study modelled the
visits of individual deviations of observations from the
SOWS in a groups) predicted eating rank of each individual
SOW.
Fresh feed intake, Dairy cows Ketosis, lameness Cows diagnosed with different illnesses Gonzélez et al.
daily feeding time, and other modified their short-term feeding patterns (2008)
feeding rate, locomotion in characteristic ways.
number of meals disorders Due to each disease, changes in feeding
and visits per day behaviour and feed intake already started
from 7.7 days to 1 day before the
diagnosis.
Rate of DMI3 Dairy goats Bouts of acidosis The study developed a method to detect Giger-Reverdin et

the effect of perturbations on feeding
behaviour without the need to define
meals. Using statistical models to divide
intake patterns of individual-housed goats
to segments and cluster them, the study
can discriminate between healthy animals

and those suffered from bouts of acidosis.

al. (2012)
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Inter-meal interval Growing
and number of pigs
feeder visits per

day

Severe diseases

and lameness

Based on the concept of synergistic
control, the method proposed in this study
could detect early illnesses through longer
intervals between feeder visits and a lower
number of feeder visits per day than the

normal variation range for each pig.

Maselyne et al
(2018)

Daily feeder visit Growing
frequency and daily pigs

feed consumption

Tail biting

Victim pigs of tail biting visited the feeders
more frequently before the tail biting
outbreak and consumed less feed during
the outbreak than normal pigs did.

A decrease in feeder visits can identify tail-
biting outbreaks as early as 9 weeks
before the veterinary record of the

outbreaks.

Wallenbeck and
Keeling (2013)

Voluntary feed Growing

intake pigs

Clinical lameness

and acute tail biting

Feed intake of lame pigs and victims of tail-
biting was less than that of normal pigs.

Changes in feed intake of lame and tail-
bitten pigs were observable 2 to 3 weeks

before diagnosis by a human.

Munsterhjelm et al.
(2015)

1Steer: castrated male beef cattle

2Mobidity: involves whatever reasons due to which a steer was removed from the pen and medicated.

3Rate of DMI was calculated from the slope of changes in DMI measured every 2 min around goat’s feeding time.

55



3.2. Quantification of animal’s response

The characterization and quantification of the animal’s response to perturbations
are difficult because of the complexity of multiple interactions in the response to
perturbations (Friggens et al., 2017). Mathematical modelling can be a useful approach
to understand and quantify this phenomenon. Modelling can summarize the response
of the animal into a few parameters, which can compared easily among animals and
thus benefit genetic selection to improve robustness (Doeschl-Wilson et al., 2012).
With the accelerated availability of automatic monitoring technologies, data has
become increasingly available for modelling. This section is therefore dedicated to
modelling methodologies that have been applied in the characterization and the
quantification of the animal’s response to perturbations.

Robustness at the animal level is a combination of multiple functional underlying
components (Figure 1.2), and can be studied at different levels of aggregation.
Taghipoor et al. (2016) developed a model to understand the homeostatic equilibrium
of anabolic and catabolic pathways of cell metabolism under environmental
perturbations. At a higher level, modellers often consider that an animal has a genetic
potential for a certain biological function (e.g., growth to become mature, health to
maintain the integrity of the individual, and reproduction to ensure survival of the
species). The target of the animal throughout its life is to achieve the expression of this
genetic potential. The dynamic changes of a biological function are driven by the
genetic potential of an animal and follow a certain pattern or trajectory. Under optimal
conditions, the animal is expected to achieve this goal, but the actual expression of
performance may be less than desired due to impacts of perturbations.

Martin and Sauvant (2010a) developed a holistic model to represent the
trajectories of different biological functions driven by the genetic potential and
physiological stages of a dairy cow. An animal has multiple biological functions and the
priority of allocating resources between them will change according to different stages
of life. The model based on the concept of homeorhetic controls (section 1.2 — this
chapter) to determine the dynamic priorities of the cow to partition resources to different
biological functions (Figure 1.12). The homeorhetic driven trajectories of the model can
serve as the biological benchmarks under optimal conditions. The ability of the cow to
cope with short-term perturbations such as changes in dietary energy supply can be

evaluated in terms of homeostatic controls (i.e., the ability to maintain an energy
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equilibrium when the supply is constrained — section 1.2 this chapter) (Martin and
Sauvant, 2010b).
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Figure 1.12 Conceptual trajectories of resource allocation over 20 years of the life of
a dairy cow for five functions: growth (G), balance of body reserves (R), ensuring
survival of the unborn calf (U), ensuring survival of the newborn calf (N) and ensuring

survival of the suckling calf (S) (Martin and Sauvant 2010a).

The idea of a trajectory that expresses the genetic potential of an animal has
existed in animal nutrition science for a few decades. As mentioned in section 2.1 of
this chapter, there is a school of thought considers that an animal eats because it has
the internal desire to grow. This is called the “pull” approach in modelling animal
nutrition. This approach assumes an animal has an intrinsic desire to grow, driven by
the pig’s genotype, and this motivates the animal to “pull” energy and nutrients in from
the feed (Halas et al., 2018). Black et al. (1986) decomposed the “desire to grow” in a
potential for protein deposition and energy retention, which then drives the potential
feed intake. Actual feed intake is the consequence of the potential feed intake and
constraints imposed by the environments or by the capacity of the animal itself (e.g.,
gut fill) (Black et al., 1986). Using a similar approach, Wellock et al. (2003a)
represented the potential growth of a pig as a function of its genotype and the current
physiological state. The feed intake that allows the pig to satisfy the requirements for

protein and energy for its potential growth in the unconstrained condition is called the
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“desired” feed intake (Wellock et al., 2003a). This desired feed intake can then be used
to investigate the effects of perturbations such as social stressors (Wellock et al.,
2003b) and pathogens (Sandberg et al., 2006) on feed intake and to quantify the
genetic variation among individuals in response to those perturbations. For example,
Sandberg et al. (2006) developed a model to characterize the feed intake response to
a pathogen challenge. This model was developed based on the knowledge of the
anorexic effects of pathogens on voluntary feed intake (as described in section 2.2 of
this chapter), and the model structure is presented in Figure 1.13. A resistant host is
characterized by the model as having a long lag time (L), a sort reduction time (R), a
short duration of the anorexia (D), and a fast rate of recovery (p). Although the model
addresses different aspects of the interactions between the host and the pathogen,
potential model inputs such as pathogen dose, pathogen load, but also the short-term
changes in feed intake are difficult to obtain, making estimation of model parameters
rather difficult.

Time from pathogen exposure, d

Figure 1.13 Concept of a model that characterizes the response in relative feed intake
(differences between desired and challenged feed intake - RFI) of an animal to a
pathogen challenge (Sandberg et al., 2006). The way in which RFI changes over time
is characterized by 5 parameters: Lag time (L, day) implies the interval between the
point of infection and the first observable effect on RFI, Reduction time (R, day)
describes how fast the lowest value of RFI (A) is achieved, Duration time (D, day) refers

to the period the A can be maintained, and the rate of recovery (p).

The aforementioned examples show that most of the models developed to study
the adaptive ability of animals to perturbations were based on a concept-driven

approach. This implies that these models rely on the existing knowledge and
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perceptions. Data from the literature or from experiments are used to parameterize
these models or to challenge them, but not for the construction of the model concepts.
These models rely on biological mechanisms that describe the underlying model
structure, and this type of models is helpful in understanding the physiological
interactions between animals and perturbations. However, it has been difficult to use
these models in practice because they require considerable inputs to properly
parameterize the model for the trajectory expressing the animal’s genetic potential of
different functions, different types of perturbation and to account for differences among
animals in their response to the perturbation.

Quantifying the dynamic responses of an animal to a perturbation has also been
done without defining a trajectory of the optimal condition. For an acute challenge, the
responses can be compared to the conditions right before and after being challenged
(Sadoul et al., 2015b; Friggens et al., 2016). For instance, Sadoul et al. (2015b)
adopted the concept of “spring and damper” from physics to represent physiological
and behavioural responses of an animal to an acute challenge. The impact of a
perturbation is considered as a force that pulls the system from its baseline. The
animal’s response is characterized by the capacity to resist from being distorted (i.e.,
damper) and the capacity to minimize the amplitude of perturbing factors (i.e., spring)
(Sadoul et al., 2015b). When the perturbation is over, the pulling force is released and
the animal recovers back to the baseline through the force of the (damped) spring. The
dynamics of the recovery capacity therefore depends on the spring and damper
parameters. The model fitted well to the physiological and behavioural responses of
rainbow trouts that were challenged by a confinement test (Sadoul et al., 2015a),
showing the capacity to quantify the response of animals to an acute challenge (Figure
1.14). Friggens et al. (2016) used a piecewise model to describe changes in
performance of individual dairy goats before, during, and after a dietary challenge of
receiving a low-quality feed for two days. The model is quite simple in that the pre- and
post-challenge responses are considered constant, and the decrease due to
perturbation and the subsequent recovery are described by two linear and one
quadratic components (Figure 1.15). The parameters obtained from the model allow
evaluating the relationship between different stages of the response (Friggens et al.,
2016). These examples indicate that the response of animals to acute perturbations
can be quantified by simple models without defining an explicit baseline (i.e., the

baseline is assumed constant before and during the acute challenge; thus, responses
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of the animal to a challenge are compared with the observation(s) of the period before
it).

Fold change - 1
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Figure 1.14 Results of fitting the “spring and damper’” model to records of some
physiological and behavioural traits of rainbow trouts before, during a confinement
challenge (grey box) and thereafter (Sadoul et al., 2015b). The confinement challenge
was conducted by Sadoul et al. (2015a). The response of trouts during the challenge
was characterized for each traits by two parameters indicating the capacity to resist
from being distorted (i.e., damper) and to minimize the amplitude of perturbing factors
(i.e., spring). After the challenge, as the perturbing force was released, measured traits

recovered back to the baseline by themselves.
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Figure 1.15 Graphic illustration of the piecewise model that characterizes the response
of an interested trait before, during and after an acute challenge such as receiving a

low-quality feed (Friggens et al., 2016).

The rapid development of high frequency and individual monitoring technologies
offers new opportunities to quantify the animal’s response to perturbations. Revilla et
al. (2019) used frequently recorded body weights to quantify the ability of piglets to
cope with weaning perturbations. In their model, they differentiated a growth trajectory
in non-perturbed (potential) and perturbed conditions (Figure 1.16). The growth
trajectory in the non-perturbed condition was estimated by fitting a classic Gompertz
function on body weight using five points: the point of weaning and only the last four
records in a period of 75 days after weaning. The Gompertz-Makeham equation was
fitted to more frequent body weight measurements to characterize the growth trajectory
in the perturbed condition. The deviations of perturbed body weight from potential body
weight provide information about the response of piglets such as the amplitude and
duration of the weaning perturbation and the rate of recovery of the pig. The model
was developed to capture only the weaning perturbation, and it relies on the hypothesis

that at 75 days after weaning, pigs recover completely. Despite being a simple model
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and a potentially debatable hypothesis, the model parameters were highly correlated

with physiologically adaptive traits in the blood (Revilla et al., 2019).
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Figure 1.16 Results of fitting the model developed by Revilla et al. (2019) to body
weight measurements of a pig to characterize its response to weaning challenge. The
growth trajectory in the non-perturbed condition (solid line) was estimated by fitting a
classical Gompertz function to body weight measurements at weaning and the last four
days. The body weight response to weaning challenged was estimated by fitting a

Gompertz-Makeham equation to all body weight measurements (Revilla et al., 2019).

Doeschl-Wilson et al. (2012) proposed a novel method to quantify individual host
resistance and tolerance by adopting the concept of dynamical systems theory. By
plotting the individual’s performance against measures of pathogen burden recorded
at multiple time points, a trajectory of the interaction between pathogen load and host
performance can be formulated. This trajectory indicates the dynamic change in
resistance and tolerance and their effects on host performance. Doeschl-Wilson et al.
(2012) represented the behaviour of this trajectory by a system of differential

equations, which describe the dynamic changes in host performance, pathogen load,
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and immune response. Parameters estimated from this model can be used as
phenotypic traits for quantitative genetic studies. Although this method does not
provide any explicit model to represent the trajectory of the “host performance-
pathogen burden” interaction, the system of differential equations shows that it has the
potential to quantify the response of animals to pathogens, without requiring
knowledge about the time point that the animal was infected (Doeschl-Wilson et al.,
2012).

Summarizing, although the necessity to quantify the response of animals to
perturbations is well recognized, it remains a challenging task. Mathematical modelling
is a beneficial approach to study the complex and dynamic response of an animal to
perturbations. Most of the existing models describing the response of an animal to a
perturbation have been based on a conceptual approach and data to challenge these
concepts were difficult to obtain. The availability of high-frequency longitudinal data
changes the way by which the issue can be addressed. Recently developed models
using longitudinal data already show the benefits of combining the newly available of

data and mathematical modelling in quantifying the animal’s response to perturbations.

4. Gaps of knowledge

With the increase in human population at an accelerating rate, livestock production
plays an important role in ensuring food security in the next few decades. However,
livestock production is facing emerging challenges such as the global climate change,
environmental impact, emerging infectious diseases, and consumer and citizen
demands for animal welfare. In this context, livestock production has to change
towards a more sustainable system. Being able to quantify and in turn improve
robustness of farm animals (e.g., through genetic selection or management practices)
is an important element step to move towards a more sustainable livestock system.
However, robustness is a complex trait to be quantified because it includes multiple
dynamic elements such as how an animal responds to and recovers from
environmental perturbations. Among many potential indicators, voluntary feed intake
is a promising candidate to assess robustness because of its sensitivity to
perturbations. Currently, with the increasingly availability of automatic monitoring
technologies, voluntary feed intake can be measured easily at individual level, in a

large group, and with very high frequency. The advantage of this new type of
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information has already been exploited to detect the impact of perturbations on the
animals, but feed intake data can be exploited further to quantify the underlying

mechanisms of robustness.

5. Study’s objectives

The objectives of this PhD thesis are:
1. Develop a generic method and model to:
a. Detect the presence of known and un-known (short-term) perturbations on the
voluntary feed intake of growing pigs
b. Quantify the response of individual pigs to detected perturbations in terms of:
- Resistance (i.e., to what extend is the animal affected by a perturbation)
- Resilience (i.e., how fast does the animal recover when the perturbing factor is
over)
2. Challenge and evaluate the model by quantifying the feed intake response of pigs
(in terms of resistance and resilience) when exposed to a mycotoxin-contaminated

diet and compare these traits among individuals.

We decided first to develop a model in a blindfolded way. This means that we
developed the model based only on feed intake data without considering any other
types of information (e.g., observations by animal caretakers, veterinary treatment
records). Following the model development, the model was challenged and evaluated
using a dataset of a known perturbation caused by pigs receiving a mycotoxin-

contaminated diet during specific periods.
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Chapter 2. Development of the model to detect

perturbations and quantify animal’s response

1. Objective of the chapter

The aim of this chapter was to describe the development of a data analysis and
modelling procedure to detect the impacts of perturbations on feed intake of individual
growing pigs and quantify their subsequent responses.

As mentioned earlier, we chose a blindfolded approach to develop the procedure.
This implies that no information except daily voluntary feed intake of individual pigs
was analyzed. The procedure is different from conventional modelling in the way that
it was developed in two steps. This allows us to detect the perturbations firstly and
quantify the animal’s response secondly.

When developing the procedure, we aimed to keep it generic and flexible. Because
the concept is generic, different elements can be adapted if judged necessary. For
example, if the origin of perturbations is recognized and knowledge of their impacts on
the feed intake is available, the model can be modified to include this information.

In this chapter, the development of the procedure will be described as a published
article. Then, an example of how the model can be modified to deal with feed intake
response to sanitary challenges will be followed to demonstrate the procedure’s

flexibility.

65



2. A procedure to quantify the feed intake response of

growing pigs to perturbations
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Abstract

Improving robustness of farm animals is one of the goals in breeding programs.
However, robustness is a complex trait and not measurable directly. The objective of
this study was to quantify and characterize (elements of) robustness in growing pigs.
Robustness can be analysed by examining the animal’s response to perturbations.
Although the origin of perturbations may not be known, their effects on animal
performance can be observed, for example through changes in voluntary feed intake.
A generic model and data analysis procedure was developed (1) to estimate the target
trajectory of feed intake, which is the amount of feed that a pig desires to eat when it
is not facing any perturbations; (2) to detect potential perturbations, which are
deviations of feed intake from the estimated target trajectory; and (3) to characterize
and quantify the response of the growing pigs to the perturbations using voluntary feed
intake as response criterion. The response of a pig to a perturbation is characterized
by four parameters. The start and end times of the perturbation are “imposed” by the
perturbing factor, while two other parameters describe the resistance and resilience
potential of the pig. One of these describes the immediate reduction in daily feed intake
at the start of the perturbation (i.e., a “resistance” trait) while another parameter
describes the capacity of the pig to adapt to the perturbation through compensatory
feed intake to re-join the target trajectory of feed intake (i.e., a “resilience” trait). The
procedure has been employed successfully to identify the target trajectory of feed

intake in growing pigs and to quantify the pig’s response to a perturbation.
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Implications

The study provides a data analysis procedure to detect the impact of perturbations
on feed intake in growing pigs, and a mathematical model to quantify traits related to
resistance and resilience. When pigs are kept in the same environment and are facing
a common perturbing factor, the model can be used to identify differences in resistance
and resilience among pigs, which can be used in selection programs. Although this
procedure uses feed intake as a response criterion and is applied to growing pigs, it is

generic and can be applied to other species and with other response criteria.

Introduction

Growing pigs, like other animals, are confronted with variation in their environment
to which they may have to respond. This includes the effects of climate change (e.g.,
periods of extreme weather), infectious diseases, but also management practices and
interactions with other animals. Robustness deals with the way animals respond to
changes in their environment. Knap (2005) defined robust pigs as “pigs that combine
high production potential with resilience to external stressors, allowing for
unproblematic expression of high production potential in a wide variety of
environmental conditions”. Robustness is a complex concept, which is difficult to
quantify and characterize because it includes multiple “dynamic elements such as the
rates of response to, and recovery from, environmental perturbations” (Friggens et al.,
2017). The response of an animal to a perturbation can be described in terms of
resistance and resilience, which are defined as the capacity of an animal to minimize
impacts of perturbing factors and to quickly return to the pre-perturbed condition (De
Goede et al., 2013; Colditz and Hine, 2016).

Because of the dynamic nature of the response of animals to a perturbation, it is
difficult to use single time-point measurements to quantify resistance and resilience
(Friggens et al., 2017). Recent developments in monitoring technologies allow the
continuous recording of animal performance (Neethirajan, 2017). Although several
studies have explored these technologies to study the impacts of perturbations on

animal performance (Codrea et al., 2011; Munsterhjelm et al., 2015; Friggens et al.,
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2016), these technologies have not yet been used to develop a generic method that
detects perturbations and that allows to quantify the animal's response to
perturbations. Therefore, the objective of this study was to propose a data analysis and
modelling procedure to detect the impact of perturbations in growing pigs and quantify

the feed intake response in terms of resistance and resilience.

Material and methods

General description of the model

Perturbations such as heat stress or sanitary challenges typically have a transitory
impact on the pig, resulting in changes in feed intake and body weight gain. Although
the cause of a perturbation is not always known, the consequences on animal
performance can be observed. Because of the rapid development in monitoring
technologies on farm, feed intake can now be recorded in individual pigs with a very
high frequency (i.e., up to the level of meal intake patterns). Moreover, feed intake is
among the first measurable and non-invasive traits affected by perturbations, and was
therefore considered as a suitable trait to quantify the response of a pig to a
perturbation.

Only perturbations that have a negative impact on feed intake are considered in
this study. Perturbations that result in an increase in feed intake (e.g., cold stress,
immuno-castration, or providing a diet with low energy content) are not considered
here, but the proposed method is generic and can be adapted to account for these
types of perturbations.

It is hypothesized that the observed cumulative feed intake (CFl) of a pig is the
combination of a target trajectory curve (i.e., the amount of feed a pig desires to
consume in a non-perturbed condition) and a change in feed intake due to
perturbations. During a perturbation, the feed intake of the pig will deviate from the
target trajectory but, once the perturbing factor is over, the pig will strive to increase its
feed intake through compensatory feed intake to re-join the target trajectory of CFlI
(target CFI).

The data analysis procedure includes two main steps. The first one is the
estimation of the target trajectory curve of feed intake. Deviations of the observed feed
intake from this target trajectory represent the potential consequence of a perturbation,

and a classification process is performed to identify the most important deviations. The
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second step is the quantification of response of the animal in terms of resistance and
resilience. In short, the procedure is based on two model components: one estimates
the target trajectory of feed intake and the other one characterizes the perturbation.

Although DFl is often used as a production trait, fluctuations in DFI data make detection
of perturbations difficult. Moreover, after a perturbed period, the overall reduction in
feed intake needs to be compensated for by an equal increase in feed intake during
the recovery period, which should surpass the target trajectory of DFI (target DFI). The
CFlI (i.e., the integral of DFI) has the advantage over DFI| of being less variable and,
more importantly, allows for an easier representation of a trajectory including
deviations and recovery. In the absence of a perturbation, it is hypothesized that the
observed CFl is identical to the target CFl. During a perturbation, the observed CFl
deviates from the target CFI (i.e., it increases to a lesser extent) and, once the
perturbing factor is over, the animal seeks to re-join the target CFI through

compensatory feed intake, without surpassing it in a systematic way.

Estimation of the target trajectory of feed intake and detection of perturbations

The target CFl is the amount of feed a pig desires to eat when it is in a non-
perturbed condition. The target CFl was described by an empirical polynomial function
of time, without pretending a mechanistic cause. The reason for this is that feed intake
was recorded on a daily basis and is statistically the independent variable. Preliminary
analyses indicated that using a third-order polynomial of CFl in combination with a
perturbation model could result in biologically unrealistic predictions for DFI. We
therefore defined the model of target DFI so that it can either increase with time or
remain constant, resulting in the so-called linear-plateau model for DFI. Consequently,
the target CFl was described by a quadratic-linear function of time:

a+ bt +ct?, t <t

T t_CFI(t) = {
arget_CFI(t) a+ bt + ct? + (b + 2cty)(t —t,), t =t

(1)

where “t” is the age of the animal (days) and “Target_CFI(t)” is the target CFI| at day
“1". The parameters a, b, and c are the classical parameters of a polynomial function,
and ts is the day when the quadratic segment of the curve changes to the linear
segment.

To facilitate the biological interpretation of the parameters, Equation 1 was
reparametrized by replacing parameters a, b and c by to (the estimated age at which

CFI = 0), CFlmid-point (the estimated CFI at the mid-point determined halfway between
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to and the last observation), and CFlast (the estimated CFI at the last observation).
Details of this re-parametrization are described in Supplementary Material S1.

Using the reparametrized Equation 1 to estimate the target CFl, two possible problems
were encountered with the resulting linear-plateau function for DFI. Firstly, the linear
segment can have a very modest negative slope, which would mean that the DFI
decreased slightly with increasing age. In that case, a constant value for DFI was
assumed (rather than a linear-plateau model), resulting in a linearly increasing function
for CFI (with two parameters toand CFliast). Secondly, to avoid the estimation of ts being
too close to either the first or the last observation, a linear function was then used to
describe DFI, resulting in a quadratic function for CFI (with three parameters to, CFlmic-
point and CFliast).

To estimate the target CFI, the reparametrized Equation 1 has to be fitted to non-
perturbed data. Therefore, a statistical procedure was used to successively eliminate
observations that could result from perturbed periods. Observations that are
consistently below the fitted curve may correspond to feed intake during perturbed
periods. An auto-correlation test was used as a selection criterion to temporarily
remove data with negative residuals from the dataset. The fitting procedure was then
repeated on the resulting dataset until the auto-correlation of the residuals was no
longer significant. Compared to fitting the curve to the original dataset of CFl, this
procedure results in moving the CFI curve upwards, while fitting the model to fewer
observations compared to the original dataset. Preliminary analysis indicated that the
absence of auto-correlation could be achieved only if very few data remained. This
appears to be due to small oscillations in CFI that are not necessarily the result of
perturbations. To ensure that the target CFl is estimated with a reasonable number of
observations, the data elimination procedure was terminated when at least 20
observations were remaining. In short, the parameters of the target CFl were estimated
by repeatedly fitting the reparametrized Equation 1 to CFl data and temporarily
eliminating observations with negative residuals until there was no auto-correlation
among the residuals or when at least 20 observations remained.

Deviations from the target CFI correspond to potential perturbations. As indicated
above, small oscillations in feed intake patterns exist. The aim here is to detect the
most important deviations that are the result of perturbations. These perturbations can
then be characterized by the duration and magnitude of the deviation from the target

CFI. A deviation was considered as a perturbation if it lasted at least 5 days, to ensure
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that a reasonable number of data were used to estimate the model parameters. The
magnitude was determined by calculating the maximum reduction of a deviation from
the target trajectory. Because CFl is increasing continuously, deviations from the target
CFIl were expressed as a percentage and an arbitrary value of 5% was set as a
threshold value to identify a perturbation. To identify perturbations among all the
deviations from the target CFl, a B-spline function of order 6 was fitted to the difference
between the observed CFl and the target CFl. Any period during which the observed
data deviated from the target CFI for more than 5 days and for more than 5% was
considered to be the result of a perturbation. The interest of using a B-spline function
is its high flexibility and its smoothing properties that allow to capture small deviations
from the target CFl (Ramsay and Silverman, 2007).

Deviations that occurred only during the first week were not considered because
pigs may encounter many stressors during this period (e.g., mixing of groups) and
deviations from the target CFI of more than 5% occur frequently due to the small value
of CFI during the first week. However, deviations that started during the first week and
for which the selection criteria of duration and magnitude continue to hold during the

second week were considered the result of a perturbation.

Characterization of the response to a perturbation

The model to characterize the animal’s response to a perturbation is based on an
ordinary differential equation and includes two components: the immediate impact of
the perturbation and the response of the pig to the perturbation (Figure 2.1). A
perturbation was assumed to have an instantaneous, negative, and constant impact
on the DFI of the pig for the duration of the perturbing factor. The reduction in DFI will
result in that the CFI deviates progressively from the target CFI. The ratio between CFI
and the target CFl is used as a driving force to trigger the pig’s resilience mechanism
in a proportional way (Figure 2.1). The smaller the ratio between the CFl and the target
CFl, the greater will be the intensity of resilience mechanism for DFI. The change in
DFI due to perturbation (compared with the target DFI) is the sum of the components
depicted by resistance (Figure 2.2, black line) and resilience including compensatory
feed intake (Figure 2.2, grey line). During the perturbed period, the resilience
mechanism limits the effect of the perturbing factor. As indicated in Figure 2.2, at the
end of the perturbed period, the negative effect of the perturbation (around -35%) is

partially compensated for by the resilience mechanism (around +25%). Once the
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perturbing factor is over, the negative effect on DFI disappears, but the CFI ratio will
still be smaller than one. This results in compensatory DFI where the observed DFI will

be greater than the target DFI that, in turn, results in that the CFI will approach the

target CFI.
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Figure 2.1 General mechanism of a model that quantifies the pig’s response to a perturbation. Solid arrows indicate causal
relationships in the model, the double arrow indicates the flux, and the dashed arrow indicates the disappearance of perturbing factor.
Numbers indicate the response elements: @ in the absence of a perturbation, the daily feed intake (DFI) is equal to the target DFI; @
the initiation of a perturbation has a negative and constant effect on DFI and, because of the reduction in DFI, the cumulative feed
intake (CFI) starts to deviate from the target CFl; @ the ratio between the CFl and the target CFI triggers the pig’'s resilience
mechanism to limit the effect of the perturbation on DFI; @ once the perturbing factor is over, its negative effect on DFI disappears,

but the resilience mechanism is still active resulting in compensatory feed intake allowing the CFI to approach the target CFI.
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Figure 2.2 Mechanisms that determine the response of a pig to a perturbation. The
perturbation is estimated to occur between around days 97 and 129 of age. The
dashed line indicates the target trajectory of daily feed intake (DFI). The black line
indicates the constant and negative impact of the perturbation on the pig (resistance),
resulting in a 35.6% reduction in DFI. The grey line represents the resilience capacity

(during the perturbation) and compensatory feeding of the pig (after day 129).

The perturbation model was conceptualized in a way that the impact of a
perturbation on feed intake can be characterized by four parameters. Two parameters
indicate the start (t_start) and end times (t_stop) of the perturbing factor, while the third
parameter (k1) describes the constant negative impact of the perturbation on DFI. The
fourth parameter (k2) is the marginal response in DFI due to a change in the ratio
between the CFl and the target CFIl, and describes the capacity of the pig to adapt to
the perturbation through resilience and compensatory feed intake. The perturbation
model is therefore the result of resistance and resilience mechanisms and can be

written as:
%CFI(t) = Target_DFI(t) = (1 — Resistance(t) + Resilience(t)) (2a)

where “Resistance(t)” takes the value of k1 between the t_start and t_stop time, and is

zero otherwise, while “Resilience(t)” is described by:
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Resilience(t) = k2 * (1 S — (t)) (2b)

Target_CFI

It is acknowledged that the proposed procedure includes a number of arbitrary
elements. This concerns the choice of feed intake as the only response criterion, the
model choices for the target trajectory for CFl and for the DFI during and after the
perturbed periods, and the step-wise method to quantify the animal’s response.
However, the method is generic in that the different elements can be changed and

adapted as judged necessary.

Data source used for model calibration

Data were collected from an experimental farm of INRA in Le Magneraud
(Charente-Maritime, France). Five pigs from the same batch (i.e., they were born on
the same farm and approximately on the same day) were chosen to demonstrate the
procedure. The pigs entered the same growing facility at 68 days of age and stayed
there until reaching their slaughter weights (124 kg on average). Feed was provided
ad libitum. Feed intake was recorded on a daily basis using the single-place Acema 64
electronic feeder (Acemo, Pontivy, France) as described by Labroue et al. (1994).
Because CFl is sensitive to missing data (e.g., due to loss of a radio-frequency
identification (RFID) ear tag or malfunctioning of the feeder), a procedure to deal with
missing data was developed (Supplementary Material S2; an example of missing data
estimation by the procedure is shown in Figure S1). There were no missing feed intake
records for the five pigs used here to illustrate the procedure. Because pigs were fasted
one day before leaving to slaughterhouse, the last observation of feed intake of each

pig was ignored.

Statistical analysis
All statistical and optimization procedures were performed using R software

version 3.5.0 (http://cran.r-project.org/). To account for scale differences in the target

CFI (reparametrized Equation 1), a weighted regression procedure was applied using
(1/CFIl)? as statistical weight. The optimization was performed using the non-linear
function “nlsLM” of the package “minpack.Im”. The structural identifiability of
reparametrized Equation 1 and Equations 2a and 2b was tested using the software
DAISY (Bellu et al., 2007). All equations were structurally identifiable, meaning that the
parameter estimation problem is well posed and it is theoretically possible to estimate
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uniquely the model parameters given the available measurements (Mufioz-Tamayo et
al., 2018).

The test for auto-correlation was performed by a Wald-Wolfowitz runs test. To fit
the B-spline function to the difference between the observed CFl and target CFl, the
package “fda” was used. To characterize the pig’s response to a perturbation,
Equations 2a and 2b were solved using the “ode” function of the “desolve” package
with an integration step size (dt) of one day. The optimization was done using the

“optim” function.
Results

The procedure is illustrated step-by-step for one of the pigs and the results for all

five pigs are presented in Table 2.1.

77



Table 2.1 Parameter estimates of the target trajectory of cumulative feed intake (CFl) and of the perturbation model to characterize

the response to a perturbation of five grouped-housed growing pigs

Parameter estimates of the target CFl model Parameter estimates of the

perturbation model

Pig Function Remaining tast (day) to ts CFlmig-point ~ CFliast t start t stop k1 k2
type’ data? (day) (day) (kg) (kg) (day) (day) (%)

01 QL 37 195 67.3 162 155 334 96.9 129 -35.6 2.81

02 L 37 195 81.8 231 97.7 134 -68.6 1.26

03 QL 22 214 67.9 133 109 260 96.7 152 -526  2.73

04 Q 32 195 67.2 149 326 100 151 -51.5 513

05 Q 25 194 66.6 157 331 103 154 -49.1 5.13

tiast = the last observed age in the growing period; to = estimated age at which CFI = 0; ts = the age when the quadratic segment changes to the linear segment
in the quadratic-linear function; CFlmid-point = estimated CFI at the mid-point of the growing period; CFliast = estimated CFl at tiast; t_start = the day the perturbing
factor started; t_stop = the day the perturbing factor ended; k1 = instantaneous reduction in daily feed intake at t_start; k2 = resilience parameter.

" Function type for the target CFI: QL = quadratic-linear function; Q = quadratic function; L = linear function.

2Remaining data: number of observations used to estimate the target CFI.
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The target CFI of pig 01 was estimated using the quadratic-linear function of the
reparametrized Equation 1. The auto-correlation test was conducted to temporarily
remove observations associated with perturbed periods. The process was terminated
when 37 CFIl observations remained, even though auto-correlation still existed. Further
application of the procedure would result in fewer than 20 remaining observations.
Estimated parameters of the target CFl are indicated in Table 2.1. Figure 2.3 shows
the target CFl against observed CFl, illustrating that the observed CFI deviated from
the target CFIl from 100 to 150 days of age and, to a lesser extent after 185 days of

age.
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Figure 2.3 Cumulative feed intake (CFI) of a pig in response to a perturbation. The
target CFl is described by a quadratic-linear model (the change in model segments
occurred at 162 days). The perturbation was estimated to occur between 97 and 129

days of age, resulting in a deviation of the CFI from the target CFI.

Figure 2.4 illustrates the differences between the observed and target CFIl. Not
considering the data of the first week, three deviations from the target CFl were
detected. Given the selection criteria for a perturbation, only one deviation was
considered as a perturbation. The analysis using the B-spline function indicated that it
lasted from 96 to 168 days of age and the maximum deviation was 9.3%, which

occurred at 115 days of age.
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Figure 2.4 Difference between the observed cumulative feed intake (CFl) and the
target CFI of a pig. Three deviations were detected but, based on the selection criteria
for a perturbation, only one deviation was considered as a perturbation. Deviations
during the first week of growing period (indicated by the vertical dashed line) were not

considered as perturbations.

Equations 2a and 2b were used to estimate the parameters describing the
response of the animal to a perturbation. The period during which the perturbation
occurred was estimated to start at 97 days of age (t_start) and to end at 129 days of
age (t_stop). The instantaneous reduction in DFI at the onset of the perturbation k1
was estimated at 35.6%. The estimated value of the resilience parameter k2 was 2.81,
which indicates that if the CFl is 1% below the target CFl, the pig would strive to eat
2.81% more compared to its target DFI. At 129 days of age, the negative effect of the
perturbing factor stopped, but the resilience mechanism remained active because the
CFI was still lower than the target CFIl. The ratio between the two was therefore still
below one, resulting in compensatory feed intake. The response of this animal to a
perturbation is given in Figure 2.5 for the change in DFIl and in Figure 2.3 for CFI. The
maximum deviation in CFl occurred when the perturbation stopped at 129 days. At 130
days, the CFl was 139 kg, which was 9% below the target CFl of 152 kg. This triggered

a compensatory feed intake in which the DFI was 24% greater than the target DFI
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(Figure 2.5). Because of the compensatory feed intake, the CFI gradually approached
the target CFI (Figure 2.3).
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Figure 2.5 Daily feed intake (DFI) of a pig and modelling results. The perturbing factor
induced an immediate reduction in DFI (compared with the target DFI) at the beginning
of the perturbed period, which was counteracted by resilience mechanisms of the pig.
Once the perturbing factor ended, the pig consumed more feed than the target DFI

through compensatory feed intake to recover.

Table 2.1 shows the estimated parameters of the target CFl and of the response
to perturbations of five pigs. The process to temporarily remove observations with
negative residuals was always stopped while there was still auto-correlation to ensure
retaining at least 20 observations. The procedure indicated that all five pig were
affected by one major perturbation during the growing period. Moreover, the start
(t_start) and the last (t_stop) days of the estimated perturbation were approximately
similar for all five pigs (99 * 2.7 days and 144 + 11.6 days, respectively). However,
values of the response traits (k1 and k2) varied between these pigs (from -68.6% to -
35.6% for k1; and from 1.26 to 5.13 for k2).
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Discussion

Characterization and quantification of the response of animals to perturbations are
important in animal management and breeding. The recent and rapid development of
monitoring devices in combination with data analysis and modelling techniques offer a
great potential to progress in this area. This study illustrated how daily feed intake
records can be used to characterize and quantify elements of resistance and resilience

in growing pigs.

Difficulties in modelling the response of animals to perturbations

Attempts to quantify the animal’s response to perturbations have been made both
statistically and conceptually. However, traditional single time-point recording of
performance traits cannot capture the whole process in which the response to and
recovery from perturbations of an animal occurs (Friggens et al., 2017). For example,
Pastorelli et al. (2012) conducted a meta-analysis to study the consequence of six
sanitary perturbations on feed intake and growth in growing pigs. However, only a small
number of experiments in the literature was available that allowed to quantify the
response of the animals to these perturbations. They differentiated the response of
animals to the different perturbations but, due to the type of data reported in the
literature, they could only report the response as an average reduction in feed intake
and/or daily gain for the whole experimental period. Mechanistic models that represent
the dynamic response of animals to a perturbation have been developed based on
conceptual grounds (Wellock et al., 2003b; Sandberg et al., 2006). However, despite
their theoretical interest, there has been little high-frequency data thus far to challenge
the proposed concepts and to ensure practical application of these models. This kind
of data is required to detect, understand, and quantify the response of an animal to a
perturbation (Codrea et al., 2011; Wallenbeck and Keeling, 2013; Munsterhjelm et al.,
2015).

Modelling the target trajectory of feed intake

In modelling growth and feed intake, different approaches towards “cause” and
“effect” have been used. In the “push approach”, feed intake is often described as a
simple function of time or body weight driving growth. Frequently used functions

include the monomolecular function (i.e., an exponentially declining function with an
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asymptote), the power function, and a Gamma-function describing feed intake relative
to maintenance energy requirements (Van Milgen et al., 2008; Black, 2009; NRC,
2012). In the “pull approach”, functions for desired growth (i.e., protein and lipid
deposition) are defined which, in combination with aspects of energy metabolism,
result in a desired feed intake. Most feed intake models describe DFI, rather than CFI.
In an analysis of different growth functions, Schulin-Zeuthen et al. (2008) indicated that
body weight could very well be described by a monomolecular function of CFl, basically
indicating that animals grow because they eat and, at maturity, they eat for
maintenance.

It is interesting to note that for all five animals used in this study, a significant auto-
correlation remained for CFl unless the procedure was allowed to proceed beyond the
limit of 20 remaining observations. The presence of auto-correlation in CFl data
indicates that there are patterns in feed intake that cannot be captured by a polynomial
model with (potentially) four parameters. Although the choice of 20 observations was
arbitrary, it is a compromise between the number of remaining data and the presence
of auto-correlation in the target CFI. If the filtration procedure was allowed to go further,
there would be no data with auto-correlated residuals, but the estimation of the target
CFI (which is described by maximum four parameters) would be based on a small
number of observations. In contrast, if the procedure was stopped earlier (with more
remaining observations), the target CFl would include more data with auto-correlated

residuals, some of which could be due to a perturbation.

Modelling the response to perturbations

In describing the response of an animal to a perturbation, Wellock et al. (2003a)
and Sandberg et al. (2006) used a pull approach to describe the feed intake response.
This approach is probably biologically more appropriate than the empirical push
approach that was used in this study, but it requires an explicit representation of the
nutrient requirements for growth and those related to the perturbation (e.g., for the
immune response). Perturbations can have both direct and indirect effects on
performance through metabolism and nutrient utilization (Le Bellego et al., 2002;
Pastorelli et al., 2012). However, when feed intake is the only measured response trait,
it is difficult to disentangle these direct and indirect effects.

To characterize resistance and recovery capacity of the animal, Sandberg et al.

(2006) proposed a model of the DFI response to a pathogen challenge. The resistance
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part of the model in this study (Figure 2.2, black line) is conceptually similar to the
model of Sandberg et al. (2006). The difference is that they included a lag time from
inoculating the pathogen until the first sign of a reduction in feed intake, which requires
knowledge of when the animals are exposes to a pathogen. Also, Sandberg et al.
(2006) assumed existence of a duration where feed intake gradually decreases to its
minimum value, followed by a plateau before it gradually recovered to the reference
value. The recovery rate used by that model can be compared to the resilience
mechanism proposed in our approach (Figure 2.2, grey line), which allows for
compensatory feed intake to occur. The model of Sandberg et al. (2006) does not
include an explicit representation of compensatory feed intake, although this may occur
through the pull approach used in their model. The existence of compensatory feed
intake following perturbations is supported by other studies (Kyriazakis and Emmans,
1992; Pastorelli et al., 2012).

The model proposed in this study is also somewhat similar to the spring and
damper model developed by Sadoul et al. (2015). In that model, which is analogous to
a suspension system in a car, the impact of a perturbation is considered as a “pulling”
force on the system and resistance and resilience are characterized by the ability of
the system to resist from being deformed (i.e. damper) and to reduce the amplitude of
the deformation (i.e., spring). After the perturbing force is released, the system
recovers by itself and the recovery rate depends on the ratio between the parameter
values of the spring and damper. Parameter values of the spring and damper also
determine whether oscillations in the response will occur. Although these oscillations
may be used to represent compensatory feed intake in terms of DFI, it may be more
difficult to use these oscillations to represent compensatory feed intake in terms of CFI.
As illustrated by the models of Sandberg et al. (2006), Sadoul et al. (2015), and this
study, there are different ways to represent the response of animal to a perturbation.
At this stage, we aimed to keep the model as generic and as simple as possible, but
any aspect of the procedure can be changed as deemed necessary. For example,
knowledge about the origin of the perturbation can be helpful in establishing an
appropriate perturbation model. In the current model, a specific duration of the
perturbing factor is included, which would be appropriate to reflect a period of heat
stress. Other perturbing factors such as a viral challenge may have a specific starting
point (with or without a lag time) but the duration of the challenge may be less clear.

The effect of a viral challenge may be reduced because the perturbing factor becomes
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less effective by itself or because the animal builds up resilience through its immune

response even though the perturbing factor may still be present.

Possible future developments

The data analysis procedure was applied here to five animals that were raised at
the same time in the same environment. The feed intake curves were analysed
separately for each pig, but the period of perturbation appeared to be similar for the
five pigs (Table 2.1). It can be speculated that these pigs were challenged by the same
perturbing factor, but the responses differed between the five pigs. The proposed data
analysis procedure has the potential to be applied on a large number of pigs. For
example, it could be used to identify periods during which several pigs (e.g., in the
same pen or in the same barn) reduce their feed intake at the same time. If this occurs
for a considerable number of pigs in the group, it may be reasonable to assume that
all pigs in that group were exposed to the same perturbing factor. This would allow
quantifying differences in the responses of individual pigs to a common perturbing
factor through the resistance and resilience traits k1 and k2. Certainly, this has a great
potential in animal breeding to estimate heritabilities and to evaluate relationships
between performance and robustness traits (Guy et al., 2012; Hermesch et al., 2015).
Elements of the data analysis procedure proposed in this study can also be used in
precision livestock farming. For example, it could be used as an early warning system
if deviations in feed intake occur relative to the target CFIl. Likewise, specific
management strategies (e.g., in terms of nutrition, medication or care) may be given
to animals that deviate from their target CFI to limit the impact of the (known or
unknown) perturbing factors and to facilitate the recovery of the animals so that they

can regain their target CFI.

Conclusion

The recent development of monitoring technologies offers new opportunities for
livestock management. Recording of individual feed intake in group-housed pigs is
becoming more accessible and feed intake can be very informative about the health
and welfare status of the animal. The model and data analysis procedure proposed in

this study showed to have the potential to detect the impact of a perturbation on the

85



feed intake and to quantify the response of the animal in terms of traits related to

resistance and resilience.
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3. Supplementary Material

S1. An example of function re-parameterization

The function to estimate the target trajectory curve of CFl is described in Equation
1 in the article. Consider the case that the target CFl is represented by a quadratic
function then:

Target CFI(t) = a + bt + ct? (S1)
To reparametrize this model to a new model with three biologically meaningful
parameters (i.e., to, CFlmigpoint, and CFljast; tiast is @ constant determined by the dataset),

the following system of algebraic equation needs to be solved:

0= a+bty+ ct}
CFlmia—poine = @+ b(to + “250) + c(ty + 22=0)2 (S2)
CFligse = a+ btigse + Cting

The Maple software (https://www.maplesoft.com/) was used to replace a, b, and ¢

in equation S1 as:

a = ((tigst * CFljq5r — 4 * CFlLnia—point * tiast + to * CFligst) * to) [(tiast™2 — 2 % tg
* tigse + 6o 2)

b = (—(tiast * CFlLigst — 4 * CFlig—point * tiast + 3 * to * CFligs — 4 % CF I pig_point

*t9))/((tiast = to)?)
c= (2 * (_2 * CFImid—point + CFIlast))/(tlastAz — 2% to * tigst T tOAZ)

Re-parameterizations of other functions of the target CF| are described in detail in
the R-code associated to this article (DOI: 10.5281/zenodo.3366107).

S2. Dealing with missing data

Missing data are defined as the data during a period for which there are no feed
intake records. Missing data may be caused by a power outage, an insensitive sensor,
or loss of an identifying ear tag. Ignoring missing data would result in inappropriate CFI
data, because the CFI curve would be shifted downward and the missing data could
be identified as a perturbation.

To correct for missing data we assumed that there is a continuous pattern of CFlI

data just before and after the period of missing data. WWhen data are missing for n days,
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data for n+1 days before and n+1 days after the period of missing data were used to
perform a quadratic regression with a model that included a downward shift in CFlI
associated with the period of missing data. The estimated downward shift in CFl was
used to calculate the missing feed intake data. The equation to estimate missing data
is written as follow:

al + bt + ct?, t < missing day(s)

S3
a2 + bt + ct?, t > missing day(s) (53)

CFI(t) = {

Where “t” is the age of the animal (days) and “CFI(t)” is the CFI value at day “1”.
Parameters a1 and a2 indicate intercepts of the quadratic function at the days before
and after missing data, respectively. The estimated difference between a1 and a2 is

attributed to the cumulative value of daily feed intake during the missing days.
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Figure S1 An example of missing data estimation. Feed intake records for days 107
and 108 were missing and resulted in a downward shift in cumulative feed intake. The
missing data were estimated as the downward shift in cumulative feed intake of a
quadratic regression between the three days before and the three days after the days

associated with missing data.
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4. The capacity of the model to include complementary

information

In the procedure described above, to quantify the animal's response to a
perturbation a model based on a differential equation was developed with the
hypothesis that a perturbing factor can have a constant and negative impact on the
feed intake during the whole perturbing period. This is certainly the case when animals
face heat stress or nutritional perturbations (e.g., low quality feed or mycotoxins). In
other cases where animals are challenged by sanitary perturbations or pathogens, the
impact of perturbations on feed intake is often reported evolving with time (Kyriazakis
and Doeschl-Wilson, 2009). In that case, the perturbation will have a start time (i.e.,
the onset of infection) but not a stop time. The pathogen effects on feed intake rely
mostly on the defensive capacity of animal’s (e.g., the immune system) (Kyriazakis and
Doeschl-Wilson, 2009). It is expected that the pathogen load will be gradually
attenuated with time because the pathogen becomes less effective by itself or because
increased activity of the host’s defensive systems. Therefore, the negative effect of
pathogens on feed intake will be over once the animal's immune system fully
counteract their virulence.

Our model is capable of characterizing this type of response. This can be done by
replacing the constant immediate reduction in DFI (i.e., k1) with dynamic response
whose negative effect on feed intake is diminishing over time. This dynamic system

can be described by a differential equation as follows:

d
Ekl(t) =kl1(t) *a, t >t_start (4)

where ‘k1(t)’ indicates the negative effect of perturbation on DFI over time since the
onset of perturbation (t_start) and ‘k1inita’ indicates an initial value (%) of k1 at day
‘t_start’. It is expected that the negative effect of perturbation on DFI will be attenuated
with time. The rate of this attenuation is characterized by the parameter ‘a’ (%). At the
point the animal’s defensive system completely counteract the negative effect of
pathogen on DFI (or the negative effect of pathogen fades away by itself), the value of
‘k1’ becomes zero.

In equation (2b), the parameter ‘t_stop’ is no longer needed because with this type

of perturbation the animal recovers by itself when it can counteract the virulence.
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Integration of equation (4) into equation (2) the negative effect of pathogen on DFI (as
described by the element ‘Resistance(t)’) is attenuated and approaching zero (black
line, Figure 2.6). However, this only makes the DFI re-joins the target DFI. The element
‘Resilience(t)’ helps the animal to increase the DFI over the target DFI through
compensatory feed intake (grey line, Figure 2.6) to recover. It is worth mentioning that

the shapes of resistance and resilience responses in Figure 2.6 are different from those

in Figure 2.2.
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Figure 2.6 The dynamic change of daily feed intake (DFI) due to a perturbation such
as pathogen or sanitary challenge. The dashed line indicates the target trajectory of
DFI. DFI is estimated to decrease at 103 days of age. At this point, the perturbation
had a severe effect on the feed intake. As time evolves the animal’s defensive capacity
gradually alleviates the negative effect of perturbation, as a result the black line is
approaching to zero. Whereas, resilience capacity triggers compensatory feed intake

to help the animal recovers.

This model was fitted to the data of pig number 01 in the five pigs reported in the

article. The model simulation is illustrated in Figure 2.7.
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Figure 2.7 Daily feed intake (DFI) response of a pig due to an (assumed) pathogen or
sanitary challenge. The dashed line indicates the target trajectory of DFI (target DFI).
The perturbing factor causes a severe decrease in DFI at the beginning (compared
with the target DFI). However, the pig can quickly counteract the negative impact of
perturbation and gradually consume more feed than the target DFI through its

defensive capacity and compensatory feed intake to recover.

As shown in Figure 2.7, the model can be fitted well also to the data of pig number
01. Compared to Figure 2.5, the structure of this model resulted in that the perturbation
caused a bigger but shorter drop in DFI. However, the increase in DFI due to
compensatory feed intake was smoother in the model of Figure 2.7 compared to that
of Figure 2.5.

The response of animal to pathogens were summarized by the parameters in
Table 2.2. The start of the perturbation (t_start) and resilience capacity (k2) remain as
they were in the previous model. The resistance however is the combination of both
‘*k1initia’ @nd ‘a’. The initial reduction in DFI ‘k1initia’” could represent the anorexia effect
of pathogen on palatability of the pig; whereas, the rate of attenuating this initial effect
‘@’ may refer to the capacity of the pig’s defensive system. This interpretation illustrates

that by slightly changing its structure, the model can have an interestingly different
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concept to capture a different type of perturbation while still maintain the same number
of parameters.
Table 2.2 Estimated parameters of the modified model to quantify the animal’s

response to pathogen

Parameter estimates of the perturbation model

t start Kinitial a k2
Pig (day) (%) (%)
1 103 -94.6 7 3.44

t_start = the day the perturbing factor started
k1initial = the initial value of the perturbing effect on daily feed intake
a = the rate the negative effect k1inital attenuates over time

k2 = resilience parameter

In conclusion, this example proves that by slightly modifying the model the users
can easily quantify the response of animal to a different type of perturbation. The model
is therefore very generic and can be adapted according to the objectives of users or

the origin of perturbations.
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Chapter 3. Challenging the model to detect

perturbations and quantify animal’s response

1. Objective of the chapter

In the previous chapter, we developed the data analysis and modelling procedure
to detect perturbations and quantify the response of individual pigs by only using feed
intake data (i.e., without considering any other information). The procedure showed
potential to quantify and compare resistance and resilience capacities of group-housed
individuals when they faced to the same perturbation. The procedure was applied to a
small group of five pigs.

The next objective of the PhD thesis was to challenge and evaluate the capacity
of this procedure in (1) detection of perturbations, (2) quantification of individual’s
resistance and resilience traits under the effect of these perturbations and (3) compare
these traits among group-housed animals. For that purpose, the procedure was
applied to a dataset of an experiment where pigs received a diet with or without cereals

contaminated with mycotoxins.
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2. Modelling the feed intake response of growing pigs to

diets contaminated with mycotoxins

Published article:

H. Nguyen-Ba, M. Taghipoor and J. Van Milgen 2020. Modelling the feed intake
response of growing pigs to diets contaminated with mycotoxins. Animal, 1-8. (DOI:
10.1017/S175173112000083X)
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Abstract

Quantifying robustness of farm animals is essential before it can be implemented
in breeding and management strategies. A generic modelling and data analysis
procedure was developed to quantify the feed intake response of growing pigs to
perturbations in terms of resistance and resilience. The objective of this study was to
apply this procedure to quantify these traits in 155 pigs from an experiment where they
received diets with or without cereals contaminated with deoxynivalenol (DON). The
experimental pigs were divided equally in a control group and 3 DON-challenged
groups. Pigs in each of the challenged groups received a diet contaminated with DON
for 7 days early on (from 113 to 119 days of age), later on (from 134 to 140 days of
age), or in both periods of the experiment. Results showed that the target feed intake
trajectory of each pig could be estimated independently of the challenge. The
procedure also estimated relatively accurately the times when DON was given to each
challenged group. Results of the quantification of the feed intake response indicated
that age and previous exposure to DON have an effect on the resilience capacity of
the animals. The correlation between resistance and resilience traits was modest,
indicating that these are different elements of robustness. The feed intake analysis
procedure proved its capacity to detect and quantify the response of animals to
perturbations and the resulting response traits can potentially be used in breeding
strategies.
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Implications

The feed intake analysis procedure shows its capacity to detect and quantify the
feed intake response of growing pigs to a known perturbation and characterize these
as resistance and resilience traits. These traits can be a potential source of information

for genetic selection to breed animals for enhanced robustness.

Introduction

Improving capacity of animals to function well under a wide range of environmental
conditions (i.e., robustness) has been of great interest in livestock production,
especially through genetic selection (Knap, 2005). A prerequisite for selection is the
quantification of the traits of interest. However, robustness is difficult to quantify
because it consists of “dynamic elements such as the rates of response to, and
recovery from, environmental perturbations” (Friggens et al., 2017). Because of these
dynamic aspects, single time-point measurements are not enough to quantify
robustness. The limitation of single time-point measurements can be illustrated by an
example of two animals with different response mechanisms facing the same
perturbation (adapted from Doeschl-Wilson et al., 2012). Animal A is less affected by
the perturbation than animal B (i.e., animal A is more resistant than animal B) but, once
the perturbation is over, animal B recovers faster than animal A (i.e., animal B is more
resilient than animal A). Thus, measuring the response of the animal at different stages
of the perturbation will quantify different elements of robustness and can therefore
have an impact on the breeding program. This emphasizes that the impact of a
perturbation varies over time and results from different mechanisms of the response.
Longitudinal data are therefore required to measure the dynamic response to and
recovery from environmental perturbations (Friggens et al., 2017).

With the development of monitoring technologies, production traits (e.g., feed
intake and body weight) can now be recorded at the individual level and with a very
high frequency. Information extracted from this type of data has shown to be useful to
characterize individual animal resilience (Putz et al., 2018). Doeschl-Wilson et al.

(2012) indicated that mathematical modelling offers the possibility to summarize
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complex mechanisms into a few parameters, thereby facilitating the ranking of animals.
We recently developed a data analysis and modelling procedure to quantify the feed
intake response of growing pigs to environmental perturbations in terms of resistance
and resilience (Nguyen-Ba et al., 2020). The procedure uses feed intake as input and
deals with perturbations of known or unknown origin that decrease feed intake in pigs.

Mycotoxins are metabolites produced by fungi that can grow on cereals such as
corn. The consumption of a mycotoxin-contaminated feed can result in reductions in
feed intake and growth (Dersjant-Li et al., 2003). Among the trichothecene mycotoxins,
deoxynivalenol (DON) can have a profound effect on pigs due to their limited metabolic
capacity to detoxify DON (Wu et al., 2010). Although the consequences of DON on
pigs have been well documented, the dynamic feed intake response during and after
acute DON challenges has not been studied until recently. Serviento et al. (2018)
studied the effects of DON on feed intake in individual growing pigs in relation to age
and repeated exposure to DON. This data offers an opportunity to challenge and
evaluate the novel procedure developed by Nguyen-Ba et al. (2020) to quantify
resistance and resilience traits of growing pigs through their feed intake response to

DON-contaminated diets and to compare these traits among animals.

Material and methods

Animals and treatments

Data from an experiment about the impact of DON on the feed intake of growing
pigs were used (Serviento et al., 2018). In brief, 155 growing pigs with an initial body
weight of approximately 50 kg were used in an experiment that lasted from 99 to 154
days of age. Pigs were distributed equally into four groups: a control group (CC) and
three DON-challenged groups (DC, CD, and DD). Pigs from group CC received a
normal finishing diet throughout the study. Pigs from challenged groups also received
the normal diet except during the challenge periods. The challenge periods lasted 7
days each during which pigs received a DON-contaminated diet. Pigs from group DC
received a DON-contaminated diet early on in the experiment (i.e., from 113 to 119
days of age) and pigs from group CD received the DON-contaminated diet later on in
the experiment (i.e., from 134 to 140 days of age). Pigs from group DD received the
DON-contaminated diet during both aforementioned periods. All pigs were kept in the

same room throughout the experiment. During the challenge periods, challenged and
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non-challenged pigs were kept in two separated zones to avoid cross-contaminations
by faeces and urine. Feed was provided ad libitum during the experiment. Feed intake
of individual pigs was recorded by automatic feeding stations and was computed on a

daily basis.

Description of the procedure to quantify resistance and resilience

A data analysis and modelling procedure was developed to quantify the feed intake
response of growing pigs to perturbations in terms of resistance and resilience
(Nguyen-Ba et al., 2020). The procedure encompasses detection of perturbations and
quantification of the pig’s response to a perturbation. The cumulative feed intake (CFI)
rather than the daily feed intake (DFI) is used to detect perturbations in this procedure.
The detection of perturbations is based on the hypothesis that there is a target
trajectory curve of CFI (target CFIl) that a pig desires to consume in a non-perturbed
state. As a result of a perturbing factor, the CFI of the pig will deviate from the target
CFI. Once the perturbing factor is over, the pig will try to regain its target CFI through
compensatory feed intake. In the data analysis procedure, the target CFl was
estimated by repeatedly fitting a polynomial function to CFl data in combination with
the (temporary) elimination of data that lie below the fitted curve (i.e., observations that
possibly result from the perturbed period). Then, a B-spline regression was used to fit
a polynomial function to deviations from the target CFIl. Information extracted from the
B-spline function was used to estimate the start of each deviation and the time at which
the difference between the CFI and the target CFl reached a maximum value. This
maximum deviation corresponds to the point at which the pig starts to recover from a
perturbation to regain its target CFl.

The second step quantifies the animal’s response to a perturbation. It is
hypothesized that a perturbing factor has an immediate and constant negative effect
on DFI that can be characterized by three parameters: t_start, t_stop, and k1. The first
two parameters indicate the time when a perturbation starts and ends, whereas k1
refers to the immediate and constant reduction in DFI at the start of the perturbation.
The reduction in DFI will cause the CFI to deviate from the target CFI. The ratio
between the CFl and the target CFI (Ratio(t)) is used as the driving force for a
resilience mechanism that limits the negative effect of the perturbing factor. As soon

as the perturbing factor is over, its negative effect on DFI disappears, but the resilience
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mechanism remains active. This results in compensatory feed intake that allows the
CFI to approach the target CFIl. The resilience and compensatory feed intake capacity

of the animal are characterized by the parameter k2.

Modifications of the procedure

Some aspects of the original procedure of Nguyen-Ba et al. (2020) were modified

to make it (more) suitable for the data in this study. To estimate the target CFl in the
original procedure, an autocorrelation test was combined with the temporal removal of
data with negative residuals from the dataset. Since the duration of the experimental
period is short (55 days), the procedure often stopped because of a criterion in the
procedure to keep a minimum number of remaining observations. In the modified
procedure, only the 10% quantile of data with negative residuals were removed at each
filtration step, resulting in a more gradual estimation of the target CFI. Results of both
methods are compared in Supplementary Material Table S1.
In the original procedure, a perturbation was defined as a deviation of the CFl from the
target CFI by at least 5% and for a duration of at least 5 days. To test the capacity of
the B-spline function to identify the period(s) of distribution of the DON-contaminated
diet, these criteria were not applied here. Any period during which the CFI deviated
from the target CFl was characterized by the start time, the magnitude of the deviation,
and the duration (i.e., the time required for the CFI to regain the target CFlI).

The Ratio(t) defines the intensity of the resilience mechanism, which varies with
time. For example, the CFI will be small at an early stage of life and a small reduction
in DFI will result in a considerable reduction in Ratio(t). At later stages of life, the CFI
will be much larger, and the same perturbation will have little impact on Ratio(t).
Ignoring the time-dependency of Ratio(t) will lead to a biased estimation of k2. The
original procedure was therefore modified to calculate Ratio(t) between CFl and the
target CFI since the onset of the perturbation, and not since the start of the
measurements. Equation (1) shows the modified Ratio(t) between CFIl and the target

CFI:

CFI(t)
Target_CFI(t)’
CFI(t)—Target_CFI(t_start) (1 )
Target_CFI(t)—Target_CFI(t_start)’ t > Tstart

S tstart
Ratio(t) =
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where ‘t’ is the age of the animal (days of age), ‘t_start’ is the time (days of age) when
the perturbation starts, ‘CFI(t) and ‘Target_CFI(t) are the CFl and the target CFI (kg)
at day ‘t, respectively, and ‘Target_CFI(t_start)’ is the target CFI at day ‘t_start’. The
shape of the response of the resilience mechanism is different in the modified
procedure compared to the original procedure. In the original procedure, the resilience
capacity of the pig during the perturbation becomes progressively bigger (grey curve
of Figure 2 in Nguyen-Ba et al., 2020), whereas in the modified procedure the resilience

capacity causes a constant increase in DFI during the perturbation (Figure 3.1).
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Figure 3.1 Change in daily feed intake of a pig in reponse to receiving a diet
contaminated with deoxynivalenol (DON) in two periods. Black lines = response
mechanisms. Values smaller than 0 indicate the effect of resistance mechanisms and
values greater than O indicate the effect of resilience mechanisms. The top panel
illustrates the response mechanisms where the reduction in feed intake during the
perturbation (k1) is counteracted for by a resilience mechanism (k2, the proportional
change in daily feed intake relative to the ratio between the actual cumulative feed
intake and the target cumulative feed intake), which results in an attempt for
compensatory feed intake (k4). The bottom panel illustrates the actual change in daily
feed intake. The k3 corresponds to the difference between k1 and k4. During the
second perturbation, the actual feed intake is the result of the constant resistance and
resilience mechanisms of the second perturbation and the declining resilience

mechanism of the first perturbation.

Pigs in the group DD received the DON challenge twice. Each perturbation was
modelled with independent resistance and resilience mechanism as shown in Figure
3.1. The equations are described as:

Perturbation;(t) = —k1; + k2; * [1 — Ratio;(t)] (2a)

%CFIi(t) = Target_DFI(t) * [1 + Perturbation;(t)] (2b)
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where ‘Perturbationi(t)’ is the dynamic change in CFI at time ‘t’ when the pig responds
to a perturbation i (i =1 and i = 2 correspond to the first and second DON challenge,
respectively) and ‘Ratioi(t) represents the ratio associated to perturbation i as
described in Equation (1). Target_DFI(t) represents the target trajectory curve of DFI.
Changes in DFI (relative to the target DFI) in the response to each DON challenge
depend on the dynamic effects of ‘Perturbationi(t)’. The sum of the changes relative to

the target DFI results in the actual DFI as:

DFI(t) = %CFItotal (t) = Target_DFI(t) * [1 + Perturbation,(t) + Perturbation, (t)]

(3)

The value of Perturbationi(t) will be negative during the period of the perturbing factor
and positive thereafter. The independence of the mechanisms of disturbance and
recovery means that an animal may be recovering from a first challenge (through
compensatory DFI) while, at the same time, it is affected by another challenge resulting
in a reduction in DFI.

Because the change in DFI is constant during the period when the DON-
contaminated diets are distributed, two other traits were estimated. The constant
reduction in DFI during the DON challenge resulting from the resistance and resilience
mechanisms can be calculated as k3 = k1/(1+k2). Likewise, the instantaneous
increase in DFI once the feeding of the DON-contaminated diet stops is given by k4 =
k1*k2 / (1 + k2).

In the original procedure, all four parameters of the perturbation model (t_start,
t_stop, k1, and k2) were estimated. With the current data set, it appeared difficult to
estimate all these parameters, because the period of distributing the DON-
contaminated diet lasted only seven days. For group DD, this would require the
estimation of 11 parameters and, with 55 DFI observations, this can easily lead to an
overparameterization of the model. It was therefore decided to fix t_start and t_stop at

the start and end times of the distribution of the DON-contaminated diets.

Statistical analysis

Parameter estimates for the target CFl and results from the B-spline functions were
compared among the four groups to evaluate the capacity of the procedure to detect

perturbations. The quantification of the response to DON challenges was carried out
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in the three challenged groups (i.e., DC, CD, and DD). Since the parameters t_start
and t_stop were fixed, only the resistance and resilience parameters were estimated.
The k3 is the constant reduction in DFI during the perturbation and is easier to interpret
than k1. The model was therefore parameterized to estimate k2 and k3, and k1 and k4
were calculated from these parameter estimates.

All statistical and modelling procedures were performed using R software version

3.6.1 (http://cran.r-project.org/). The optimization was performed by the non-linear

function ‘nIsLM’ of the package “minpack.Im”. To characterize the pig’s response to a
perturbation, Equations 2b and 3 were solved using the ‘ode’ function of the “desolve”
package with an integration step size (dt) of one day. The optimization was done using
the ‘optim’ function. Statistical comparison was carried out using a one-way ANOVA
test (the R base function ‘aov’). Pearson correlations between parameters were
calculated using the R base function ‘cor’. In all analyses, differences were considered

statistically significant if P<0.05 and as tendencies if P<0.1.

Results

Estimation of the target cumulative feed intake and detection of Deoxynivalenol
perturbations

The estimated parameters of the target CFl (to, CFlmid-point, CFliast) and the average
daily feed intake were compared among four groups (Table 3.1). No significant
differences were found in the parameter estimates of the target CFl among the four

groups.
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Table 3.1 Estimated model parameters of the target trajectory of cumulative feed intake of pigs that received a diet with or without

deoxynivalenol (DON) contaminated cereals

Experimental group’ RSE? P-value
CC(n=39) DC(n=39) CD(n=38) DD (n=239)

Model parameters

to (days)? 99.2 98.5 98.4 97.9 3.56 0.47

CFlmig-point (kg )® 71.2 73.3 68.3 69.4 11.0 0.32

CFliast (kg)® 156 159 150 150 19.2 0.11
Observed and calculated ADFI

Observed ADFI (kg/d)* 2.87 2.79 2.67 2.59 <0.01

Target ADFI (kg/d)* 2.86 2.87 2.70 2.70 0.40 0.09

" CC = group of pigs that received a non-contaminated control diet; DC = group of pigs that received a diet contaminated with DON from 113 to 119 days of
age; CD = group of pigs that received a diet contaminated with DON from 134 to 140 days of age; DD = group of pigs that received a diet contaminated with
DON in both aforementioned periods.

2 RSE = residual standard error.

3 Parameter estimates of a polynomial model describing the target cumulative feed intake (CFl). to = age at which CFI equals 0; CFlmid-point = CF1 at the midpoint
of the growing period; CFliast = CFI at the last observation; ADFI = average daily feed intake of the target CFl. See Nguyen-Ba et al. (2020) for details.

4 Average daily feed intake (ADFI) during the experiment (i.e., from 100 to 154 days of age). Observed ADFI = reported by Serviento et al. (2018); Target ADFI

= calculated from the estimated model parameters.
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In general, the procedure detected deviations in the CFI for all groups, even in
group CC. However, the magnitude of the deviations in group CC was very small.
Multiple deviations identified by the procedure indicate that the CFI of pigs was affected
by factors other than by the DON-contaminated diet alone, but some of these additional
deviations were quantitatively minor. As the objective of this study was to quantify the
response of pigs to DON challenges, only the deviations related to DON-challenged
periods were examined. The identified deviations are shown in Figures 3.2 and 3.3,
respectively for the start of the deviation and for the time at which the maximum
difference between the CFI and the target CFl occurred. The procedure identified that
most deviations started and reached the maximum value near the distribution of the
DON-contaminated diet. However, there were cases where the starting time and the
time of the maximum deviation between the CFIl and the target CFIl were before or after

the distribution of the DON-contaminated diet, especially for group CD.
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Figure 3.2 Capacity of the data analysis procedure to identify the start of the
distribution of a diet contaminated with deoxynivalenol (DON) based on the feed
response of pigs. In groups DC and DD (Early challenge), pigs received the DON-
contaminated diet from 113 days of age onwards. In groups CD and DD (Late

challenge), pigs received the DON-contaminated diet from 134 days of age onwards.
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104

Number of pigs
Number of pigs
F-N

- | |
100 105 110 116 120 125 130 110 115 120 125 130 135 140
Maximum difference, day Maximum difference, day

Group DD (Early challenge) Group DD (Late challenge)

Number of pigs
N &
Number of pigs

110 115 120 135 138 141 144
Maximum difference, day Maximum difference, day

Figure 3.3 Capacity of the data analysis procedure to identify the day from which pigs
started to recover after having received a diet contaminated with deoxynivalenol
(DON). The procedure determines the day when the difference between the actual
cumulative feed intake and the target cumulative feed intake is maximal. In groups DC
and DD (Early challenge), pigs stopped receiving the DON-contaminated diet from 119
days of age onwards. In groups CD and DD (Late challenge), pigs stopped receiving

the DON-contaminated diet from 140 days of age onwards.

Characterization the response of pigs to Deoxynivalenol-contaminated diet

For five pigs (four in group DD and one in group CD) the estimation procedure did
not converge and data for these pigs were not considered further in the analysis.
The estimated model parameters are given in Table 3.2. Between the two groups
receiving the DON-contaminated diet early on (i.e., group DC and the first perturbation
of group DD), no significant differences were observed in the estimated values of k2
and k3. Between the two groups receiving the DON-contaminated diet later on (i.e.,
group CD and second perturbation of group DD), k3 was significantly lower and k2
significantly higher for pigs that received the DON challenge for the second time (group

DD) compared to that of pigs that received this challenge for the first time (group CD).
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Table 3.2 Estimated model parameters indicative for the resistance and resilience potential of pigs that received a diet contaminated

with deoxynivalenol (DON) during one or two periods

Experimental group’ RSE? P-value
DC (n = 39) CD (n=37) DD (n = 35)
Estimated model parameters?®
3 Early challenge 0.46 0.46 0.23 0.99
Late challenge 0.42 0.31 0.18 0.02
0 Early challenge 0.81 0.90 0.73 0.57
Late challenge 1.59 2.36 0.94 <0.001
Calculated model parameters*
Early challenge 0.77 0.77 0.37 0.98
o Late challenge 1.05 1.03 0.56 0.91
Early challenge 0.31 0.32 0.19 0.96
“ Late challenge 0.63 0.72 0.41 0.36

" DC = group of pigs that received a diet contaminated with DON in the first challenge from 113 to 119 days of age; CD = group of pigs that received a diet
contaminated with DON in the second challenge from 134 to 140 days of age; DD = group of pigs that received a diet contaminated with DON in both
aforementioned periods.

2 RSE = residual standard error.

3k3 = net reduction in daily intake during the DON-challenge period relative to the target daily feed intake; k2 = proportional change in daily feed intake relative
to the ratio between the actual cumulative feed intake and the target cumulative feed intake.

4k1 = reduction in daily feed intake during the DON-challenge period relative to the target daily feed intake; k4 = compensatory feed intake capacity over and

above the target daily feed intake.
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The effect of age or body weight can be assessed by comparing the results of pigs

receiving the DON-contaminated diet early on (i.e., group DC and the early challenge
of group DD) with those of pigs receiving the DON-challenge for the first time later on
in life (i.e., group CD). For k3, no difference was found between the early and late
DON-challenge (0.46 for groups DC and DD vs. 0.42 for group CD; P=0.39). However,
pigs challenged early in life had a significant lower value of k2 than those challenged
later in life (0.85 for groups DC and DD vs. 1.59 for group CD; P<0.001).
The results for the calculated model parameters k1 and k4 are also given in Table 3.2.
The k3 can be interpreted as the result of a negative effect on DFI (through k1) and a
positive effect on DFI (through k4). The responses of k1 and k4 resembled those
observed for k3 but were more variable. The values of k1 ranged from 10 to 346%
whereas those of k4 ranged from 0 to 246%.

The correlations between k2 and k3 for the two DON-challenge periods are given
in Figure 3.4. The correlation was moderately negative for the early challenge period

(P<0.001) and only tended to differ from zero for the late challenge period (P=0.08).
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Figure 3.4 Correlations between the change in daily feed intake during the
perturbation (k3) and the resilience capacity (k2) of pigs when receiving diets

contaminated with deoxynivalenol (DON). The left panel denotes the periods when
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pigs received a DON-contaminated diet from 113 to 119 days of age (Early challenge)
and the right panel when they received the DON-contaminated diet from 134 to 140
days of age (Late challenge). DC = group of pigs that received a diet contaminated
with DON from 113 to 119 days of age; CD = group of pigs that received a diet
contaminated with DON from 134 to 140 days of age; DD = group of pigs that received

a diet contaminated with DON in both aforementioned periods.

Discussion

The capacity of an animal to minimize the effect of environmental perturbations
and to quickly retrieve its pre-perturbed condition, usually termed resistance and
resilience, are important elements in sustainable livestock production. The complex
and dynamic nature of the mechanisms of animal’s response to a perturbation makes
modelling a promising approach to propose and to quantify the underlying
mechanisms. This study demonstrates that a modelling and data analysis procedure
can be applied to characterize resistance and resilience traits of animals, allowing to
identify variability among growing pigs in their feed intake response to a DON-

contaminated diet.

Estimation of the target cumulative feed intake

Determining the production potential of an animal is important for animal breeding
but can be difficult to estimate because deviations of this potential can occur due to
disturbances, resulting in the actually measured production trait (Berghof et al., 2018).
Differences among animals in average feed intake have been correlated to heritable
health-related traits (Putz et al., 2018). However, disturbances and the corresponding
response of the animal may vary over time. Average performance traits are not suitable
to capture the dynamic aspects of robustness, and they may even mask the underlying
mechanisms of resistance and resilience. For example, a reduction in DFI may be
followed by a period of full compensatory DFI and the average DFI of such an animal
may not be different from a situation without a perturbation. On the other hand, an
animal that is affected by a constant perturbation throughout its life will have an
average production lower than its true potential without a perturbation (Berghof et al.,
2018).
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The parameters of the target CFI curve did not differ between the four treatment
groups resulting in similar values for the average target DFI (Table 1). This differs from
the results of Serviento et al. (2018), who reported differences in the observed ADFI
among the groups. Moreover, the average target DFI of the control group CC was very
similar to the observed ADFI (Table 1). This suggests that the procedure is capable to
extract a target trajectory from the actual data. The numerically lower average target
DFI values for treatments CD and DD may indicate that the procedure was not
completely successful, but this may also be due to the relatively short recovery period
for these late-challenged animals (14 days), which may have been too short to regain
the target CFI.

This study is based on the hypothesis that the animal has a target to attain. The
CFIl was used as a target rather than the DFI because it is easier to envisage a target
for a state variable (i.e., kg of feed) than for a rate variable (kg of feed/day). The notion
of a target is also represented in growth models such as the logistic or Gompertz
functions, in which the growth rate is a function of the target mature body weight.
Revilla et al. (2019) used this approach to model the response of piglets around
weaning. They used a Gompertz function (as a target) in combination with a
perturbation model to represent changes in body weight after weaning. These changes
were modelled through a possible reduction in body weight immediately followed by a
recovery phase to regain the trajectory of the Gompertz function.

The assumption of the existence of a target trajectory that the animal seeks to
attain is debatable. There may be situations in which the animal responds to a
perturbation but where it will not (or cannot) seek to regain the target trajectory. A
classic example of this is the study of Lister and McCance (1967) who restricted feed
intake in piglets so that they maintained their body weight at 5.5 kg for one year. When
feed was offered ad libitum after one year, the previously restricted pigs had initially
the same growth rate as those that were not restricted, but stopped growing at the
same chronological age as the non-restricted pigs. This indicates that restricted pigs
could not reach the same target mature body weight as the control group (or that they

had changed their target mature body weight).

Characterization of the feed intake response
The start time and time required for the maximum deviation estimated by the

procedure corresponded reasonably well to the actual start and the end of DON
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challenge. The relatively short challenge period of seven days in combination with a
perturbation model with potentially four parameters could lead to difficulties to estimate
the model parameters and it was therefore decided to fix the t_start and t_tstop at the
actual distribution times of the DON-contaminated diet. Although these time points
were close to the corresponding parameters estimated by the procedure, there were
cases where the procedure indicated that the perturbation started before the
distribution of the DON-contaminated diet (especially for the CD and DD groups). This
may be due to another unidentified perturbing factor not related to the experiment.

Fixing the start and end times of perturbation to the times during which the DON-
contaminated diet was distributed does not allow to estimate a “lag time” during which
the animal is exposed but does not respond to the perturbing factor (Sandberg et al,
20006). Likewise, the approach used here does not allow to have a “remnant” perturbing
effect by which the animal responds to but it is no longer exposed to the perturbing
factor. The consequence of our approach is that the response of the animal is
characterized by only two parameters (k3 and k2). But the estimates of these
parameters may be somewhat biased in cases where the start and end times of the
response do not correspond to the distribution times of the DON-contaminated diet.
The structure of the perturbation model requires sufficient data to estimate all four
parameters, and DFI data for seven days is not sufficient to realize this. It is possible
that exploring the feed intake behaviour and meal patterns provide additional
information on the response of the animal to the perturbation, but this requires a
different model structure, which is beyond the scope of this paper.

The ratio between the actual CFl and the target CFl (i.e., Ratio(t)) is used as a
driving force for the resilience mechanism in the model. As indicated before, we have
changed the time point from whereon Ratio(t) was determined. This change has
consequences on the simulated response during the perturbation, but it also has
implications on the interpretation of the model in terms of resistance and resilience.
The k1 is seen as the immediate and constant response to a perturbation (i.e.,
resistance), which is counteracted by the resilience parameter k2. In the original
approach, this resulted in that the reduction in DFI during the perturbation gradually
diminished because of the two mechanisms. This gradual decrease was provoked by
the time-dependency of Ratio(t) also caused that estimates of k2 became time-
dependent. This issue was solved by determining Ratio(t) from the start of each

perturbation, which results in a constant reduction in DFI during the perturbing period
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(k3). The k3 is thus to be interpreted as the result of a constant resistance mechanism
(k1) and a constant resilience mechanism (k4). The k4 also reflects the degree of
compensatory feed intake over and above the target DFI at t_tstop. Although k3 is to
some extent “observable” in DFI data, this is not the case for k1. There were a number
of cases where both k1 and k4 exceeded 100%, with values of k3 in the 0 to 100%
range. Values greater than 100% for k1 are difficult to interpret biologically because
this would mean that the animal tries to have a negative DFI. Values greater than 100%
are possible for k4 if the animal is capable to double its DFI during compensatory feed
intake. Rather than interpreting k3 in terms of k1 and k4, k3 can also be interpreted by
itself, implying that resistance is the only mechanism during the perturbation and that
resilience only starts once the perturbation is over (through k2 or k4).

The constant reduction in DFI during feeding the DON-contaminated diet differs
from the average observations of the change in DFI of Serviento et al. (2018). They
observed an important reduction in DFI during the first day of the challenge, and this
reduction became progressively less important to surpass the DFI of the control group
resulting in compensatory DFI (see Figure 4 of Serviento et al., 2018). There are two
explanations for this difference. Firstly, in the modelling procedure used here, the CFlI
was used as a response criterion, and changes in CFl may be less sensitive than
changes in DFI. Secondly, it is possible that the current model does not fully
correspond to the dynamics of the response of the animal and should be adapted so
that the effect of a perturbing factor diminishes with time of exposure. As indicated by
Nguyen-Ba et al. (2020), different aspects of the data analysis procedure can be
adapted, as was done here for the determination of Ratio(t). Considering a diminishing
effect of the perturbing factor could have been done, but may not be sufficient to
accurately describe the change in DFI because as described above the DON challenge
may cause a remnant effect on the animal. As indicated in Figure 4 of Serviento et al.
(2018), once feeding the DON-contaminated diet stopped, the DFI of the challenged
animals was close to or slightly below of that of the control group. Compensatory DFI
occurred only a few days after feeding the normal, uncontaminated diet. Modelling the
response during and after feeding the DON-contaminated diet would therefore
probably require more than the two (or four) parameters considered in the current

study.

Between-group differences
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Parameters estimated from the model confirmed findings of the experiment
(Serviento et al.,, 2018) that the response of pigs to DON-contaminated diet is
influenced by age or body weight and by a previous exposure the DON-contaminated
diet. Interestingly, the older pigs recovered faster than the younger pigs from the DON-
challenge (k2 averaged 0.85 for group DC and the early challenge of group DD vs.
1.59 for group CD). Pigs that had received the DON-contaminated diet early in life were
less affected by receiving this diet again later on compared with those that received it
for the first time and they also tended to recover faster (i.e., smaller k3 and greater k2
for the second challenge of pigs of group DD compared to those of group CD).

The degree of compensatory DFI once the normal diet is fed again (i.e., k4) was
greater for the late challenged pigs (when they are also older and heavier) compared
to the early challenged pigs. Gut capacity is often assumed to be a limiting factor for
feed intake in young pigs and gut capacity increases with body weight (Nyachoti et al.,
2004). The initial body weight for the early challenged pigs was 72 kg, whereas it was
94 kg for the late challenged pigs. The greater compensatory DFI for the heavier pigs
is therefore in line with the idea that gut capacity becomes less of a limiting factor with
increasing body weight. However, the difference between the two groups is
considerable, implying that the heavier pigs could increase their DFI by more than 60%
over their target DFI, compared to “only” 30% for the lighter pigs.

From the effects of both age and repeated exposure to DON, it is tempting to
speculate that the adaptation of pigs relies more on resilience than on resistance
mechanisms. The immune system is one of the major targets of mycotoxins (Pierron
et al., 2016). Depending on the dose, exposure frequency, and animal species,
mycotoxins can have either immunostimulatory or immunosuppressive effects (Bondy
and Pestka, 2000). Exposure to a high dose of DON has been reported to reduce the
cellular and humoral immune responses, thereby decreasing the host resistance to
infectious diseases (Pestka et al., 2004; Oswald et al., 2005). In pigs, ingestion of DON
with the doses close to that used in Serviento et al. (2018) caused a depression in the
immune response against the porcine reproductive and respiratory syndrome virus

(Savard et al., 2014) and inhibition of the vaccine efficiency (Savard et al., 2015).

Individual variability in the response of pigs to the Deoxynivalenol-contaminated diet
Considerable variation among pigs in their response to a DON-contaminated diet

was observed in this study (Figure 4). Bishop and Morris (2007) reported genetic
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variation in the response of sheep and goats to different types of mycotoxins. Breeding
against mycotoxin susceptibility may be feasible due to a moderate to high heritability
of phenotypic measurements (Bishop and Morris, 2007). Therefore, the findings of our
study provide opportunities to consider resistance and resilience traits to select pigs
for coping with mycotoxins. Moreover, resistance and resilience to DON seem to be
independent traits as only low and moderate correlations between k2 and k3 were

found in two DON-challenge periods.

Conclusion

This study showed the possibility to apply the model proposed by Nguyen-Ba et
al. (2020) to situations where the origin of the perturbation is known. The procedure
detected deviations from the target CFI resulting from the distribution of a DON-
contaminated diet. A previous exposure to a DON-contaminated diet reduced the
decrease in DFI following a second exposure. Older and heavier pigs seem to be more
resilient than younger and lighter pigs. The low to moderate correlations between the

resistance and resilience traits suggests these are different elements of robustness.
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3. Supplementary Material

In the original procedure of Nguyen-Ba et al. (2019a), the target trajectory of CFl
was obtained by repeatedly fitting a polynomial function to the CFI data. If a significant
autocorrelation was observed among the residuals, data associated with negative
residuals were temporarily eliminated from the dataset, and the fitting procedure was
repeated. The procedure was terminated when the autocorrelation among the
residuals was no longer significant. It was also ensured that at least 20 data points
remained, irrespective of if there was autocorrelation among the residuals.

With the original procedure, if there is autocorrelation among the residuals, roughly
half of the data is eliminated at each step of the fitting procedure. This procedure may
be too severe for the current data set, which is composed of only 55 data points for
each individual pig. In the modified procedure, only the 10% quantile of data with
negative residuals were eliminated at each step of the fitting procedure. The results of

both procedures are compared in Table S1.
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Table S1 Comparison of procedures to estimate the target trajectory curve of

cumulative feed intake

Original Modified
procedure’ procedure?
(n = 155) (n = 155)
Average number of filtration steps 20+0.2 6.3+1.2
The fitting procedure stopped because there
was no longer autocorrelation among the
residuals:
Number of animals concerned 39 78
Number of data points used to estimate the 27.7 £ 3.6 29.3+6.3
target cumulative feed intake
The fitting procedure stopped to ensure that
there were at least 20 data points remaining,
but autocorrelation remained among the
residuals:
Number of animals concerned 116 77
Number of data points used to estimate the 28.7 + 3.0 23+0.0

target cumulative feed intake

" Original procedure: the procedure to estimate the target CFl was done by eliminating all data with
negative residuals at each filtration step.
2 Modified procedure: the procedure to estimate the target CFl was done by eliminating the 10% quantile

of data with negative residuals at each filtration step.
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Chapter 4. General discussion

1. Some general thoughts about the PhD thesis

Under the pressure of increasing production to sustain food security and of coping
with challenges such as climate change, prevalence of diseases, and animal welfare
constraints, it is important for the livestock production sector to sustainably improve
robustness of farm animals. Robustness, however, is a complex trait and consists of
multiple dynamic elements such as the response to and recovery from short-term
environmental perturbations. The measurement and quantification of this trait is a
prerequisite to be included in genetic selection and management practices and this
remains a major challenge. With the development of electronic feeders, voluntary feed
intake can nowadays be automatically measured at the individual level, in very large
groups, and with a high frequency. Despite the fact that the longitudinal data of
voluntary feed intake show a great potential in quantifying the animal’s response to
perturbations, until now, it has been used mostly for perturbation’s detection. For
phenotyping purpose, mathematical modelling has often been used as a quantification
tool because of its advantage in summarizing the dynamics of biological traits into few
parameters, which facilitates ranking and selecting animals. Therefore, the objective
of this PhD thesis was to develop a data analysis and modelling procedure for the
automatic detection of the consequence of short-term perturbations on voluntary feed
intake of growing pigs and the characterization and quantification of their response in
terms of resistance and resilience.

The developed procedure included two components: (1) a data analysis procedure
to estimate a target trajectory of feed intake, which is hypothesized as the amount of
feed a pig would consume in a non-perturbed condition and (2) a model to quantify the
pig’s response to short-term perturbations based on the deviations from the target
trajectory. In the second component, the response of pig to a perturbation is
characterized by four parameters: the start and end of the perturbing factor, the
immediate reduction in DFI at the start of the perturbation (i.e., a resistance trait) and
the pig’s capacity to overcome the perturbing effect through compensatory feed intake
(i.e., a resilience trait).

The procedure was evaluated by applying it to a dataset of 155 pigs from an

experiment where they received diets with or without cereals contaminated with DON.
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Pigs from a control group received a normal diet during the whole experiment, while
pigs from three challenged groups received a DON-contaminated diet for 7 days at
different stages of the experiment (i.e., early, late, or in both periods). Results showed
that the target feed intake trajectory of each pig could be estimated independently of
the challenge. The procedure also estimated relatively correctly the period when DON
was provided to each challenged group. Analysis of the pig’s response to the
challenges indicated that DON seems to have more effects on the resilience capacity
of the pigs than on the resistance capacity. The modest correlation between resistance
and resilience traits indicates that these are different elements of robustness.

The main concept behind this model is that actual feed intake of an animal is a
combination of the target trajectory and deviations due to perturbations. The response
to and recovery from perturbations of the animal can be quantified by separating these
two components. Because the concept is generic, the different elements can be
adapted if judged necessary. To illustrate for this, two examples of the possibility to
modify the model are given below. Firstly, the target trajectory is modelled here as an
empirical function of feed intake and time. There are a number of models that describe
feed intake as a function of body weight, rather than of time (e.g., feed intake as an
asymptotic function of body weight) (Van Milgen et al., 2008; NRC, 2012). This
approach is somewhat more mechanistic (or somewhat less empirical) compared to
describing feed intake as a function of time. However, feed intake is not only the result
of body weight, but also the cause of it because changes in feed intake affect body
weight gain and thus body weight itself. Limits in frequently measuring body weight of
individual pigs has been a main constraint to explore this relationship (Huynh-Tran et
al., 2017), but it is expected that these measurements will become more accessible in
the near future and the model can be changed to represent this relationship. Secondly,
the current model to characterize the animal’s response assumes the existence of a
specific period when the perturbation starts and stops. However, there may be
perturbing factors, such as pathogens, where the onset of the perturbing factor may
be identified, but for which there is no clear end. At the onset, the pathogen cause a
rapid reduction in DFI but, over time, this negative effect may be attenuated because
the pathogen becomes less effective by itself or because increased activity of the
host’s defensive system, even though the pathogen may still be present. Such as
response can be represented in a model by assuming that a pathogen has an

immediate effect on DFI at a given point in time, but that its effect on DFI diminishes
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gradually without representing an explicit end time of the perturbation (section 4 in
Chapter 2 this thesis). In this case, the response mechanism of the host (or the effect
of the perturbing factor) can be modified whilst the structure of the model and number
of the parameters to be estimated remain the same. Choosing an appropriate
perturbation model may not be evident by considering only DF| as the response
criterion. Information about the environment of the pigs (e.g., temperature as an
indicator of heat stress) or assessing the DFI responses of all pigs in a population, or
indicators of the health status of individual pigs may be useful in the determining the
most appropriate perturbation model.

The process of doing a PhD project by modelling is often different from doing a
PhD project by experimental research. In experimental research, the process of filling
knowledge gaps often follows a linear path (for a given experiment): raise a research
question, propose a hypothesis to conduct an experiment, analyze (samples and) data,
and compare the results with the hypothesis, discuss these, and, if necessary, identify
new research questions that can be addressed in other experiments. As such, each
experiment covers a considerable time span and the confirmation or rejection of the
hypothesis follow this timeline. Although the elements of a modeling approach are
similar to that of experimental research, the timeline is different. More importantly,
progress is typically not based on the acceptance (i.e., non-rejection) or rejection of a
hypothesis, but on the gradual improvement of representing a system by modelling.
Consequently, the process of modelling research follows a circle. We first start with a
research question. We then construct a first set of equations to represent the
phenomenon (i.e., the mathematical model). If the representation is judged not good
enough, we go back to modify the model components or equations. As such, modelling
is an iterative process that continues until the research question is answered
satisfactorily. Because modelling is not a straightforward process (i.e., it is not based
on the acceptance or rejection of a hypothesis that drawn from experimental data), the
reasons behind model modifications are often not fully described in scientific papers.
There is a tendency to describe and publish models that work, and not the once that
do not work, even though the reasoning behind it was “reasonable”. In my opinion, the
understanding of these reasons is more interesting than only seeing the final outcomes
of a model that works. During my PhD project, we moved back and forth several times
between steps and gradually constructed a procedure that characterizes the animal’s

response to a perturbation appropriately (in our view). For instance, we fist used a
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cubic function to represent the target CFl because we considered the shape of the
quadratic function to be suitable to represent DFI (e.g., being the first-derivative of
CFl). However, after the development of the perturbation model, we tested the
procedure using a large dataset and found that a combination of the target DFI
estimated by a quadratic function and the perturbation model could result in biologically
unrealistic predictions of DFI. For instance, Figure 4.1 shows a simulation of the DFI
response of an animal to a perturbation. The target DFI described by a quadratic
function is very flexible and probably too flexible if it is to be identified indirectly from
the decomposition of the actual DFI in a target DFI and the response after. As shown
in Figure 4.1, the decomposition of the actual DFI resulted in a target DFI where the
pig would consume only 1 kg of feed at 180 days of age. It also resulted in a
compensatory feed intake that was well beyond biological reality (i.e., up to 6 kg at 160
days of age, Figure 4.1). We therefore chose a quadratic-linear function to describe
the target CFI (and thus a linear-plateau function for the target DFI) as mentioned in
Chapter 2.
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Figure 4.1 Daily feed intake response of a pig to a perturbation. The target daily feed
intake was estimated by a quadratic function. The quadratic function was judged too
flexible resulting in values of the target daily feed intake and of the response to a

perturbation that are biologically unlikely.
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This example is to show that during the development of the procedure, we
sometimes needed to come backward to justify and modify our decisions and
approach. This going back and forth is essential in modeling although it can be very

time-consuming to go back to the drawing board.

2. Other perspectives in modelling the animal’s response

to perturbations

Cumulative traits such as cumulative feed intake and body weight are inherently
less variable than traits such as daily feed intake and daily weight gain. In this PhD
thesis, the (cumulative) feed intake was chosen over body weight as the response
criterion to perturbations. The reason for this is that, irrespective of cause or effect,
changes in feed intake will precede change in body weight gain (i.e., feed intake is
more “up-front” than body weight and it will be easier to detect if a pig is not eating for
two days than if it is not growing for two days). Also, relatively important changes in
body weight can occur due to defecating and urinating patterns.

The use of a single response criterion (e.g., cumulative feed intake on a daily basis)
limits the degree to which a perturbation model can be developed. As reported in
chapter 3, a DON challenge of seven days can easily lead to an over-parametrization
if all four parameters of the model are estimated. The work reported in this PhD thesis
should be seen as a first attempt in using data provided by automatic feeding stations
to quantify the animal’'s response to a perturbation. This goes beyond the use of
feeding stations to quantify the average feed intake response in individual pigs, but to
analyse and try to understand the dynamics of feed intake patterns. Automatic feeding
stations are just one of the many devices that are becoming more and more accessible
and that will contribute to the era of “big data”. Although we explored the data only on
a daily basis, these feeding stations can also provide other types of data. For instance,
the feeding stations can provide information about feeding behaviour such as daily
feeding time, feeding rate, meal size, and number of feeder visits (Maselyne et al.,
2015). The dynamics of these traits may also be used to further understand and
quantify the response of animals to perturbations and to different environmental
conditions. Although feeding rate in group-housed pigs appear to stay constant with
different feeding levels (Hyun et al., 1997), competition for food (Georgsson and

Svendsen, 2002), and ambient temperature (Quiniou et al., 2000), it is affected by
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group size (Nielsen et al., 1995; Hyun and Ellis, 2002). It has been suggested that
changes in eating rate could be an indicator of social stress (Nielsen, 1999).
Furthermore, the inverse changes in feeding time and feeding rate of lame cows
reported by Gonzalez et al. (2008) provided a strong evidence that feeding behaviour
response of cows to lameness follow a very characteristic manner. The combination of
increased feeding rate and decreased feeding time in lame cows is more characteristic
than feed intake for this type of disorder. Although using this type of data requires a
different model structure than the approach used in this PhD thesis, they offer new
perspectives to modelling biological functions. Progress has also been made in the
field of monitoring animal health and physiology. Nowadays, bio-sensing and wearable
technologies can be used to regularly collect data of different physiological and
behavioural traits such as body temperature, saliva and sweat constituents, and
movement and behaviour of group-housed animals (Neethirajan, 2017). Friggens and
Thorup (2015) indicated that phenotyping the individual adaptive capacity of animals
based on frequent measurements would become more powerful if multiple measures
can be combined. Once these technologies are available, it will be an opportunity (and
also a challenge) to integrate data of different origins together to develop more
mechanistic models that quantify the response of animals to perturbations.

Future modelling efforts should also focus on the effect of perturbations on nutrient
partitioning in the body and its consequence on animal performance. Indeed,
understanding of the underlying mechanisms is important for making better decisions
in management and genetic selection strategies. Le Bellego et al. (2002) found that a
high ambient temperature (30°C) decreased protein deposition and energy utilization
while it increased lipid deposition in growing pigs, compared to pair-fed pigs kept in
thermoneutral conditions. The underlying mechanism of this is that the heat production
associated to protein deposition is greater than the heat production associated to lipid
deposition. To limit the heat production to cope with heat stress, the animals reduced
their feed intake and changed the partitioning of energy retention. This example
illustrates that a reduction in feed intake is often observed as a response to a
challenge, but that this is not the only response of the animal. Sandberg et al. (2007)
conducted a review to characterize the decrease in growth that was not related to the
decrease in voluntary feed intake of pathogen-challenged animals. They found that the
protein (i.e., amino acid) requirements significantly increased during exposure to

pathogens. This increase is due to fuel defensive activities such as synthesizing
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antibodies, repairing damaged tissues, and mounting a fever to combat pathogens.
Sandberg et al. (2007) concluded that when dietary protein is scarce, there is more
likely a competition for resources between growth and immune functions rather than a
traditional view that there is a priority for immunity over growing. Modelling the interplay
between nutrient requirements and nutrient allocation to different functions during the
period of perturbations plays a crucial role in supporting decision for nutritional
strategies (e.g., the importance of providing sufficient protein to pathogen-challenged
animals) and genetic strategies (e.g., a better understanding of the side-effects on
growth when selecting for more pathogen-resistant animals). Because the effect of
perturbations on nutrient partitioning is even more important when nutrient availability
is scarce, and that perturbations typically reduce voluntary feed and nutrient intake,
these two phenomena are tightly related to each other (Doeschl-Wilson et al., 2009).
The initial objective of this PhD project was to quantify the feed intake response of the
animal to a perturbation, and then to develop a model of nutrient allocation in relation
to perturbing factors. The modelling of the feed intake response itself appeared to be
a sufficiently complex phenomenon, which prevents us to tackle the aspect of nutrient
partitioning. However, this remains necessary and sufficiently challenging for the

future.

3. Potential applications of the procedure

The quantification of resistance and resilience traits is an important element to
enhance the capacity of animals to cope with environmental perturbations. There are
two common strategies to improve animal’s robustness: genetic selection and
management practices. The PhD thesis focussed on “historical” data, and its potential
impact is thus more appropriate for breeding and genetics than for management
practices. This section is therefore dedicated to the potential applications of this
procedure emphasizing on quantitative genetic selection. Nevertheless, the
opportunity of using the outcome of the thesis in nutritional management is also

discussed, mainly in the context of precision feeding.

Genetic selection

Despite a great interest of genetic selection for robustness, classical robustness

traits (e.g., survival rates, skeletal and cardiovascular integrity) are often considered
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as being difficult to be implemented because of their low heritabilities and antagonistic
relationship with production traits (Knap, 2008; Mormede et al., 2011). Another
challenge of breeding for robustness is that traits of interest are often measured in the
nucleus environment (where nutrition, health and climate are well controlled), which is
different from the commercial conditions where animals will eventually perform (Knap,
2005; Mulder, 2017). To measure robustness traits in commercial conditions, proper
tools for data collection and processing are required (Knap, 2009).

In this PhD project, we defined two potential traits that could be used for genetic
selection: a resistance trait related to the reduction in DFI due to a perturbation and a
resilience trait related to the compensatory feed intake capacity to overcome the
negative effect of a perturbation. The approach has a potential application in animal
breeding because the data required to estimate these traits become increasingly
available on commercial farms. Phenotyping animals at individual level and in a wide
range of environmental conditions will improve heritability of the traits of interest
(Mulder, 2017). The procedure developed during this PhD project can be applied to a
large number of growing pigs and combined with their pedigree information. Then, a
quantitative genetic analysis can be conducted to estimate heritabilities of the resulting
resistance and resilience traits, their genetic correlation, and correlation between these
traits and other production and functional traits. Putz et al. (2019) reported that
resilience traits obtained from fluctuations in individual DF| and feeding duration were
moderately heritable with a range from 0.15 to 0.26. Notably, moderate to strong
genetic correlations (i.e., from 0.37 to 0.85) were reported between those resilience
traits and mortality and treatment rate of pigs exposed naturally to common diseases
in the Canadian pig industry. These findings confirm the interest to further explore the
potential of resistance and resilience traits in animal breeding. If the origins of the
perturbation is known, the modeling procedure can be used to target specific breeding
strategies. Also, the procedure can be used for the development of genomic selection,
which requires large data collection and an accurate definition of phenotypes of
targeted traits (Knap, 2008; Calus et al., 2013).

Finally, although it has often thought that selection for production impairs the
animal’s robustness, the underlying mechanisms of this possible trade-off remain
unclear. Genetic selection studies have mainly used a “black-box” approach in which
animals are selected based on observed performance (e.g., daily gain and mortality)

without considering the biological mechanisms behind the genetic improvement (e.g.,
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what improves daily gain and how does it affect mortality). The consequence of this
“black-box” selection is that outcomes of selection programs are sometimes
unexpected. For example, the biological explanation for trade-offs is often based on
the resource allocation theory: when a resource is limited and if genetic selection shifts
allocation of it towards production, animals will have to compromise other functions.
However, a long-term selection study in which pigs were divergently selected for feed
efficiency showed unexpected results in the response to perturbations between high
and low efficiency pig lines. Feed efficiency can be assessed from the difference
between observed feed intake and the predicted feed intake (from production and
maintenance requirements) and this difference is termed residual feed intake RFI).
Gillbert et al. (2017) divergently selected pigs for high RFI (low efficiency) or low RFI
(high efficiency) for nine generations. Based on the resource allocation theory, the low
RFI line was expected to be less robust than the high RFI line. However, when
challenging the two lines to different perturbations, the low RFI line did not appear to
be more susceptible than the high RFI line to an inflammatory challenge and to heat
stress. Also, the low RFI sows had a better capacity to maintain milk yield, litter
survival, and body weight in tropical environments compared to high RFI sows
(Renaudeau et al., 2014). This association suggests “a more complex relationship
between available resources and individual metabolic processes than indicated by the
resource allocation theory” (Hermesch et al., 2015). Recently, Gillbert et al. (2018)
found that piglets from the low RFI line were perturbed more than those in high RFI
line by the weaning challenge, but that they recovered to attain a similar body weight
and feed intake level afterwards as the high RFI line. This suggests that low RFI pigs
may be less resistant to the weaning challenge than the high RFI line, but that their
resilience capacity was sufficient to recover. They concluded that genetic selection
based on RFI affected the dynamic responses of pigs to weaning (Gilbert et al., 2018).
The procedure developed in this PhD project could provide a method to assess this

dynamic response.

Management practices

Evidences from literatures indicated that modifying nutrient contents of diets (e.g.,
increase protein contents or supplement with Zinc) can reduce the duration of anorexia

and the rate of recovery of infected animals (Kyriazakis and Doeschl-Wilson, 2009). In
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addition, a number of nutrition strategies (e.g., modifying nutrient contents of diets or
changing feeding schedules) showed the effectiveness to alleviate the negative
consequences of heat stress on livestock (Renaudeau et al., 2012). Therefore, in the
context of precision livestock farming, it is tempting if we can predict the requirements
of each animal under the impact of perturbations as well as its recovery capacity to
provide better nutritional supports at the right time. Mathematical modelling can
contribute to that aspect of precision livestock farming.

The main difference between an application in breeding and in precision livestock
farming is the time during which the data is obtained and analysed and the time when
decisions have to be made. The procedure developed in this PhD project is based on
“historical” data. A potential application in precision livestock farming requires that data
be analysed in real-time so that management decisions can also be made in real-time
(e.g., in terms of feeding or medication). Because feed intake (or other data) is
generated in real-time, it will be difficult to extract a target trajectory and deviations
from this target trajectory from the obtained data. The timeframe of one day during
which data is accumulated to calculate the cumulative feed intake is probably too long
to detect deviations in real-time (and thus make the corresponding management
decisions). To detect deviations in real-time for individual animals, a shorter timeframe
and other response traits (e.g., feeding behaviour patterns) will be required. Moreover,
a single response trait may not be sufficient to identify deviations from what may be
considered as “normal” or as a “perturbed”. The rapid development of sensor
technologies will undoubtedly provide large volumes of data, and it will be a challenge
for modellers to identify “deviations from normality” from these sources of information,
so that appropriate management measured can be taken in real-time. This PhD-thesis

may be a first and small step towards this, but there is still a long way to go.
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4. Conclusion

This PhD thesis showed that changes in CFl can be used to identify resistance
and resilience traits of individual pigs, both of which are elements of robustness. This
is because (1) feed intake can reflect the consequence of short-term perturbations on
the animals, (2) measuring feed intake is a non-invasive method, and (3) with the
development of automatic feeding stations, CFI can be recorded individually and with
a high frequency. Thanks to the automatic and repeated measurement of CFl, the
dynamic nature of the pig’s response to perturbations can be fully characterized.

This PhD project succeeded in the development of a data analysis and modelling
procedure to characterize and quantify the feed intake response of each growing pigs
to short-term perturbations. It was assumed that the actual CFl is the result of a target
trajectory (which is the amount of feed the pigs desires to consume in un-perturbed
conditions) and deviations from this target trajectory (which are due to perturbations).
It was also assumed that the pig strives to approach the target trajectory of CFI through
mechanisms of resistance and compensatory feed intake. The procedure consisted of
two main functions: detection of the target trajectory and the representation and
quantification of the pig’s response to perturbations.

The developed procedure proved its capacity to quantify the pig’s response to
perturbations by challenging it with data from an experiment where pigs received diets
with or without DON-contaminated cereals. Results showed that the target CFI could
be estimated independently of the challenge. The procedure could also identify
relatively precisely the periods when DON-contaminated diets were distributed to pigs.
Moreover, the modest correlation between parameters representing resistance and
resilience suggests that these are two different traits.

The results of this PhD thesis have the potential to be applied further as a
phenotyping tool for genetic selection or as a component of models to study the
response of animal to perturbations at underlying levels (e.g., metabolic, nutrient

partitioning).
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Application The procedure quantifies resistance and resilience traits in pigs, with the potential to be used in
breeding programs.

Introduction Quantifying robustness of farm animals is essential for breeding and management strategies.
Elements of the response of animals to perturbations, an important element of robustness (Friggens et al., 2017),
can nowadays be measured by technologies such as automatic feeding stations. A novel data analysis and
modelling procedure was developed to quantify feed intake response of growing pigs to perturbations (Nguyen-
Ba et al, submitted). The procedure estimates the target trajectory of cumulative feed intake (target CFI) as a
benchmark from which the impact of a perturbation on the animal (i.e. resistance) and its subsequent response
through compensatory feed intake (i.e. resilience) can be quantified. The objective of this study was to use this
procedure to quantify resistance and resilience of pigs from an experiment where they received diets with or
without mycotoxin-contaminated cereals.

Material and methods The procedure was applied to data from a published study about the effects of mycotoxin
(deoxynivalenol) on the feed intake of growing pigs (Serviento et al., 2018). Experimented pigs (n=155) were
divided among a control group (CC) and three challenged groups. Pigs in each of the challenged groups received
a diet contaminated with mycotoxins from day 113 to day 119 of age (DC group), from day 134 to day 140 of
age (CD group), or twice during both periods (DD group).

Results and discussion No significant difference between parameters of the target CFI was found among the
four groups. Moreover, the estimated average daily feed intake of group CC was very close to the observation
(2.86 vs. 2.87 kg/ d). This means that the target CFI of each pig could be estimated independently of the
challenge. Applying to pigs in three challenged groups, the procedure estimated precisely the start and end times
of the perturbations (Table 1).

Table 1. Estimated start and end times mycotoxin perturbations had on the pigs

Challenged period Times Median Mean + SD
Beginning (DC and 1%time DD) Start 112 112+2.0
End 123 123 +£3.7
End (CD and 2" time DD) Start 133 131+5.8
End 142 142+1.9

Correlation between resistance and resilience were low (-0.07, -0.13, -0.00, -0.33 for groups DC, CD, and for the
1%t and 2™ challenge in the DD group, respectively), indicating that the two traits represent different phenomena.
Results from the quantification of the response of pigs in different groups indicated that pigs at different ages or
body weights responded differently to the mycotoxin challenge. Those receiving the mycotoxin-contaminated
diet later on in life had a more important immediate reduction in feed intake compared with those receiving the
challenge early on. However, the older or heavier pigs recovered faster from the challenge.

Conclusion The data analysis procedure using feed intake as a response trait proved its capacity to detect and
quantify the response of animals to a mycotoxin-contaminate diet.

Acknowledgements This study received financial supports from the European Union’s H2020 project Feed-a-
Gene (grant agreement no. 633531). We would like to thank Aira Maye Serviento, Ludovic Brossard and David
Rencaudeau for contributing their experimental data.
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Application This study highlights how modelling approaches in animal science have evolved due to the
developments of data collecting methods. With the availability of new monitoring technologies, the use of hybrid
models combining concept-driven and data driven approaches makes it possible to characterize and rank animals
for their robustness. This characterization helps breeders to select for new criteria such as animal adaptive capacity
faced with special perturbations, or more generally for their robustness faced to any perturbation.

Introduction In the current context of changing environments and an expanding human population, breeding for
animal robustness and adaptive capacity becomes an important challenge to ensure that livestock production
remains (or: becomes again) robust (Nguyen-Ba et al., submitted). Breeding for robustness is difficult because
robustness is a complex trait to phenotype that requires knowledge of dynamically adaptive mechanisms at
different levels within a living organism. Nowadays, new technologies make it possible to collect data at different
levels of organisation at a high frequency and at a modest cost. For example, data at the animal level (e.g., feed
intake or body weight) can be collected using automatic feeders while, at lower level, ruminal pH can be measured
continuously using a pH bolus. This progress in collecting data will help animal scientists to better understand the
animal’s response when facing to environmental perturbations. Therefore, it will open new perspectives and
horizons to quantify the adaptive response and, subsequently, rank and select animals based on their robustness.
The objective of this article is to explain how mathematical models have adapted to the technological revolution
of data collection. In this study, the focus is on data collected with novel monitoring technologies used in precision
livestock farming, with the main objective to quantify the animal’s adaptive capacity when it is facing
environmental perturbations of known or unknown origin.

Materials and Methods Mathematical models are useful tools to decipher the relationship between data collected
at different levels of time or space, to describe different animal functions, and to predict the animal’s response to
different perturbations. Since the seventies of the last century, several mechanistic models have been developed to
study the effect of feed composition and frequency on animal performance. These models are typically based on
concepts of nutrient partitioning and the efficiency of nutrient utilization (i.e., input-output relationships). Fewer
models consider also environmental factors, which may be caused by the difficulty to characterize the environment
(e.g., in the cases of health stressors) and/or the multiple traits with which the animal responds to changes in the
environment (e.g., the response to heat stress). The common denominator of these mechanistic models is that they
are concept-driven.

With the rapid progress in monitoring technologies, there is a move towards models analysing large amount of
data, using statistical tools, with minimum information of the underlying mechanisms. Moreover, with
technologies such as machine learning and data mining, processing huge datasets to detect periods of perturbations
has become possible (Liako et al., 2018). This data-driven approach has become an alternative to the mechanistic
concept-driven approach and the question arises to which extend these approaches can be or become
complementary.

Results Two cases of data recording and possible models associated to quantify animal’s adaptive response will
be presented to demonstrate that the frequency of data collection and the diversity of data recording at different
levels of organisation will guide the modelling approach.

Conclusion The results showed the necessity of concept driven approach, of data driven approach and also of
combining these approaches to quantify the animal’s adaptive response.

Acknowledgment This study received financial supports from the European Union’s H2020 project Feed-a-Gene
(grant agreement no. 633531).
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Influence of perturbations on the performance of growing pigs: from automatic detection of perturbations to characterisation
of the adaptive response of the animals

Improving robustness of farm animals is seen as a new target of breeding strategies. However, robustness is a complex trait, which
is not measurable directly. The objective of this study was to quantify and characterise elements of robustness in growing pigs.
Robustness can be characterised by examining the animal’s response to environmental perturbations. We developed a generic
model and data analysis procedure to detect these perturbations and subsequently characterise the feed intake response of growing
pigs in terms of resistance and resilience. A model based on differential equations was developed to characterise the animal’s
response to perturbations. In this model, adaptive response to each perturbation can be characterised by four parameters. The start
and end times of the perturbation, the immediate reduction in daily feed intake at the start of the perturbation (i.e., a “resistance”
trait), and another parameter describing the capacity of the animal to adapt to the perturbation through compensatory feed intake
to rejoin the target trajectory of cumulative feed intake (i.e., a “resilience” trait). The model has been employed successfully to
identify the target trajectory of cumulative feed intake in growing pigs and to quantify the animal’s response to a perturbation by

using feed intake as the response criterion.

INTRODUCTION

Les animaux d’élevage doivent de plus en plus faire face a des
perturbations environnementales. Il est d’un intérét majeur de
quantifier la capacité adaptative des animaux dans les
situations de stress, et d’améliorer cette capacité d’adaptation.
En effet, pour certaines perturbations il est possible d’identifier
a moindre co(t I'origine ainsi que la période de la perturbation.
Or, pour certaines autres, il est plus difficile ou méme
impossible de le faire. Par exemple, le stress thermique est
facilement identifiable (sa période et son intensité), alors que
dans le cas d’'une maladie, il est plus difficile d’identifier I’origine
et surtout les dates de début et de fin (Taghipoor et al., 2017).
Dans cette étude, nous proposons une procédure de détection
automatique des perturbations, et un modele de la réponse de
I’animal qui est indépendant de I'origine de la perturbation, et
qui reflete la capacité d’adaptation de I'animal face a une
perturbation.

1. MATERIEL ET METHODES

Notre premier objectif est de détecter de fagon automatique les
perturbations, car l'origine de ces dernieres ne sont pas
toujours connues. Pour cela, il faut d’abord clarifier la notion de
perturbation. Toute déviation par rapport a la trajectoire ciblée
de la performance de I'animal peut étre considérée comme une
perturbation potentielle. Nous avons alors besoin (1) de choisir

un indicateur de performance qui pourrait étre affecté par des
perturbations, et (2) d’identifier dans cet indicateur une
trajectoire ciblée et la réponse a la perturbation.

Nous avons choisi lingestion comme indicateur de
performance. Elle est facilement mesurable a haute fréquence
avec les nouvelles technologies pour I'élevage de précision
(comme les distributeurs automatiques de concentré), elle est
non-invasive, et surtout elle a I'avantage de refléter rapidement
la présence d’une perturbation, contrairement au poids vif de
I’'animal. L’étape suivante est d’estimer la trajectoire ciblée de
la performance, c.a.d. la quantité d’aliment que I’animal
mangerait en absence de toutes perturbations.

1.1. La trajectoire ciblée de la consommation cumulée
d’aliment

Nous avons choisi de développer la trajectoire ciblée de la
consommation cumulée d’aliment (CCA) qui, contrairement a la
consommation journaliere d’aliment (CJA), ne contient pas de
variations rapides. De plus, la CCA nous informe sur I'historique
de la consommation de I'animal. Contrairement a la CJA, la CCA
(en tant que trajectoire) permet de prendre en compte |'effet
de la perturbation et I’effet de la consommation compensatrice.
La dérivée de la trajectoire ciblée de la CCA (CCApicc) représente
la consommation journaliére ciblée (CJAgpiee). Le modele du
CCApice doit respecter les conditions suivantes (i) il ne doit pas
capter les variations liées aux perturbations, (ii) la CJApice €St
une fonction linéaire croissante ou constante, ce qui implique




que la CCA.pee €st décrite par une fonction quadratique-
linéaire. Les parametres du modele de la CCApice SONt I'dge a
laquelle CCA = 0 (X,), la CCA a la fin de la période concernée
(CCA¢;,), la CCA au milieu de la période concernée (CCAiieu), €t
le jour auquel la CCA e change d’allure et passe d’un modéle
gquadratique a un modele linéaire (X;). La procédure pour
déterminer les parameétres du modéle de la CCA e CONsiste a
réaliser plusieurs régressions linéaires successives en éliminant
temporairement les données qui pourraient étre issues d’une
perturbation. Cette derniére consiste a une série de données
avec des résidus négatifs. Cette condition est vérifiée par un test
d’autocorrélation. Si le teste est positive (P > 0.05), les valeurs
avec des résidus négatifs sont temporairement éliminées et une
nouvelle régression linéaire est appliquée aux données. Cette
procédure est arrétée quand il n’y a plus d’autocorrélation, ou
quand le nombre de données restant est inférieur a 20.

1.2. Détection des perturbations

Dans cette étude, nous considérons seulement les
perturbations avec un effet négatif sur la consommation. Pour
cela, une fonction B-Spline a été ajustée a la différence entre la
CCA observée et la CCA pie. Une perturbation est alors définie
comme une période avec des valeurs négatives de cette
différence, d’une durée plus de 5 jours et d’une amplitude (le
maximum de déviation pendant la durée de la perturbation)
supérieure a 5 % de la CCA pie. En effet, cette condition permet
de négliger des petites variations dans la consommation de
I"aliment, qui font partie du comportement alimentaire normal
des animaux. La flexibilité des fonctions B-Splines permet de
capter un maximum de déviations et, par la suite, nous aurons
la possibilité de choisir les conditions pour considérer une
déviation comme perturbation.

1.3. Le modeéle de la perturbation

Aprés que les perturbations sont identifiées, notre objectif est
de caractériser la réponse des animaux en termes de résistance
et résilience. Les deux forces motrices du modéle sont
I'influence de la perturbation et la capacité d’adaptation de
I"'animal. Nous faisons I'hypothése que ces deux phénomenes
agissent au niveau de la CJA et pas au niveau de la CCA. Nous
faisons aussi I’hypothese que I'influence de la perturbation sur
la CJA (la résistance) est négative pendant toute la durée de la
perturbation. La résilience agit au niveau de la CJA, mais elle est
pilotée par le CCA : le ratio entre la CCA observée et la CCA pice
est utilisé comme la force motrice pour décrire I'adaptation de
I"'animal au perturbateur. L’équation 1 représente le modeéle :
CIA(t) = ClAcipiee(t) x (1 — Pert(t) + Résilience(t)) (1)
Ou la fonction Pert(t) prend une valeur constante pendant la
période de la perturbation, et est zéro ailleurs. La fonction de
résilience, Résilience(t) est représentée dans I'équation 2 :
Résilience(t) = (1 — CCA(t) /CCA ipie(t)) X k (2)
Le paramétre k, représente la capacité maximale de résilience,
apres une perturbation.
Le modele de la CCA e est décrit par quatre paramétres, de
méme que le modeéle de la perturbation. La fonction nisLM de
package minipack.Im de R version 3.5.0 (http://cran.r-
project.org/) a été utilisée pour les estimer.

2. RESULTATS ET DISCUSSIONS

Les données d’ingestion journaliere d’un porc en croissance
sont utilisées pour tester le fonctionnement du modele. La
figure 1 (panneau du haut) montre la CCA observée, ainsi que la
CCApice (une fonction quadratique et linéaire) et la CCA prédite
par le modele. Le panneau du bas montre ces informations pour
la CJA. Au début de la perturbation (a 80 j d’age), la perturbation
provoque une réduction instantanée de la CJA de 73,1%. A la fin
de la perturbation (a 119 j d’age), I'animal consomme plus que
la consommation ciblée (k = 3,74; c.-a-d., quand la CCA
observée est 1% en-dessous de la CCA e, I'animal tente de
consommer 3,74% de plus que la CJAgpee). A 119 j d’age, la CCA
observée est 15% en-dessous de la CCA e, C€ QUi provoque
une consommation compensatrice de 56%.
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Figure 1 — Application du modéle d’analyse de perturbation a
la consommation cumulée d’aliment (CCA ; panneau du haut)
et la consommation journaliere d’aliment (CJA ; panneau
du bas) d’'un animal en fonction de I’age.

CONCLUSION

Notre démarche a permis de proposer un moyen de quantifier
la notion de la robustesse via la résistance et la résilience. Ces
parametres permettront d’hiérarchiser des animaux pour leur
capacité d’adaptation.
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Breeding for robustness in livestock is crucial

" CONCLUSION
- 4y % This study provides a new method to
' detect perturbations and quantify
resistance and resilience of livestock

OBJECTIVES: =S % The only required input is daily feed intake
(1) Detect perturbing impacts on feed intake of pigs Th? method can be used -to compare the
(2) Characterize pig’s responses to perturbations individual response Of an.lmals affected by

. Resistance a common perturbation in group-housed

- } As elements of robustness settings —> Genetic Selection
* Resilience

MATERIAL AND METHODS

A data analysis procedure and a model were developed to: Mechanistic model
+« Determine the target trajectory of Cumulative Feed
Intake (target CFI): amount of feed a pig desires to . @
consume in a non-perturbed condition '

«» Detect consequences of perturbations on feed intake

DF!
by the deviations of observations from target CFl |:> 4];

% Characterize pig’s feed intake response using a Target CFl
mechanistic model

Target DFI

DFI /' = Through compensatory DFI, the CFI
approaches target CFl and the pig recovers

o
(=}

® Resilience and Ratio
RESULTS —
200 (1) Absence of perturbation:
i ; $ Daily Feed Intake (DFI) = target DFI
* Thetarget CFl was (2 During perturbation:
2150 estimated to correspond DFI \\ = CFl starts to deviate from target CFl
£ . (3 Ratio between CFl and target CFl induces resilience
S Only to the hlgheSt and recovery mechanism
-g 0 observations of CFl (@) Perturbation is over:
[+]

== Target CFI
W Perturbed CFl * The response of a pig
90 20 0 .

agnd to a perturbation was

— Target DFI ° characterized by 4
5 == Perturbed DFI [ele]

» Start and End time of the
perturbation

* Resistance: immediate reduction in

parameters: DFI (%) at the start of the
perturbation

* Resilience: capacity to limit the

End (day) 119 effect of the perturbing factor and

to recover afterwards

(e.g., if the CFl is 1% below the

Resilience 3,74 target CFI - Pig consumes 3.74%
more than its target DFI)
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Detection and characterization of the feed intake response of growing pigs to perturbations
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Improving robustness for farm animals is seen as a new breeding target. However, robustness is a complex trait
and not measurable directly. Robustness can be characterized by examining the animal’s response to environmental
perturbations. Although the origin of environmental perturbations may not be known, the effect of a perturbation on
the animal can be observed, for example through changes in voluntary feed intake. We developed a generic model
and data analysis procedure to detect these perturbations, and subsequently characterize the feed intake response
of growing pigs in terms of resistance and resilience as elements of robustness when faced with perturbations. We
hypothesize that there is an ideal trajectory curve of cumulative feed intake, which is the amount of feed that a pig
desires to eat when it is not facing any perturbation. Deviations from this ideal trajectory curve are considered as
a period of perturbation, which can be characterized by its duration and magnitude. It is also hypothesized that,
following a perturbation, animals strive to regain the ideal trajectory curve. A model based on differential equations
was developed to characterize the animal’s response to perturbations. In the model, a single perturbation can be
characterized by two parameters which describe the resistance and resilience potential of the animal to the perturbing
factor. One parameter describes the immediate reduction in daily feed intake at the start of the perturbation (i.e. a
‘resistance’ trait) while another describes the capacity of the animal to adapt to the perturbation through compensatory
feed intake to rejoin the ideal trajectory curve (i.e. a ‘resilience’ trait). The model has been employed successfully to
identify the ideal trajectory curve of cumulative feed intake in growing pigs and to quantify the animal’s response to
a perturbation by using feed intake as the response criterion. Further developments include the analysis of individual
feed intake curves of group-housed pigs that can be exposed to the same environmental perturbing factors to quantify
and to compare different pigs. This study is part of the Feed-a-Gene project and was funded by the European Union
under grant agreement no. 633531.
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Poultry meat and eggs are major sources of nutrients in the human diet. The long production career of laying hens
expose them to biotic or abiotic stressors, lowering their production. Understanding the mechanisms of adaptation
to stress is crucial for selecting robust animals and meeting the needs of a growing human population. In this study,
financed by the French ChickStress and the European Feed-a-Gene (grant agreement no. 633531) programs, we
compared the effects of a 15%-energy-reduced diet (feed stress, FS) vs a commercial diet (control, CT) on phenotypic
traits and adipose, blood, hypothalamus and liver transcriptomes in two feed-efficiency-diverging lines. Phenotypic
traits showed differences between lines or diets, but no line x diet interaction. In the FS group, feed intake (FI)
increased and hens had lower body- and abdominal adipose weight, compared to CT group. We found no differences
in egg production or quality. At the transcriptomic level, 16,461 genes were expressed in one or more tissues, 41%
of which were shared among tissues. We found differentially expressed genes between lines or diet in all tissues,
and almost no line x diet interactions. Focusing on diet, adipose and liver transcriptomes were unaffected. In blood,
pathways linked to amino acids, monosaccharides, and steroid metabolism were affected, while in the hypothalamus,
changes were observed in fatty acid metabolism and endocannabinoid signalling. Given the similarities in egg
production, the FS animals seem to have adapted to the stress by increasing FI and by mobilizing adipose reserves.
Increase in FI did not appear to affect liver metabolism, and the mobilization of adipose reserves was apparently
not driven at the transcriptomic level. In blood, the pathways linked to metabolic processes suggest a metabolic
role for this tissue in chicken, whose erythrocytes are nucleated and contain mitochondria. FI increase might be
linked to the hypothalamic pathway of endocannabinoid signalling, which are lipid-based neurotransmitters, notably
involved in the regulation of appetite.
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INTRODUCTION OBIJECTIVES

® Global climate change increases = But robustness is difficult to measure
environmental perturbations = Develop a generic model:
= Farm animals need to adapt better to * Detect unknown perturbations
perturbations while maintaining their growth * Characterize responses of growing pigs to
and productivity those perturbations by using feed intake (FI)
-> Improve robustness in breeding as an indicator of robustness
METHODS

= Qur model based on differential equation can
characterize:

* Perturbing impact: makes daily Fl of a pig

reduced, e.g. 20% during a heat stress

* Pig’s compensatory capacity: consuming more
Fl daily
The more the Fl decreased the stronger
motivation the pig had to compensate for its Fl
lost

RESULTS

Modelling pig's reaction to perturbations
Pig ID = 5144

e Table.1. Estimated parameters obtained when using the model to
° P Ll quantify feed intake response of the pigs to the same perturbation
g & PigID Time Time Perturbing Compensatory RSS®
[&] . .
E Start stop impact Capacity
5 8
° ITC_CFI 5144 117,5 162,7 0,8 23,5 23,7
- Dif-obs
=7 Dif-simul 5146 119,5 167,5 0,6 16,4 14,9
80 100 20 14 180 120 SRSS: Residual sum of square
Age (days)
Pig ID = 5146
e G ao‘-‘bds’ T
' DISCUSSION
g = The model successfully characterized
E L animal’s response to perturbations
(9]
I * Perturbing impact: resistance
o Dif-simul __ * Compensatory capacity: resilience
80 10 120 140 160 180 » Perturbing impact as a constant has
' Ags (dve) , ‘ limitation in sanitary perturbations
Fig.1. Feed Intake response of 02 group hosed pigs to perturbation.
They were supposed to suffer from the same perturbation because =  Robustness of different pi gs: compara ble

their perturbing period was the same
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Quantification de la réponse de I'ingestion alimentaire des porcs en croissance a des perturbations — une

approche de modélisation

Mots clés : porcs en croissance, ingestion volontaire, résistance, résilience, génétique, santé

Résumé : Il est de plus en plus important de
quantifier la robustesse des animaux d’élevage
pour améliorer la durabilité¢ des systémes des
élevages. Cependant, robustesse est un trait
complexe et non mesurable directement. Cette
thése a été consacré a quantifier des éléments
de robustesse. Un modéle mathématique a été
développé pour détecter des perturbations et
pour quantifier la réponse des porcs en
croissance en termes de la résistance et la
résilience. Le modele permet d’estimer la
trajectoire ciblée de I'ingestion cumulatif pour les
porcs en croissance. Des conséquences de
perturbation peuvent étre détecter par des
déviations de cette ciblée. La réponse d’animal
peut étre caractérisée par quatre paramétres :

Quantification of the feed intake response of growing pigs to perturbations — A modelling approach

le début et la fin de la perturbation, la réduction
immédiate de [Iingestion journaliére (la
résistance), et la capacité de [I'animal a
retrouver sa trajectoire ciblée de I'ingestion via
la consommation compensatrice (la résilience).
Nous avons appliqué ce modéle a quantifier la
réponse des porcs en croissance a une et deux
périodes de distribution de  régimes
contaminées par des mycotoxines. Le modéle a
prouvé sa capacité a détecter et quantifier la
réponse des animaux aux mycotoxines.

Les caractéristiques de la réponse d’animal
peuvent étre appliquées pour affiner les critéres
de sélection génétique et dans le contexte de
mieux adapter les stratégies d’alimentation.

Keywords : growing pigs, voluntary feed intake, resistance, resilience, genetic, health

Abstract : Quantifying robustness of farm
animals is essential to improve the sustainability
of livestock production systems. Robustness,
however, is a complex trait and not measurable
directly. The aim of this PhD thesis was to
develop a method to quantify elements of
robustness in growing pigs. A mathematical
model was developed to detect perturbations on
feed intake and to quantify the response of pigs
to perturbations in terms of resistance and
resilience. The model estimated a targeted
trajectory of cumulative feed intake which is
hypothesized as the desired feed intake of pigs
in non-perturbed condition. Consequences of
perturbations can be detected from deviations of
this target. The animal’s response can be
characterized by four parameters: the start and

end times of a perturbation, the immediate
reduction in daily feed intake at the start of the
perturbation (resistance ftrait) and the pig's
capacity to overcome the perturbing effect
through compensatory feed intake (resilience
trait).

We then applied the model to quantify the
response of group-housed pigs to a diet
contaminated with mycotoxins in one or two
periods of the experiment. The model proved its
capacity to detect and quantify the response of
pigs to mycotoxins.

Characteristics of animal’s response obtained
from the model can be applied to phenotype
animals in genetic selection or in management
strategies.
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