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Abstract 

During the last 50 years, there has been an overall improvement of efficiency in all 

domestic species thanks to an improvement in productivity traits. However, during the last 

years, disorders associated to a loss of functionality of animals (such as poor fertility, health 

and longevity of reproductive females) with high productivity standards have been observed. 

In this scenario, interactions between genetics and nutrition are becoming relevant. The main 

hypothesis of the present thesis is that nutritional strategies adapted to the genetic type could 

help to modulate productivity and functionality of females in the long term. To evaluate this 

hypothesis, 203 rabbit females were used which gave birth a total of 758 litters. These 

females belonged to 3 genetic types that differed greatly on their breeding goals: H, maternal 

line characterized by hyper-prolificacy; LP, maternal line characterized by functional hyper-

longevity; R, paternal line characterized by growth rate. Females were fed during 5 

consecutive reproductive cycles with 2 iso-energetic and iso-protein diets differing in energy 

source: Animal fat enhancing milk yield (84 g of ether extract per kg of DM and 105 g of 

starch per kg of DM); Cereal starch promoting body reserves recovery (21 g of ether extract 

per kg of DM and 237 g of starch per kg of DM). This experiment generated a set of 

longitudinal data with particular structures of (co)variances among data which had to be 

taken into account. Several models differing in the way data structure is modelled were 

evaluated. We found that none of the tested models was the best in terms of goodness of fit 

to the data for all traits, but it seems that models in which (co)variance structure was 

modelled in blocks of (co)variances for each reproductive cycle could be the most 

recommendable because they presented an overall suitable statistic performance (in terms of 

parsimony and fitting) and biological interpretation. These models provided useful 

information to understand acquisition and allocation of individual animals. In this sense, it 

seems that we can modulate allocation between energy addressed to milk or to body 

reserves by changing energy source of diet, but altering normal homeostasis of animals. 

Respect to the strategies of genetic types, results of the present experiment seem to indicate 

that R females were characterized by greater adult weight and by a high dependence on the 

body reserves to cope with the reproductive requirements of the current reproductive cycle. 

They gave birth little but heavier kits, although it seems they could be more immature. When 

R females were fed with a diet promoting milk yield, they invested more on the current litter, 

whereas when fed with a diet promoting body reserves recovery, it seems that they invested 

more in recovering for future reproduction. On the contrary, females from the maternal lines 

were smaller and had numerous but lighter kits, but each genetic type used different 

strategies. H females were also high dependent on body reserves, but storing body reserves 

during lactation to cope with future reproduction. This strategy makes them more sensible to 
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the energy source of the diet, triggering problems to ensure future reproduction when fed 

with a diet promoting body reserves recovery (low conception rate or higher mortality of 

females). LP females were characterized by an acquisition capacity better fitted to changing 

requirements, safeguarding body reserves. This strategy seems to be more generalist, 

allowing them to ensure high performance of the current litter without neglecting future 

reproduction and with less sensitivity to the diet. Therefore, to properly balance between 

productivity and functionality, results reported in the presented thesis suggest that apart from 

requirements, the way each genetic type acquire and allocate energy over its life trajectory 

should be considered when formulating diets for reproductive rabbit females.   
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Resumen 

En los últimos 50 años, gran parte de la investigación en genética y nutrición ha 

estado dirigida a aumentar la productividad de los animales de granja. Esto ha llevado a una 

mejora general de la productividad y en consecuencia de la eficiencia en todas las especies 

domésticas. Sin embargo, durante los últimos años se han observado trastornos asociados a 

una pérdida de funcionalidad en animales con altos estándares de productividad (como baja 

fertilidad, salud o longevidad de las hembras reproductivas). En este escenario, las 

interacciones entre la genética y la nutrición son cada vez más relevantes. La principal 

hipótesis de la presente tesis es que estrategias nutricionales adaptadas al tipo genético 

podrían ayudar a modular entre productividad y funcionalidad de las hembras. Para evaluar 

esta hipótesis, se utilizaron 203 conejas que dieron lugar a un total de 758 lactaciones. Estas 

conejas pertenecían a 3 tipos genéticos que diferían ampliamente en sus objetivos de 

selección: H, línea materna caracterizada por hiper-prolificidad; LP, línea materna 

caracterizada por hiper-longevidad funcional; R, línea paterna caracterizada por la velocidad 

de crecimiento. Las conejas fueron alimentadas durante 5 ciclos reproductivos consecutivos 

con 2 dietas iso-energéticas e iso-proteicas que diferían en la fuente de energía: Grasa 

animal para fomentar la producción de la leche (84 g de extracto etéreo por kg MS y 105 g 

de almidón por kg MS); Almidón de cereal para promover la recuperación de las reservas 

del corporales (21 g de extracto etéreo por kg MS y 237 g de almidón por kg MS). El 

experimento generó una base de datos con datos longitudinales con unas estructuras 

particulares de (co)varianzas entre los datos y que debían tenerse en cuenta. En este sentido, 

se evaluaron varios modelos que diferían en la forma en que se modelan la estructura de 

datos. Se encontró que ninguno de los modelos probados fue el mejor en términos de 

bondad de ajuste para todos los caracteres. Sin embargo, parece que los modelos en los que 

la estructura (co) varianza se modeló en bloques de (co)varianzas para cada ciclo 

reproductivo podrían ser los más recomendables, ya que presentaron un ajuste estadístico 

adecuado (en términos de parsimonia y ajuste) y una buena interpretación biológica. Estos 

modelos proporcionaron información útil para comprender la adquisición y asignación de 

animales individuales. Respecto al efecto de la fuente de energía de la dieta, parece que 

podemos modular la asignación entre la energía dirigida a la producción de leche o la 

ganancia de reservas corporales cambiando la fuente de energía de la dieta, pero alterando 

la homeostasis normal de los animales. Respecto a las estrategias de los tipos genéticos, los 

resultados del presente experimento parecen indicar que las hembras R se caracterizaron 

por un mayor peso adulto y por una alta dependencia de las reservas corporales para hacer 

frente a las necesidades reproductivas del ciclo reproductivo actual. Estas hembras parieron 

menos gazapos, pero más pesados, aunque parece que podrían ser más inmaduros. Cuando 

las hembras R fueron alimentadas con una dieta que promovía la producción de la leche, 
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invirtieron más en la camada actual, mientras que cuando se les alimentó con una dieta que 

promovía la recuperación de las reservas corporales, invirtieron más en la recuperación para 

su futura reproducción. Por el contrario, las hembras de las líneas maternas fueron más 

pequeñas y tuvieron más gazapos, pero más ligeros. No obstante, cada tipo genético utilizó 

una estrategia diferente. Las hembras H también fueron muy dependientes de las reservas 

corporales, pero almacenando reseras corporales durante la lactación para hacer frente a la 

futura reproducción. Esta estrategia les hace sensibles a la fuente de energía de la dieta, 

desencadenando problemas para asegurar la reproducción futura cuando fueron 

alimentadas con una dieta que promueve la recuperación de las reservas corporales (baja 

tasa de concepción o mayor mortalidad de las hembras). Las hembras LP se caracterizaron 

por una capacidad de adquisición mejor adaptada a las necesidades cambiantes. Esta 

estrategia parece ser más generalista, lo que les permite asegurar un alto rendimiento de la 

camada actual sin descuidar la reproducción futura, salvaguardando las reservas corporales, 

y con menos sensibilidad a la dieta. Por lo tanto, para balancear adecuadamente 

productividad y la funcionalidad, los resultados de la presente tesis sugieren que aparte de 

las necesidades, la forma en la que cada tipo genético adquiere y utiliza los recursos también 

debería ser considerado al formular dietas para las hembras reproductoras de conejo.  
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Resum 

En els últims 50 anys, gran part de la investigació en genètica i nutrició ha estat dirigida a 

augmentar la productivitat dels animals de granja. Açò, ha aportat una millora general de la 

productivitat i, en conseqüència, de l'eficiència en totes les espècies domèstiques. No obstant 

això, al llarg dels últims anys s'han observat trastorns associats a una pèrdua de funcionalitat 

en animals amb estàndards elevats de productivitat (com baixa fertilitat, salut o longevitat de 

les femelles reproductives). En este context, les interaccions entre la genètica i la nutrició són 

cada vegada més rellevants. La hipòtesi principal de la tesi proposa que les estratègies 

nutricionals adaptades al tipus genètic permeten modular la productivitat i funcionalitat de 

les femelles. Per avaluar esta hipòtesi es van utilitzar 203 conilles que proporcionaren un 

total de 758 lactacions. Estes conilles pertanyien a tres tipus genètics que diferien 

àmpliament en els seus objectius de selecció: H, línia materna caracteritzada per 

hiperprolificitat; LP, línia materna caracteritzada per hiperlongevitat funcional; R, línia paterna 

caracteritzada per velocitat de creixement. A les conilles se’ls va subministrar 2 dietes 

isoenergètiques i isoproteiques durant cinc cicles reproductius consecutius, els quals diferien 

en la font d'energia: Greix animal per fomentar la producció de llet (84 g d'extracte eteri per 

kg MS i 105 g de midó per kg MS); Midó de cereal per promoure la recuperació de les 

reserves del corporals (21 g d'extracte eteri per kg MS i 237 g de midó per kg MS). 

L'experiment va generar una base de dades amb dades longitudinals amb unes estructures 

particulars de covariàncies entre les dades que havien de tindre's en compte. En este sentit, 

es van avaluar diversos models que diferien en la forma en què modelitzaven l'estructura de 

les dades. Es va trobar que cap dels models provats va ser millor en termes de bondat 

d'ajust per a tots els caràcters. No obstant això, pareix que els models en què l'estructura 

covariància es va modelar en blocs de covariàncies per a cada cicle reproductiu podrien ser 

els més recomanables, ja que presenten un ajust estadístic adequat (en termes de parsimònia 

i ajust) i una bona interpretació biològica. Estos models van proporcionar informació útil per 

a comprendre l'adquisició i assignació d'animals individuals. Respecte a la font d'energia de 

la dieta, pareix que podem modular l'assignació entre l'energia dirigida a la producció de llet 

o el guany de reserves corporals si canvia la font d'energia de la dieta, tanmateix 

l'homeòstasi normal dels animals es veu alterada. Des del punt de vista de les estratègies 

segons el tipus genètics, els resultats del present experiment pareixen indicar que les 

femelles R es van caracteritzar per tindre major pes adult i per una dependència elevada de 

les reserves corporals per a fer front a les necessitats reproductives del cicle reproductiu 

actual. Estes femelles van parir menys catxaps, però més pesats, encara que és probable que 

siguen més immadurs. Quan les femelles R van ser alimentades amb una dieta que 

promovia la producció de la llet, van invertir més en la ventrada actual, mentres que quan 

se'ls va alimentar amb una dieta que promovia la recuperació de les reserves corporals, van 
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invertir més en la recuperació per al següent cicle reproductiu. Contràriament, les femelles de 

les línies maternes van ser més menudes i van tindre més catxaps, però més lleugers. No 

obstant això, cada tipus genètic va utilitzar una estratègia diferent. Les femelles H també van 

ser molt dependents de les reserves corporals, però emmagatzemaren reserves corporals 

durant la lactació per a fer front a pròxima reproducció. Esta estratègia les fa més sensibles a 

la font d'energia de la dieta, i conseqüentment, desencadena problemes per assegurar la 

reproducció propera quan es nodrixen amb una dieta que promou la recuperació de les 

reserves corporals (baixa taxa de concepció o major mortalitat de les femelles). Les femelles 

LP es van caracteritzar per una capacitat d'adquisició de recursos millor adaptada a les 

necessitats canviants. Esta estratègia pareix més generalista, la qual cosa les permet 

assegurar un rendiment alt de la ventrada actual sense descuidar la reproducció futura, 

salvaguardant les reserves corporals, i amb menys sensibilitat a la dieta. Per tant, per 

balancejar adequadament productivitat i la funcionalitat, els resultats d’aquesta tesi 

suggerixen que, a banda de les necessitats, la manera en què cada tipus genètic adquirix i 

utilitza els recursos també hauria de ser considerat al formular dietes per a les femelles 

reproductores de conill. 
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The background of animal nutrition and breeding briefly 

Traditionally, the emphasis of nutrition has focus on formulating diets to meet 

minimum requirements at the lowest cost. Research in nutrition and development of 

chemistry and technology have helped to better definition of requirements of the animals 

and the nutritional value of foodstuffs for each one of the immediate principles of foods, such 

as water, carbohydrates, lipids, proteins, vitamins and minerals (McDonald et al., 2011). 

Firstly, as determining immediate principles is very complex and hard, most information 

about food composition was based in the Proximate analyse (Henneberg and Stohmann, 

1859). However, during the last 50 years, new analytical techniques have been developed, 

which have improved the information about food composition, getting closer to the 

immediate principles and their fractions. For example, we have moved from the initial fibre or 

protein concepts of the Proximate analyse to the Van Soest fractions of fibre (Van Soest et al., 

1991) or amino acid profiles for protein. Secondly, as there are losses associated to the 

digestion and metabolism processes, not all these acquired components from food are 

completely available for the animal. Consequently, different fractions from each component 

have been studied in detail in order to describe their availability for animals. For example, 

gross energy is decomposed to digestible energy, this to metabolizable energy and the latter 

to net energy, which is the amount of ingested energy that is directly available to the animal 

for maintenance and production proposes. Thirdly, as efficiency to synthetize milk is not the 

same than the efficiency to develop foetuses, it is also possible to define for each function the 

amount of each component of food that is finally available for the animal to cover their 

minimum requirements. In other words, it is possible to define the amount of digestible 

energy that it is required to produce 1 MJ of milk, foetus, growth or body reserves accretion. 

Concurrently, there has also been a huge improvement on genetics. The goal of 

selection is to identify the best animals on the current population for a given trait to use them 

as parents for the next generation. Part of the superiority of parents for this trait will be 

inherited by the offspring and accumulated over generations. To perform this selection, 

animals are ranked according to their breeding value for the given trait, which generally 

presents high economic interest. Important efforts on genetics have been addressed to 

improve the methods to rank animals. From the individual selection, based on observed 

phenotypes or family index which also uses information of the relatives, to the generalization 

of the use of best linear unbiased prediction (BLUP), which is based on linear mixed models, 

or the more recent use of molecular techniques (Falconer and Mackay, 1996; Khalil and Al-

Saef, 2008). 

In this way, despite nutrition and genetics have generally been studied separately, 

they have evolved together towards improving productivity of animals, considering that 
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increasing productivity of animals dilutes the cost of maintenance and improves efficiency. 

This strategy has been applied for a long time, leading to a generalized phenotypic 

improvement in productivity and efficiency in all the domestic species in the last 50 years 

(Hill, 2008). To give some examples, Havenstein et al. (2003) reported that broilers from the 

genetic type existing in 1959 and fed with diets of that time weighted 1430 g at 84 days of 

live, whereas modern animals fed with modern diets weighted 5520 g at that age. The 

consequence of the heavier body weight of modern strategies was a reduction in the feed 

conversion ratio from 3.84 to 2.72. Similarly, Jones et al. (2001) reported that the 57% of 

laying hens existing in 1950 produce one egg in a day at the age of 50% of production, 

which average weight was 34 g, whereas the 73% of the females existing in 1993 produce 

one egg, which average weight was 49 g. These changes reduced feed conversion ratio 

from 3.13 to 2.35 for egg production. In dairy cattle (Council on Dairy Cattle Breeding, 

2016), on average cows yielded 5906 kg of milk per year in 1957 and 12862 kg per year 

in 2014. In pigs existing in 1930 daily gain was 500 g per day with a backfat of 45 mm, 

whereas in 1990 daily gain was 840 g per day and the backfat was 24 mm, these changes 

leading to a reduction of 0.7 in the feed conversion ratio of growing pigs (Merks, 2000). 

Finally, there has been a reduction of 1.0 point in the global feed conversion ratio of meat 

rabbits from 1984 to 2012 thanks to improvements in conception rate of females, litter size 

and reduction of mortality in kits (Braine and Coutelet, 2012).  

However, the sustainability of this strategy is starting to be challenged due to 

problems associated with a loss of functionality of animals with high productivity standards. 

Functionality usually refers to traits related with fertility, health or longevity (Strandberg et al., 

1996), so functional traits could be defined as traits related with the ability of the animal to 

reproduce and survive succesfully in a given environment. These traits do not neccesary 

have a direct economic interest. However, sometimes they are negatively correlated with 

productive traits. Conequently, long term selection exclusively for productive criteria can be 

accompanied by undesired side effects on functional traits (Rauw et al., 1998; Hocking, 

2014). To give some examples, the relation between selection for growth rate and 

pulmonary arterial hypertension in broilers (ascites syndrome) has been largely recognize 

(Wideman et al., 2013). Pavlidis et al. (2007) reported that 10 generations of divergent 

selection for ascites incidence resulted in approximately 163 g heavier chickens of 

susceptible animals respect to resistant animals. Blasco et al. (1993) reviewed the genetics of 

prenatal survival of pigs and rabbits and reported that generally there were a negative 

genetic correlation between ovulation rate and piglet survival before birth. Negative 

consequences of selection for milk output in dairy cattle have also been reviewed, affecting 

mainly to health, fertility and consequently longevity (Veerkamp et al., 2009).  
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Apart from the negative side effects associated with selection for productivity and 

due to genetic correlations existing between functional and productive traits, Friggens et al. 

(2013) stated that selection was acting reducing the ‘room to manoeuvre’ of selected animals 

to cope with different environments. It means that selected animals could prioritize 

production under any environmental condition, even if doing it has negative consequences 

(Friggens and Van der Waaij, 2009). Consequently, if this statement is true, genetic by 

environment interactions (GxE) must exist, which means that the response of an animal to a 

given environment will depend not only on the environment, but also on its genotype. 

Similarly, Kolmodin et al. (2003) argued that, in a selection context where GxE exists, 

animals more sensitive to the environment would be more easily selected. Consequently, 

selection would act favouring specialized animals in the context of selection (Savietto et al., 

2015). An intuitive view of this idea, which was proposed by Kolmodin et al. (2003), is 

represented in Figure 0.1. In this figure, the interaction between the phenotype and the 

environment of two animals is represented by reaction norms. The magnitude of this 

interaction is given by the slopes of the reaction norms. We can observe in the figure that the 

slope of the animal represented by the solid line is higher than the slope of the animal 

represented by the dashed line, which means that the former animal is more sensitive to the 

environment. In the bad environment, the animal represented by the solid line performs 

worse than the animal represented by the dashed line, not being selected in that 

environment. As research and technology progress, the quality of the environment would 

improve. Consequently, despite the animal represented by the solid line is more sensitive to 

the environment, the phenotype of that animal would be better in the ‘good’ environment, 

and that animal would be selected. Under these ‘good’ environmental conditions of selection, 

generation over generation the mean phenotype would improve but, as these phenomena 

will be repeated, mean sensitivity to environment would be also accumulated. Evidences of 

these kind of interactions have been reported for reproductive sows (Knap and Su, 2008), 

growing pigs (Fix et al., 2010) and broilers (Havenstein et al., 2003). 

If high standards of production could be linked to problems of functionality, it 

seems that strategies addressed to improve productivity exclusively will not be sustainable in 

the long term. Therefore, one of the main challenges for animal science is to develop 

sustainable strategies for the long term. In this sense, we should start thinking of alternatives 

keeping on improving efficiency without affecting negatively to functionality of animals. To 

cope with that situation, breeding goals are changing. The relative weight of productivity 

traits in the selection indexes is becoming lower and the number and the relevance of 

functional traits are becoming higher, and is expected to increase for the next years 

(Neeteson-van Nieuwenhoven et al., 2013; VanRaden and Cole 2014).  
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Figure 0.1 Possible reaction norms of two animals in arbitrary phenotypic and 

environmental units (adapted from Kolmodin et al., 2003) 
 

On the other hand, nutritionists are improving the environment providing better 

diets adapted to the requirements of selected animals (Ingvartsen, 2006). But, does better 

mean better for all the individuals? Moreover, what does better mean? When coping with 

GxE interactions we have to deal with these questions, but they have not always an easy 

answer. For example, if we are talking about milk yield of females, under the interpretation 

presented above at Figure 0.1, the female represented by the solid line in the environment 

we classify as good would be better because that female yielded more milk (which 

theoretically is good for the farmer in short term). However, this comment only refers to one 

particular trait, milk yield, and ignores the rest. If that female produce more milk because that 

diet promotes her mobilization of body reserves, the risk of not getting pregnant or being 

culled could be increased (Roche et al., 2009; Pascual, 2010). This situation is not good from 

the female’s point of view. Moreover, despite the higher production of milk, the feed 

efficiency of that female could be lower in the long term than that for the female represented 

by the dashed line because the longer non-productive periods (Puillet et al., 2016), which is 

not good for the farmer in long term. Consequently, to properly evaluate GxE interactions 

using more than the single-trait interpretation from reaction norms would be recommended 

(Friggens and Van der Waaij, 2009) and traits involving productivity and functionality should 

be considered.  

Defining the theoretical framework 

For some time now, concepts and ideas from ecology have been incorporated to 

animal science. Perhaps, one of the most important is the concept of fitness. From a practical 

point of view, fitness could be defined as ‘the number of progeny produced over a lifetime 

which survive to breed’ (Beilharz, 1998). However, as recording in that way would be very 

time consuming, the total number of young weaned over longish period of time would be a 

good approximated measure of fitness (Beilharz et al., 1993). According to survival of the 
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fittest of Darwin’s theory, fitness can be used as a measure of how much an animal is fitted 

to its environment. From a given animal, the higher is the number of surviving offspring 

reaching to breed, the higher is its fitness and the fitter is this animal to its environment. 

Assuming that fitted animals in a given environment must be functional in that environment, 

the study of fitness and its components could be an interesting way to evaluate functionality 

of animals. However, it requires the evaluation of animals during a longish period of their life 

trajectory and consequently long-term experiments. 

Another important incorporation from ecology is the resource acquisition and 

allocation theory (Van Noordwijk and De Jong, 1986; Beilharz et al., 1993), whose 

adaptation to farm animal production is collected in detail in Rauw (2009). It states that 

fitness is the product of several components (A, B, C, …) such as the mean litter size, survival 

of the offspring at different periods before breed, number of reproductive events or fertility… 

The relation of these components with fitness is multiplicative. 

Fitness = A ´ B ´ C ´ … 

Each one of the components of fitness (A, B, C…) uses resources (a, b, c, …), where 

‘a’ denotes the amount of resources allocated to the component ‘A’ of fitness and so on. 

Under this theory, we consider that resources consumed by one function are not available 

for others (e.g. resources addressed to yield milk are not available to fetus development). 

Consequently, the components of resources are additively related.  

Resources = a + b + c + … 

The use of these two equations provide a simple framework with important 

consequences. If resources are not limited, every component of fitness could be improved by 

increasing the amount of resources addressed to it, without affecting the amount of resources 

addressed to other fitness components. On the other hand, when resources become limited, 

there is an optimum of resources addressed to each function that maximizes fitness (Beilharz 

et al., 1993). Friggens and Van der Waaij (2009) proved that this maximum would be 

reached for intermediate values for the different fitness components. It means that most of 

resources are not addressed to one single function. When a limiting situation is reached, if 

more resources are addressed to one function, aiming to maximize one unique fitness 

component, this fitness component will trade off with another one (Stearns, 1992; Roff and 

Fairbairn, 2007), not increasing or even reducing the global fitness. Thus, genetic 

correlations among fitness components are expected to exist. However, according to the 

model proposed by Van Noordwijk and De Jong (1986), their sign and magnitude will 

depend on the capacity of animals to acquire resources in the environment they are living 

and the coefficients of partition of resources (mean and variation between animals; Roff and 
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Fairbairn, 2007). For example, if resources are limited, selection for litter size (one of the 

components of fitness) could decrease fitness because in that situation increasing the 

amount of resources addressed to litter size would decrease the amount or resources 

addressed to other functions. On the contrary, if resources are not limited, litter size could be 

improved by selection without affecting or even improving fitness. Thus, according to this 

framework, functionality does not necessary trade off with productivity. In fact, under ad 

libitum circumstances, we would not expect any resource constrain, as theoretically animals 

could increase their intake to acquire more resources. However, environmental factors (such 

as the energy content of the diet or the temperature of the farm) jointly with intrinsic factors 

of the animal (such as the capacity of the digestive tract, rate of eating, faecal output, heat 

dissipation, ATP degradation…; Poppi et al., 1994), could constrain the acquisition capacity 

of animals limiting, at some point of their life trajectory, the amount or resources an animal is 

able to acquire. 

At this point, the relevance of understanding the way animals acquire and use 

resources has also been recognized by nutritionists for understanding properly energy 

balance of animals (especially for reproductive females, Friggens and Newbold, 2007; 

Friggens et al., 2013). In this topic, rather than allocation of resources framework is more 

common the use of nutrient partitioning framework. Both frameworks are related because 

they recognize a central role of the animal and its genetics in the use of resources. However, 

in the resource allocation framework presented above, time and the life trajectories of 

females are not necessary included in the process of allocation. On the contrary, nutrient 

partitioning distinguishes two different process where time is an explicit driver of partitioning: 

the homeorhetic control and the homeostatic regulation (Friggens et al., 2013). Homeorhesis, 

defined as ‘all the orchestrated changes in the animal necessary to support a physiological 

state’ (Bauman and Currie, 1980), is related with the evolution of the priorities of the animal 

through its life trajectory (growth, balance of body reserves, ensure survival of the unborn, 

ensuring survival of the new born, ensuring survival of the suckling offspring, ageing; Martin 

and Sauvant, 2010). These priorities determine trajectories of the life functions throughout 

the lifetime of females which are genetically driven. Consequently, the genetically driven 

trajectory for a given function, such as lactation or body reserves storing, is the trajectory 

over time that will be achieve by the animal under non-limiting conditions as a consequence 

of the homeorhetic control. Likewise, homeostasis, defined as ‘the maintenance of 

equilibrium within a physiological state’ (Bauman and Currie, 1980), is related to the ability 

of an animal to respond to environmental perturbations adjusting nutrient partitioning to 

attempt to maintain the targeted trajectory (Friggens et al., 2013). These ideas are 

schematized in Figure 0.2, where it is represented an effective trajectory for a given live 
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function (such as milk yield) and how homeorhetic control and homeostatic regulation act to 

attempt to achieve the targeted trajectory. 

 
Figure 0.2 Schematic view of genetically driven trajectories (targeted trajectory) homeorhetic 

control and homeostatic regulation.  

However, it seems that there are limits to the capacity of some animals to maintain 

homeostasis when they are raised under some environmental conditions (Friggens et al., 

2013). In that situation, if the effective trajectory (such as the trajectory of body reserves) is 

far from the targeted one, some functions of the female (such as the onset of oestrus cycling 

postpartum) could be compromised (Friggens, 2003). In fact, Ingvartsen (2006) proposed 

that homeorhetic and homeostatic mechanisms could be insufficient for some cows to 

function optimally, these cows suffering from physiological imbalances and increasing their 

risk of suffering functional disorders. Nevertheless, he proposed that specific feeding and 

management strategies could help to prevent this situation in those females. This idea 

suggests that we can lessen or exacerbate the risk of functional disorders of different females 

depending on the feeding or management strategy used.  

Therefore, the concepts and ideas exposed above highlight the relevance of 

understanding properly the way animals acquire and use resources. To simplify and to be 

clearer, I will refer to the framework described in this section as resource allocation. In such 

framework, time and the role that the animal plays are key points to understand resource 

allocation. Likewise, the feeding system could be a possible strategy modulating 

homeorhetic and homeostatic mechanisms. In this scenario, the dynamics of traits (effective 

trajectories) involved in acquisition and allocation (or partitioning) of resources and the 
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relations among these traits will determine the way animals will respond to environmental 

perturbations, their productivity and finally their fitness.  

The rabbit female 

Despite rabbits are many times used as model to investigate some topics, their 

breeding also presents zootechnical interest, mainly in the Mediterranean countries. 

Consequently, their study has also practical application. In fact, from all the domesticated 

species, the rabbit could be one of the best options to investigate the way animals acquire 

and use energy: (i) as they are small, they are easily handled by people and it is possible to 

breed the large number of animals required to perform experiments in small farms; (ii) as a 

consequence of their fast-reproductive rhythm, rabbit females can lactate and gestate, even 

simultaneously, several litters per year. This fact reduces the time of experimentation that is 

required for the evaluation of a longish period of the lifetime of animals; (iii) acquisition and 

allocation of resources can be challenging for females as their reproductive effort is 

considerably high due to the fast reproductive rhythm, the large number of offspring per litter 

and the high energetic cost of milk (Maertens et al., 2006). Moreover, as we will see in the 

following sections, due to particularities of its nutrition and genetic backgrounds, the rabbit 

present suitable reasons to adapt nutrition to the genetic type. 

Nutrition and resource allocation 

Traditionally, voluntary feed intake of rabbit females has been considered to be 

physically limited in primiparous females and regulated by a chemostatic mechanism in 

adult females. Although it depends on different intrinsic and extrinsic factors, we could 

generalize that this chemostatic mechanism would act for from ~10.5 MJ of digestible 

energy (DE) per kg of dry matter (DM; Xiccato and Trocino, 2010). In this way, adult 

reproductive rabbit females can ingest around 1.1-1.3 MJ of DE per kg of DM and kg of 

metabolic weight (Xiccato and Trocino, 2010). Considering that females can lactate the 

current litter whereas gestate the next one, this energy intake usually is not enough to cover 

their high energy requirements during part of the reproductive cycle and females use their 

body reserves to cope with that situation (Xiccato, 1996; Fortun-Lamothe et al., 1999). This 

situation is even worse for primiparous females (Xiccato, 1996). In addition, poor body 

condition has been related with reproductive (Cardinali et al., 2008) or even health (Sánchez 

et al., 2012) disorders which increase the risk of culling of females (Theilgaard et al., 2006; 

Rosell and de la Fuente, 2009). Consequently, mobilization of body reserves was considered 

also as a disorder of the females and several nutritional strategies were addressed to 

increase energy intake and to avoid body reserves mobilization (reviewed by Fortun-

Lamothe, 2006; Castellini et al., 2010; Pascual, 2010). Regarding to nutritional strategies 
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addressed to reproductive females, the efforts have been mainly addressed towards high-

energy diets and/or the main energy source of the diet (Pascual et al., 2003). 

There is large variation among the results of the studies performed with high-energy 

diets. Thus, following comments will refer to the main findings and conclusions reached in 

the revision of this issue performed by Pascual et al. (2003). Despite dry matter intake of 

high-energy diets is greatly controversial, it seems that high-energy diets tend to increase the 

energy intake of females during lactation, especially when females were fed with a diet 

enriched in animal fat (Xiccato et al., 1995; Lebas and Fortun-Lamothe, 1996). However, this 

extra-energy intake was differently distributed depending on the main energy source of the 

diet (Pascual et al., 2002). Likewise, animal-fat enriched diets tend to increase milk yield 

(between 5 and 24%), cereal-starch enriched diets tend to decrease it slightly (both 

comparisons respect to moderate-energy diets Fortun-Lamothe and Lebas, 1996). Moreover, 

milk from females fed with animal fat was also associated to an increase in the fat content 

(on av. +12%) and a variation in the profile of fatty acids. Thus, milk-energy output of females 

was greatly increased by using diets enriched in animal fat. On the other hand, when females 

were fed with cereal-starch enriched diets, the extra-energy intake was mainly addressed 

towards body reserves (Fortun-Lamothe and Lebas, 1996). 

Pascual et al. (1999) reported a correlation between milk and dietary fatty acid 

profile. In this sense, they reported that milk from females fed with fat enriched diets 

presented higher proportion of long-chain fatty acids and lower proportion of medium-chain 

fatty acids, whereas they did not found differences in short-chain fatty acids. In fact, Pascual 

et al. (2003) argued that long-chain fatty acids of rabbit milk must come from diet whereas 

short-chain (less than ten atoms long) come from lipogenesis de novo. Therefore, to explain 

the relevant role that energy source of diet plays on acquisition and allocation of energy it 

could be proposed the following mechanism; as digestion and metabolization of fat do not 

promote insulin release, it does not incorporate any glucose to blood plasma. Low levels of 

insulin limit the activation of adipocytes and prevent fatty acids to enter in the fat tissues 

from the plasma (Frayn, 1998). The extra fat in plasma stream of animal-fat enriched diets 

(mainly long-chain fatty acids) would be excreted in lactating females mainly through the 

mammary gland, promoting milk fat output. On the contrary, the digestion and 

metabolization of starch-enriched diets lead to increase plasma glucose levels promoting 

insulin release. Consequently, high levels of insulin activate adipocytes and finally glucose 

from the digestion of starch is incorporated to the fat tissues via lipogenesis de novo, as well 

as the uptake of fatty acids existing in blood plasma.  

However, despite the relevant role of energy source of the diet on acquisition and 

allocation of energy, none the studied strategies prevented completely mobilization of 
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females. In fact, Xiccato (1996) reported that almost no primiparous female was able to avoid 

negative energy balance during the whole reproductive cycle. Moreover, as indicated for fat 

enrich diets, when animals are able to obtain extra-energy, it is addressed towards milk 

rather than body reserves accretion. Therefore, do we really understand how and why body 

reserves are used by the animal? In this sense, Friggens (2003) proposed that body reserves 

are also genetically driven. In this sense, the trajectories over the reproductive cycle are 

defined by the genetics of the animal and shaped by the evolutionary strategy of the specie. 

It indicates that the animal plays a central role on the use of body reserves and means that 

not all mobilization is a malfunction of the animal. Supporting this statement, Pascual et al. 

(2002) reported that females with greater body reserves at parturition presented higher 

mobilization during lactation and yielded more milk. They also reported that females with 

higher mobilization at the end of lactation increased their body reserves during weaning to 

parturition interval due to a higher intake during this period (Pascual et al., 2003). It suggests 

some regulation of body reserves on energy intake (Kennedy, 1953) and implies that energy 

intake must be regulated by more than the single chemostatic mechanism (Forbes, 2007). 

Therefore, understanding the role of the animal in the trajectories of the traits involved in 

acquisition and allocation of resources and the relation among these traits could help to 

explain many situations and to develop suitable strategies. In this sense, the theoretic 

framework described previously could be a useful tool and energy source of the diet a good 

treatment to evaluate the modulation of allocation (Figure 0.3).  

 
Figure 0.3 Schematic view of the effect of energy source on milk yield and body condition 

under the resource allocation framework. 

Genetics and resource allocation 

In most of the breeding schemes of rabbit production, there are three genetic types 

involved in two different crosses. This three-way crossbreeding scheme aims to take 

advantage from the heterosis and complementary between traits of the different genetic 
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types that take part in the crosses (Baselga, 2004). The aim of the first cross is to obtain a 

crossbreed female with high heterosis and low inbreeding from two genetic types with 

maternal aptitudes. The second cross will produce the final meat rabbits. In this second cross 

the crossbreed female is inseminated (or mated) with males from a genetic type 

characterized by great feed conversion ratio during the growing period (paternal line). Thus, 

genetic programs aiming to develop this scheme require a minimum of one paternal line and 

two maternal lines. The goal of paternal lines is to improve feed conversion ratio. However, 

as it is difficult and expensive to obtain, animals from these lines are usually selected by post-

weaning daily gain (Estany et al., 1992) or weight at slaughter time (Lukefahr et al., 1996), 

because they are negatively and favourable correlated with feed conversion ratio (Piles et al., 

2004). On the other hand, despite several alternatives have been tested (uterine capacity, 

Santacreu et al., 2005; ovulation rate, Ibañez et al., 2006; environmental variance of litter size, 

Blascto et al., 2017), maternal lines are mainly selected for litter size at birth or at weaning 

(reviewed by Khalil and Al-Saef, 2008). In this sense, the number of traits used during 

selection is considerable lower than that performed in other species with higher economic 

revenues as pigs (Neeteson-van Nieuwenhoven et al., 2013) or cows (VanRaden and Cole 

2014). However, by selecting properly the base population of a genetic line, it is possible to 

extend the breeding goals of that line. To do it, Baselga (2004), who reviewed the existing 

alternatives to found lines, proposed defining realistically the desired specialization of the line 

and applying, in very large populations (such as commercial farms), very high intensities of 

selection for the traits related with the specialization interest. This hyper-selection strategy at 

foundation, among others, has been successfully applied in the genetic program of the 

Institute for Animal Science and Technology of the Universitat Politècnica de València 

(Spain) to hyper-prolificacy (Line H; Cifre et al., 1998) and to functional hyper-longevity (Line 

LP; Sánchez et al., 2008). Therefore, there are in our institute a wide range of genetic types 

differing in the base population, the intensity and the criteria used during the selection 

process (EL Nagar, 2015; Mínguez et al., 2015).  

Respect to the way animals acquire and allocate resources, it is important to 

distinguish between individual variation and differences between genetic types. Regarding to 

individual variation, little is known about individual variation of genetically driven trajectories 

or allocation strategies, nor about the way animals respond to perturbations adjusting 

nutrient partitioning. However, the way some of the existing genetic types acquire and 

allocate resources has been evaluated in several experiments (Pascual et al., 2013). Cifre et 

al. (1994) reported that hyper-prolific females (H females) were characterized by a higher 

ovulation rate compared to other maternal lines more selected for litter size. Savietto et al. 

(2015) showed that, in a specialized maternal line, twenty generations of selection for litter 

size at weaning was not accompanied by an increase of acquisition capacity of the females 
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in several environmental conditions. However, to increase the number of weaned kits, 

selection altered the way animals allocated resources over the reproductive cycle, increasing 

the energy addressed to produce viable kits at birth, increasing milk yield during early 

lactation and decreasing during late lactation, without any negative effect on body reserves 

and fertility. To explain this situation, they hypothesized that selection for litter size at 

weaning, in a context were big litters in a short interval are demanded, was favouring an 

extended priority around parturition to the current litter to ensure large viable kits, but rapid 

change of the female’s priorities between the current and the future litter at middle lactation 

safeguarding body reserves to ensure next litter viability (Figure 0.4). However during a heat 

challenge, Savietto, (2014) concluded that, despite highly selected animals were more robust 

for short term challenges, these animals would result exhausted if the environmental 

challenge persists. In this sense, Ferrian et al. (2012) suggested that selection for litter size at 

weaning could diminish the immune system’s response and adaptation capacity of these 

animals.  

 
Figure 0.4 Relative priorities between current (litter being nurse; dotted line) and future 
(litter being gestate; solid line) litters of females selected for litter size at weaning during 

36 generations (black line) and during 16 generations (gray line).  
Adapted from Savietto et al. (2015)  

On the other hand, founding a maternal line (LP) selecting females for functional 

hyper-longevity under commercial farm conditions (more than 25 reproductive cycles with 

an average litter size of 8.9 born alive; Sánchez et al., 2008) resulted in unexpected positive 

side effects. Likewise LP animals perform almost as well as other specialized maternal lines 

under normal conditions (Theilgaard et al., 2007; Savietto et al., 2013), they were able to 

better confront productive (Theilgaard et al., 2009), immunological (Ferrian et al., 2013) or 

environmental challenges (Savietto et al., 2015). Initially, Theilgaard et al. (2007) proposed 

that the greater robustness of these animals was the consequence of their bigger and more 

durable soma. However, Savietto et al. (2015) reported that LP animals presented similar 

energy intake than other maternal females under normal conditions but higher during 

challenging conditions. Moreover, these animals produced more milk and were less 
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dependent of body condition for production in the different environments. They concluded 

that the greater robustness of LP animals was the consequence of their particular strategy for 

the acquisition and allocation of resources. Contrary to other maternal animals, they do not 

prioritize a single function for production, they base production on energy intake while fat 

reserves are a safety factor (Savietto et al., 2013) having enough resources to afford a highly 

functional immune system (Ferrian et al., 2012, 2013).  

A completely different genetic type is the R line, which is used as paternal line. 

Despite the major interest of this line is the feed conversion ratio of growing rabbits (Estany 

et al., 1992) and the semen quality of bucks (Viudes-de-Castro et al., 1998), there is a certain 

interest on the reproductive performance of females from this line. The main reasons are; (i) 

females of this line must raise enough male rabbits reaching to breed to produce the amount 

of semen required to inseminate the population of the crossbreed females of commercial 

farms. (ii) If the offspring of a generation is not numerous enough, the response to selection 

will be unsatisfactory because most of the animals will be selected (high, mean and even low 

genetic merit). Regarding to reproductive ability of R females, Gómez et al. (1999) showed 

that these females presented lower litter size than those from maternal lines. In this regard, 

Cifre et al. (1994) showed that the ovulation rate of animals from the R line was comparable 

to that reported from other maternal lines and Vicente et al. (2012) demonstrated that the 

lower litter size was the consequence of the higher losses during the whole gestation period. 

Moreover, Piles and Tusell (2012) reported a low to moderate negative genetic correlation 

between average daily gain and the fertility of the females, which would be in agreement 

with the long interval between parturitions of females reported for this paternal line (Baselga, 

2002). High losses during gestation and lactation and poor fertility are serious reproductive 

disorders of this line, which could be partly related with the way animals acquire and use 

resources (Fortun-Lamothe et al., 1999; Cardinali et al., 2008). Therefore, having information 

related to the way R females acquire and allocate resources would help to develop suitable 

strategies for these females. However, the resource acquisition and allocation strategy of R 

animals remains almost unexplored.  

Statistical approach 

To estimate energy requirements of rabbit females, Xiccato and Trocino (2010) 

described three methods: long-term feeding experiments, calorimetric methods and the 

comparative slaughter technique. They also described non-destructive methods for body 

composition measurement which could be performed in long-term feeding experiments or 

calorimetric methods to provide information about the changes of body composition over 

time. As we have stated above, to carry out the described theoretical framework for resource 

allocation in reproductive rabbit females, we need to perform long-term feeding experiments. 
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However, information in this regard is much scarce than information from short-term 

experiments. This situation is illustrated in Figure 0.5, where the number and the percentage 

of found references related with energy requirements in function of the number of cycles 

evaluated in experiments are represented. It can be observed that the percentage of 

references where one or less than one reproductive cycle were evaluated was more than 

50%. Regarding to mid- or long-term experiments, most of them recorded traits related with 

the energy requirements (or acquisition and allocation of energy) such as feed intake, body 

weight or litter size and litter weight. Some of them also recorded milk yield or traits related 

with body condition of females. In general, these traits were recorded several times per 

reproductive cycle during several reproductive cycles. 

 

 
Figure 0.5 Number and percentage of found references1 related with energy 
requirements in function of the number of cycles evaluated in the experiment  

When we record a trait several times from the same individual, we are talking about 

longitudinal studies. Consequently, the study of the dynamics of traits involved in acquisition 

and allocation of resources is a longitudinal study with longitudinal data. For these kind of 

data some statistical considerations have to be made related to correlations among data, 

homocedasticity of data or the distribution of the observations over time (Gibbons et al., 

2010). There are two important aspects of the correlation. First, two measures on the same 

animal are correlated simply because they share common contributions from the animal. 

This is due to variation between animals. Second, measures on the same animal close in 

time are often more highly correlated than measures more distant in time. This is covariation 

within animal (Littell et al., 1998).  

                                                        
1 References obtained making the following search in CAB Direct (www.cabdirect.org):  
(title:(*ener*) OR ab:(*ener*)) AND (ab:(diet*) OR ab:(nutrition) OR ab:(feed*)) AND (title:(rabbit* doe*) OR 
title:(rabbit* female*) OR title:(reprod* rabbit*) OR title:(breeding doe*) OR title:(lacta* rabbit)) 
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In animal science, the most used approaches to cope with longitudinal data were 

compared by Littell et al. (1998): (i) perform a different analysis at each time point, (ii) 

univariate ANOVA, (iii) univariate and multivariate analysis of time contrast variables, and (iv) 

mixed model methodology. They concluded that mixed model methodology was the most 

suitable approach for this kind of data as it can compute efficient estimates of fixed effects 

and valid standard errors of the estimates. Each effect on a mixed model analysis must be 

classified into fixed or random effect. Mixed models split and model (co)variance by 

modelling random effects. This approach for analysing data allow considering variation 

between animals, covariation within animal, heterocedasticity of data, differently spaced 

measures over time, etc. Random effects are modelled by variance components. These 

variance components define the (co)variance matrix of data.  

After 2003, most of the found references for long-term experiments (more than four 

reproductive cycles) related with the energy requirements used mixed models (Mixed 

models: Fernández-Carmona et al., 2003; Quevedo et al., 2006a and 2006b; ANOVA: 

Gerencsér et al., 2011). Nonetheless, those using mixed models considered that observations 

recorded at different times of the reproductive cycle represented different physiological states 

and consequently they were studied as different traits that were analysed separately (e.g. 

female feed intake during lactation and out of lactation or litter weight at parturition and at 

weaning are considered as different traits). On the contrary, observations recorded from the 

same physiological state were considered repeated measures of the same trait and 

consequently they were analysed together in a single trait mixed model (e.g. data from 

female litter weight at parturition during several reproductive cycles). Although not 

statistically incorrect, this statistical approach is less efficient than considering together all the 

recorded information (Hedeker and Gibbons, 2006) (e.g. a single trait for female feed intake 

or litter weight). For example, as records within a subject are not perfectly correlated, the 

higher is the number of observations recorded from each subject, the higher is the amount of 

independent information and thus the higher is the statistical power of the analysis. 

Moreover, by considering together all the recorded information it is possible to evaluate 

properly the whole dynamics of the trait. In this sense, it is possible to evaluate the effect of a 

treatment (e.g. diet, genetics or its combination) over time within the reproductive cycle and 

over reproductive cycles. 

On the other hand, another important advantage of considering together all the 

recorded information is that we can obtain useful information from modelling properly 

random effects. We can obtain information regarding to individual variation between animals 

and their individual trajectories over the reproductive cycle. In this sense, we have showed 

above that the homeorhetic control of nutrient partitioning defines genetically driven 
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trajectories that could vary between individuals. Thus, information regarding to individual 

variation between animals and their individual trajectories over the reproductive cycle could 

be related with the homeorhetic control. Moreover, co-variation within an animal represents 

the way an animal responds to a deviation from its individual trajectory, which could be 

related with the homeostatic regulation. Thus, it seems that there could be a certain 

parallelism between variance components estimated with mixed models and the concepts 

described for nutrient partitioning. Making the parallelism between information provided by 

mixed models and the concepts involved in nutrient partitioning could be useful to 

understand how individual animals acquire and allocate resources and how these animals 

respond to environmental perturbations by adjusting acquisition and allocation of energy. 

This understanding could be used to explain the results obtained in nutritional studies. 

However, despite the described advantages of using mixed models in this way, this 

approach has never been used previously. None study has addressed how to model random 

effects from mixed models to take into account all the mentioned considerations related to 

longitudinal data of reproductive females nor the potential of information provided by these 

models to understand acquisition and allocation of energy of rabbit females.   
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Hypothesis and objectives 

If different genetic types, with different requirements, have different priorities for the 

life functions and if better diets imply ensuring good performance, but also preventing 

females from functional disorders, we hypothesized that nutritional strategies adapted to the 

genetic type could help to modulate acquisition and allocation of resources of females in the 

long term, and balancing functionality without impairing productivity. Therefore, our main 

objective is to fit nutrition to the genetic type in an overall sense. To reach this goal we 

planned a long-term experiment during a longish period of the lifetime of a large set of 

reproductive rabbit females. During the experiment, we monitored traits involved in 

acquisition and allocation of energy: i) feed intake to evaluate the acquisition capacity of 

females; ii) perirenal fat thickness to evaluate allocation to body reserves; iii) body weight to 

evaluate the costs of maintenance; iv) milk yield to evaluate maternal investment during 

lactation; v) litter weight to evaluate maternal investment during gestation and during 

lactation. Moreover, we monitored blood metabolites related with energy balance of females 

and also traits related with productivity (e.g. litter size, kits weaned per year, etc.), functionality 

and fitness (e.g. conception rate of females, survival rates of females and kits or individual 

weights of kits). Females belonged to three highly different genetic types, specialised in 

different goals, that were fed with two isoenergetic and isoprotein diets that differed in the 

main energy source to promote milk yield or body reserves accretion. For this experiment, 

we defined four specific objectives corresponding to each one of the works reported in the 

present thesis: 

1. To find the most suitable mixed model for the study of the dynamics of the traits 

involved in the acquisition and use of energy over the reproductive life trajectory of 

the rabbit females.  

2. To evaluate how individual rabbit females acquire and use energy in the long term. 

To reach this goal we aimed to find out the relation between information provided 

by mixed models (variation between animals, covariation within an animal and 

individual solution of random effects) and the concepts involved in nutrient 

partitioning (homeorhetic control and homeostatic regulation). 

3. To evaluate how the three different genetic types acquired and used energy in the 

long term and how energy source of diet could modulate it. 

4. To evaluate long term productivity and fitness of the three different genetic types 

and the effect of energy source of the diet on them. 
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Abstract  

The study of the evolution of performance traits over time in reproductive rabbit 

females usually involves a few records per cycle during several reproductive cycles (such as 

feed intake, milk yield, body weight or body condition). The longitudinal study of this kind of 

data has to deal with some data features: (i) distribution of the observations over time; (ii) 

levels of correlation (i.e. the number of sources of variation); (iii) evolution of variance with 

time; (iv) time dependence of correlations. These features lead to specific (co)variance 

structures for each trait that must be taken into account in the analysis in order to have a 

suitable model fit to data as well as accurate predictions. This research aimed to compare the 

performance of several models in terms of goodness of fit for the analysis of longitudinal 

data of feed intake, female body weight, milk yield, perirenal fat thickness and litter weight. 

Akaike’s information criterion was computed for each of three groups of models differing in 

the sources of variation included: i) residual variation only; ii) residual plus individual 

variation (permanent effect of the females); iii) residual, individual and variation associated 

with different reproductive cycles. In each group, several models were tested, which differed 

in the (co) variances structure for each factor of variation. For feed intake, milk yield and 

especially litter weight, phenotypic variance changed over time, especially within the 

reproductive cycle. The permanent effect of the female was relevant for all the traits. In 

general, phenotypic correlations tended to decrease as the lag between observations 

increased. However, much more complex patterns of correlations for feed intake and body 

weight were observed. None of the tested models was the best in terms of goodness of fit to 

the data for all traits, but it seems that models in which (co)variance structure was modelled 

in blocks of (co)variances for each reproductive cycle could be the most recommendable.  

Key words: Random effect, mixed model, character process. 
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Introduction 

In rabbits, as in other domestic mammals, energy balance of females and its 

evolution over time are involved in many important traits related to reproduction, health or 

lifespan (Fortun-Lamothe, 2006; Castellini et al., 2010; Pascual et al., 2013). For this reason, 

in several studies from different fields of research (nutrition, management, reproduction or 

behaviour), traits reflecting energy balance of females are controlled at different points of 

their reproductive career (e.g. feed intake, body weight, body condition, milk yield, etc.). This 

kind of studies produces sets of longitudinal data, which have two key properties that 

distinguish them from other sorts of data: (i) groups of observations coming from the same 

source (e.g. the female or the cycle within female) are not independent; (ii) repeated measures 

are related to a continuous or to an ordered discrete variable (usually time) where 

consecutive measurements are usually more similar than more distant measures. Both 

characteristics lead to particular structures of (co)variances among the longitudinal data 

which must be taken into account in order to avoid biases in the estimated parameters and 

wrong conclusions.  

There are several approaches to cope with the analysis of longitudinal data, but it 

seems that including all the recorded data from a trait into a single mixed model analysis 

provides some benefits (Hedeker and Gibbons, 2006a): (a) by improving the statistical power 

(as records within a subject are not perfectly correlated, repeated measures from a subject 

increase the amount of independent information); (b) by separating changes over time within 

individuals from differences between subjects and allowing their study; (c) by allowing the 

analysis of the effect of different treatments on a trait over the entire lifespan of the female.  

In order to choose the most suitable model for the analysis of female longitudinal 

data, it is important to evaluate the following data features (Gibbons et al., 2010); (i) 

distribution of the observations: whether they are homogeneously or heterogeneously 

distributed over time; (ii) levels of correlation (i.e. the number of sources of variation): whether 

variation is due to differences between females, due to differences among cycles within a 

female or a combination of both; (iii) evolution of variance: whether it is constant or changes 

with time; (iv) evolution of covariance among records: whether they depend on the time lag 

or not.  

The aim of this work was to evaluate different models for the analysis of several 

traits related to the energy balance of females that differ in the way they take into account the 

data structure of (co)variances. 
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Materials and methods 

The experimental procedure was approved by the animal welfare ethics committee 

of the Universitat Politècnica de València (UPV) and carried out following the Spanish Royal 

Decree 53/2013 on the protection of animals used for scientific purposes, as well as the 

European Group on Rabbit Nutrition (Fernández-Carmona et al., 2005). 

Animals and experimental procedure 

The experiment involved 203 rabbit females with a total of 758 lactations 

corresponding to their five first reproductive cycles. They came from three selection lines 

(genetic types, GT) of the Institute for Animal Science and Technology of Universitat 

Politècnica de València, which differed greatly in their breeding goals [R (n = 70), H (n = 66), 

LP (n = 67); see Estany et al. (1992), Cifre et al. (1998) and Sánchez et al. (2008) for details]. 

The experiment was performed at the farm of this Institute, which has an isolated roof and 

walls to avoid extreme temperatures in the farm (mean temperature ranged from 13 to 23 
oC), with a photoperiod of 16h light/d. Females were individually housed in cages 

(70´50´32 cm) provided with a nest for litters from day 28th of gestation.  

Females were inseminated for the first time at 19 weeks of age and later followed a 

semi-intensive reproductive rhythm, being inseminated 11 days post-partum. When they did 

not get pregnant, they were re-inseminated every 21 d until a maximum of 3 consecutive 

negative attempts. Litters were standardised at birth to 8 kits in the first parturition and later 

on between 9 and 11 kits. Weaning was performed at day 30th of lactation. At first 

parturition, females were randomly assigned to one of two feeding groups within line for the 

whole experimental period. Those groups differed in the kind of diet, formulated according to 

the recommendations of (De Blas and Mateos, 2010) for reproductive rabbit females. Diets 

were designed to be isoenergetic and isoproteic (11.3 MJ of digestible energy per kg of dry 

matter and 117 g of digestible protein per kg of dry matter; DM), but enhancing major 

differences in energy source. Diet CS was prepared promoting cereal starch [237 g of starch 

and 21 g of ether extract (EE) per kg DM], whereas in diet AF part of starch was replaced by 

animal fat (105 g of starch and 86 g of EE per kg DM).  

Traits and data 

Five traits were monitored during the experiment: Feed intake; Body weight; 

Perirenal fat thickness (PFT); Milk yield; Litter weight. For each female, each trait was 

recorded three times per cycle during five consecutive reproductive cycles. Consequently, for 

females reaching the end of the experiment, a maximum of fifteen observations were 

recorded. However, due to mortality of females (average survival rate at the end of the 
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experiment 48% aprox), mortality of some litters and few missing data, many females 

presented less than 15 records for one or more traits. Cumulated feed intake (1974 records) 

was recorded during early lactation (EL, from parturition to day 18th of lactation; 18d), late 

lactation (LL, from 18d to weaning) and weaning to parturition interval (WPI). At LL, feed 

intake corresponded to feed consumed also by the kits, which start to eat solid feed from 

around 21 d of age. Body weight (2079 records) and PFT (2071 records) were recorded at 

parturition, 18d and weaning. PFT was recorded according to Pascual et al. (2004). Milk 

yield (2068 records) was evaluated weekly during the first 3 weeks of lactation (until 18d) as 

the average of four measures per week. Daily milk yield was measured by weighing the 

female before and after suckling (Lebas, 1968). Litter weight (2082 records) was recorded at 

birth, 18d and weaning. Means and number of records per state are presented in Table 1.1 

Table 1.1 Means and number of records for traits conditioning acquisition and 
partition of energy at different states of the reproductive rabbit female cycle. 

 

Statistical analysis 

Data coming from a single trait were analysed together in a unique longitudinal 

data analysis, but data from different traits were analysed separately. From the existing 

approaches to analyse longitudinal data, character process models (Jaffrézic and Pletcher, 

2000; David et al., 2015), also named as covariance pattern models (Hedeker and Gibbons, 

2006b), and random regression models have been widely used in animal science in recent 
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years (Schaeffer, 2004; Speidel et al., 2010). Character process models attempt to model the 

distribution of data by estimating every component of the (co)variance structures at each 

time point, not assuming any trends for the trajectories of individuals. On the other hand, 

random regression models (RRM) estimate the parameters that define individual trajectories 

over time (with linear, polynomial or non-linear functions). RRM are used when there is 

interest in predicting the trait at any time point or in knowing individual values of the 

parameters of the curve defining the longitudinal trajectory over time and the effect of some 

factor on them. These models do not require the number of records per individual to be 

constant or the records from different individuals to be measured at the same time points. 

They have been widely used for modelling within cycle observations (lactation curve in dairy 

cattle, Schaeffer, 2004, or rabbit females, Bakr et al., 2015), generally using non-linear 

models (Blasco et al., 2003).  

In the present study, time was considered as a discrete covariate because there 

were insufficient records in each reproductive cycle to perform RRM properly. Moreover, the 

objective of analysis was not the prediction of performance at some point of the longitudinal 

trajectory differing from the studied ones, or to consider changes in parameters of any curve. 

Therefore, only character process models were considered for all the analysed traits. The 

levels of time (as a discrete covariate) resulted from the combination of the state within the 

reproductive cycle (3 levels defined in a different way depending on the trait as described 

above) and order of reproductive cycle.  

In matrix notation, the general equation of mixed models used in this work could be 

written as: 

! = #$ + &'( + &)* + + 

, where y is the vector of observations; b is the unknown vector of effects at each 

level of the fixed factors and X is its known design matrix. All the models included as fixed 

effects the factors genetic type (3 levels; H, LP, R), diet (2 levels; AF, CS) and time of 

recording (15 levels: 3 records/cycle x 5 cycles) and their interactions. The linear regression 

of the trait value on the inner temperature of the farm was also considered as fixed effect. 

Moreover, as not all the females got pregnant at first attempt and there are differences in 

resource allocation of exclusively lactating females compared to females that concurrently 

are pregnant and lactating, we considered these phenomena in the models with dummy 

variables. This dummy variables considered that the female could be pregnant or not during 

lactation (2 levels; pregnant, non-pregnant) or lactating or not during gestation (2 levels; 

lactating, non-lactating). Finally, these variables were also included as fixed effects, allowing 

its effects being different for each state within RC. Regarding to random effects, p and c are 

the unknown vector of effects at each level of the permanent effects of female and 
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reproductive cycle within female, respectively, with known incidence matrices Z1 and Z2, 

respectively; e is the vector of random residuals. Mixed models assume that p, c and e are 

normally and independently distributed with: 
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, where P, C and R are the (co)variance matrices of the random effects of female, 

reproductive cycle, and the random residuals, respectively. Consequently, the variance of y is 

V=Z1PZ1’+ Z2CZ2’ + R, where Z1PZ1’ is the (co)variance matrix associated to the permanent 

effects of the female, Z2CZ2’ is the (co)variance matrix associated to the permanent effects of 

the reproductive cycle within female, and R to the residuals. If there are N records of a given 

trait coming from m subjects with n observations per subject, V and its components Z1PZ1’, 

Z2CZ2’ and R are matrices of dimension N´N. As we used the character process approach 

for the study of longitudinal data with mixed models (Jaffrézic and Pletcher, 2000; David et 

al., 2015), we dealt with the modelling of V and its components Z1PZ1’, Z2CZ2’ and R. 

However, if no relation is assumed among subjects, V and its component matrices can be 

split into m identical blocks of n´n dimension (m being the number of females and n the 

number of records per female), reducing the modelling problem to these individual blocks. 

Three different groups of character process models were defined according to the 

sources of variation they account for: i) Group 1, models where there is only residual 

variation; ii) Group 2, models where, in addition to residual variation, there is also variation 

due to differences between females; iii) Group 3, models that also include the random effect 

of reproductive cycle within female as a source of variation. Within each of these groups, 

different models were defined according to the (co)variance structure among records at 

different time points for a given random effect. Table 1.2 shows the main characteristics of 

the models evaluated for each trait. Details about them and scripts for the analysis using SAS 

software can be found in Supplementary material of Paper I at the end of the document. 

In the first group, the following models were tested which differ in the (co)variance 

structure of the m blocks of n´n dimension for model errors: 

1. Unstructured model (UNST). This was the most parameterised structure, as it assumes 

no pattern over time for variances or correlations. Therefore, it depended on 120 

parameters in our study. 

2. Diagonal model (DIAG). It assumes that the error variance is constant at any time (i.e. 

homoscedastic) and no correlation exists between successive measurements of the trait. 

It depended on just one parameter. 
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3. Diagonal with heteroscedastic variance (DIAGH). It assumes that error variance is 

different at different time points but, like DIAG, successive measurements of the trait are 

independent. Therefore, it required the estimation of 15 parameters. 

4. First order autoregressive model [AR(1)]. It is assumed that error variance is 

homoscedastic and that the correlation between successive data decreases 

exponentially across the lags of the time points. Thus, the covariance between 

successive measurements (4	and	4′) is defined as: 

9:,:< = 9= · ? :@:A  

, where 9= is the error variance and ρ is the correlation of adjacent points. Therefore, 

this model depended on just 2 parameters. 

5. First order autoregressive with heterogeneous variance model [ARH(1)]. This was 

defined like the AR(1) model, but here the error variance was assumed to be 

heteroscedastic (i.e. heterogeneous over time). Therefore, it depended on 16 parameters, 

from which the covariance between two measures was defined as: 

9:,:< = 9: · 9:< · ? :@:A  

6. Spatial power model (SP(POW)). Like AR(1), it assumed homoscedastic variances and 

decreasing correlations with increasing time lag. However, whereas AR(1) considered 

that observations within a subject are distributed homogeneously over time, SP(POW) 

allowed the use of differently spaced observations. It also depended on 2 parameters, 

from which the covariance between two measures was defined as: 

9:,:< = 9= · ? BC@BCA  

, where tj is the time in days at the jth observation. 

7. Toeplitz model (TOEP). It considered homoscedastic error variances and different 

correlation for each time lag. Therefore, it depended on 15 parameters: the error 

variance and the 14 covariances corresponding to the 14 possible time lags. 

8. Toeplitz with heteroscedastic variance model (TOEPH). It made the same assumptions 

as TOEP, but in this model error variance was considered to be heteroscedastic. 

9. Compound symmetry with heteroscedastic variance (CSH). In this model, observations 

within a female were considered to be equally correlated among them and error 

variance was considered to be heteroscedastic. 

10. First order antedependence [ANTE(1)]. It states that an observation at a particular time t 

depends on the previous ones and it is independent of all observations before t − r, 
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being r the order of the model (in this case 1). The degree of dependence decays with 

time lag, considering that observations could not be equally distributed over time. This 

model depended on 29 parameters. 

Models in the second group assume that part of the variation among data originate 

from differences between females. Thus, they include the random effect of female which has 

its own structure of (co)variances over time points. Therefore, all the models in this group 

have two covariance structures: one for the permanent effect of female and one for the model 

residuals. The following models were tested: 

1. Simple repeatability model (SR). It states that the variance over time points of female 

effects was homoscedastic and that all observations within a female are equally and 

completely correlated, being their covariance equal to the variance of permanent effect.  

The (co)variance structure for the random residuals was a diagonal matrix with 

homogeneous variances, as in DIAG model. Note that the residual (co)variance structure 

in the CSH model is equivalent to consider the variation between animals, assuming 

that residuals are not correlated. Consequently, CSH could be considered as the 

heteroscedastic version of SR model. 

2.  SR-AR(1) model. It states that the (co)variance structure of female permanent effects 

was the same as for SR model but the residual (co)variance structure was as in AR(1) 

model. 

3. SR-SP(POW) model. Again, the (co)variance structure for female permanent effects was 

the same as for SR model but the residual (co)variance structure was as in SP(POW) 

model. 

4. B-BD model. In this model, variances and covariances for the permanent effect to the 

female are allowed to change for different states of the reproductive cycle but this 

structure (sub matrix of dimension 3´3) is the same for all reproductive cycles. (i.e. there 

are 5´5 blocks of dimension 3´3). Similarly, variances and covariances for residuals are 

allowed to change for different states of the reproductive, but they were assumed to be 

uncorrelated between cycles. 

5. B-BAr(1) model. In this model, the (co)variance structure for permanent effects was the 

same as in B-BD model, but residuals of different reproductive cycles were also allowed 

to be correlated among cycles with a decreased degree of dependence with cycle lag. 

In the third group, we assumed that variation among data is also due to differences 

between reproductive cycles within a given female. Therefore, in addition to the residual 

matrix of (co)variances, there were two additional (co)variance matrices for random effects 
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over time points within individual. Only one model was tested, which was named 

Lact(Female) model. In this model, the (co)variance structures for permanent effects of the 

female and model residual were the same as in SR model. However, there is a new source of 

correlation among data, which is the reproductive cycle, as records from the same lactation 

within a female could be more similar between them than they are with records from other 

lactations. For observations from a given female, the model states that one particular 

observation is more correlated with observations from the same reproductive cycle than with 

observations from different reproductive cycles. 

The q variance components of each structure were estimated using the restricted 

maximum likelihood method (Proc MIXED, SAS). 

Model evaluation. The goodness of fit of each model was evaluated in terms of its 

deviance, which is −2 times the log-likelihood (i.e. −2 times the logarithm of the probability of 

the data given the estimated model parameters) and Akaike Information Criteria (AIC = 

deviance + 2 ´ number of parameters) which includes a penalisation to more parametrised 

models. Differences in AIC between models do not depend on measurement units. This 

property allowed us to compare the relevance of introducing more complex (co)variance 

structures in the model for different traits.  

All phenotypic variances (15) and phenotypic correlations (120) were estimated for 

each model of a given trait to show differences between them imposed by the models. 

Repeatability was also estimated for models including permanent effects of the female as the 

ratio between the variance associated to the permanent effect of the female and the 

phenotypic variance (for models B-BD and B-BAR(1) repeatability was estimated for each 

state as the ratio between the variance associated to the permanent effect at that state and 

the phenotypic variance at that state). 

Results and discussion 

In terms of deviance (i.e. −2 times the log-likelihood), DIAG had the worst 

performance for all traits: 20223.7 for feed intake, 2124.5 for weight, 5676.4 for PFT, 

21084.0 for milk yield and 4553.8 for litter weight. On the contrary, UNST showed the 

lowest values: 19202.0 for feed intake, -390.1 for weight, 5107.3 for PFT, 19067.8 for milk 

yield and 1318.9 for litter weight. This outcome denotes that the most parameterised model 

(UNST) is the one which best fits the data for all the traits and implies that considering the 

structure of variances and covariances improves the fitting quality for all the traits. Fitting a 

more flexible model requires estimating a greater number of parameters. In addition, these 

complex models could overfit the data, which means they follow the errors, or noise, too 

closely, leading to a model that differs from the true one. Therefore, the goal is to find 
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parsimonious structures. Thus, as UNST includes all the possible variances and correlations 

between individual records, the number of parameters estimated is considerably higher than 

for the rest of the structures. Consequently, due to the finite sample size we used in the 

experiment, UNST fitted best to this particular set of data but they could not properly 

represent the true (co)variance structure of the population.  

A better approach for model selection was suggested by (Akaike, 1974) who 

proposed the use of Akaike Information Criteria (AIC) for this purpose. AIC penalise the 

parametrisation of models, adding a term to the deviance which depends on the number of 

parameter (i.e. AIC = Deviance + 2  ´ number of parameters). The lower the value, the better 

the model fit. Table 1.3 shows the AIC values from each structure and trait. It can be 

observed that the minimum AIC was obtained from different structures depending on the 

trait, indicating that UNST is in general over-parameterised and simpler models could be 

used. Moreover, it suggests that each trait had its own idiosyncrasy in terms of variance 

covariance structure. In this sense, comparing AIC scores among structures could help us to 

understand the idiosyncrasy of a given trait.  

Structures considering residual variation exclusively: Group 1 

Comparing one structure with its heterogeneous version could be useful to 

understand the relevance of heterogeneity of variance for each trait (DIAG vs DIAGH; AR(1) 

vs ARH(1); TOEP vs TOEPH). Structures allowing heterogeneous variances presented on av. 

-451 of AIC score for feed intake, -11 for body weight, +5 for PFT, -387 for milk yield and -

1951 for litter weight compared to their non-heterogeneous structures (Table 1.3). These 

results denote that, for the study of feed intake, milk yield and specially litter weight, 

considering heterogeneity of variance is relevant, whereas for body weight and PFT is not 

relevant. This idea can be observed in Figure 1.1, which represents the estimated phenotypic 

variances with different models for feed intake, body weight and milk yield. We can observe 

that variance changed with time in structures allowing heteroscedasticity [e.g. UNST, 

TOEPH, ANTE, B+BAr(1)], whereas it remained constant through time for homoscedastic 

structures. Moreover, we can observe that the change in variance observed in 

heteroscedastic structures was especially relevant for the traits where AIC was greatly 

reduced (feed intake, milk yield and litter weight). For these traits, the main changes of 

phenotypic variance were within cycle, although some variances from the first cycle were 

higher than from subsequent cycles. On the contrary, body weight and PFT could be 

considered as homoscedastic for adult females. This is not the case of growing rabbits, as 

reported by Blasco et al. (2003). 
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Table 1.3 Fitting information using Akaike information criteria (AIC). 

 

On the other hand, comparing structures differing on the correlation pattern, e.g. 

correlated with its uncorrelated version, could be useful to understand the relevance of 

correlations among successive records. In this sense, AR(1) and ARH(1) improved AIC on 

av. -225 for feed intake, -1884 for body weight, -202 for PFT, -1089 for milk yield and -292 

for litter weight compared to DIAG and DIAGH (Table 1.3). These results indicate that, for all 

traits, data from the same animal are correlated to some degree, the correlations being 

especially relevant for body weight and milk yield. The above structures considered that the 

correlation between two observations depends exclusively on the time lag between them, 

assuming that correlation decreases exponentially as the lag between two observations 

increases (reaching zero for far observations). In addition, they assume that observations are 

equally distributed over time. These assumptions are not always met in many experiments, 

as happens in our data sets. Without increasing the number of parameters, the SP(POW) 

model takes into account that observations are not homogeneously distributed over time and 

therefore the correlation between consecutive records might be different if the time elapsed 



 

- 48 - 

 

between them also differs. However, the goodness of fit of this model compared to AR(1) 

model only improved for milk yield (-243.5 units; Table 1.3). Milk yield was recorded at the 

beginning of each lactation and consequently, the lags between observations within a given 

cycle were much lower (7d) than between the last record of a given cycle and first record of 

the following one (min. 21d). For all other traits, observations were almost homogeneously 

distributed over time. Thus, this result seems to be a consequence of the experimental 

design. 

Toeplitz structures (TOEP or TOEPH) also considered different correlations for 

different lags between two observations. However, unlike SP(POW) model, these correlations 

are additional parameters to be estimated instead of the result of raising to a different power 

(i.e. time lag) a unique parameter (ρ). Therefore, they do not assume that correlations 

necessarily decrease with time; however, they assumed that correlations between two 

consecutive observations were the same for each pairwise comparison, which implies a 

homogenous distribution of records over time. Because of its greater flexibility and despite 

the assumption that data distribution is not met, TOEP fitted better to data than SP(POW) for 

all traits but milk yield (-126.9 for feed intake, -334.4 for body weight, -184.1 for PFT and -

192.6 for litter weight). This could be explained by the heterogeneous distribution of the 

observations for milk yield. Compared to AR(1) and ARH(1), TOEP and TOEPH improved 

AIC on average -134 units for feed intake, -309 units for body weight, -182 units for PFT, -

47 units for milk yield and -163 units for litter weight (averages of TOEP vs AR(1) and 

TOEPH vs ARH(1) from Table 1.3). Therefore, unlike SP(POW) model, the goodness of fit of 

TOEP and TOEPH models improved with respect to first order autoregressive models for all 

traits. In Figure 1.2, we can observe that phenotypic correlations were different from zero 

even for remote data with the TOEPH structure. Moreover, correlations did not always 

decrease with time lag. For example, for feed intake and body weight, correlations between 

records at the same state of two different reproductive cycles were higher than between 

records at different states within cycle.   
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Figure 1.1 Estimated evolution of phenotypic variance over time with different structures for feed intake, 
body weight and milk yield. States: EL (Early lactation); LL (Late lactation); WPI (Weaning to parturition 
interval); P (Parturition); 18d (day 18 of lactation); W (Weaning); W1, W2, W3 (Week 1, 2 ,3 of lactation). 
RC: Reproductive cycle. 



 

 

 

 Figure 1.2 Estimated phenotypic correlations with different structures for feed intake, body weight and 
milk yield. State: EL (Early lactation); LL (Late lactation); WI (Weaning to parturition interval); P 
(Parturition); 18d (day 18 of lactation); W (Weaning); W1, W2, W3 (Week 1, 2 ,3 of lactation). 
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As ARH(1), ANTE(1) considered that correlations decrease with time lag. However, 

ANTE(1) states that correlations for each pairwise of consecutive records are different and 

decrease proportionally to the distance between them. This pattern can be observed in 

Figure 1.2 for the analysed traits. Therefore, ANTE(1) is a proper model when observations 

are not homogeneously distributed over time or when correlations between consecutive 

observations do not depend exclusively on time. Compared to ARH(1), ANTE(1) produced a 

small improvement in the quality of fit for feed intake (change in AIC: -23) and body weight (-

72), but sizeable for milk yield (-307), as can be seen in Table 1.3. In Figure 1.2, it can be 

observed for milk yield that, for the same lag (in number not in time), records within the 

current cycle were more correlated than records from the previous or the next cycle, which 

could explain the better fit of this structure. On the contrary, correlations tended towards zero 

with increasing time lag, which could explain the worse performance of this model for feed 

intake, body weight and PFT compared to TOEPH. 

Structures including variation between animals: Group 2 

All the models included in Group 2 state that part of the observed variation is due 

to individual variation. Therefore, the phenotypic variation was split into variation associated 

to the permanent effect and variation associated to the residuals. Table 1.4 shows this 

decomposition of variances. It can be seen that the decomposition could be different 

depending on the way random effects are modelled. For example, compared to SR, including 

the autoregressive factors (SR-AR(1) and SR-SP(POW)) tended to decrease variance 

associated to the permanent effects and increase residual variance. Moreover, it can be 

observed that variance associated to the permanent effect was higher than zero for all the 

traits with all the structures. To evaluate the relevance of this effect it is possible to estimate 

the repeatability of the trait which is the ratio between the variance associated to the 

permanent effect and the phenotypic variance. For the models of this group, repeatability was 

high for female body weight (~70% of the phenotypic variation) and low to moderate for all 

other traits, ranging from 14 to 29 % for feed intake, 25 to 37 % for PFT, 23 to 39 % for 

Milk yield and 12 to 20% for litter weight. Therefore, for all traits female is an important 

source of variation.  

The existence of individual variation in the data also means that observations from 

the same individual are more correlated than they are with data coming from different 

individuals. Consequently, correlations within an animal could not be zero even for very 

distant observations. The simplest structure in this group of models was SR, which only 

included the permanent effect of female. CSH could be considered the heterogeneous 

version of SR, although it does not include this factor. These structures improved AIC on 

average -228 units for feed intake, -1883 units for body weight, -394 units for PFT, -561 
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units for milk yield and -185 units for litter weight compared to their uncorrelated versions 

(SR vs DIAG and CSH vs DIAGH from Table 1.3). 

Table 1.4 Decomposition of variance (standard error) for the structures from group 2.  

 

The SR model states that records are repeated measurements of the same trait and 

are equally correlated within female. This assumption is relaxed in SR-AR(1) and SR-

SP(POW) models, which state that phenotypic correlations decrease exponentially with time 

until a constant value is reached (Littell et al., 1998). This constant value was defined by the 

repeatability of the trait. Unlike SR-AR(1), SR-SP(POW) also takes into account that records 

could be not homogeneously distributed over time. Compared to SR, SR-AR(1) improved 

AIC on -60 units for feed intake, -186 units for body weight, -3 units for PFT, -484 units for 

milk yield, -130 units for litter weight (Table 1.3). The difference in the quality of fit of SR-

SP(POW) vs SR-AR(1) was only sizeable for milk yield (-250 units of AIC). 
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Except for PFT, this model did not fit the data better than any of the previous 

models. In fact, SR-SP(POW) provided the best fit for PFT. Consequently, compared to all 

other traits, it seems that the best fit for PFT was reached with a relatively simple structure. It 

could mean that mechanisms regulating body reserves act in agreement with SR-SP(POW), 

but such a simple structure seems abnormal if we consider the complexity of the trait and the 

complex relation with other functions (Friggens, 2003; Pascual, 2010). On the other hand, it 

could also be related to a higher uncertainty of measurements of this trait or to other factors 

affecting determination of PFT, such as the physiological state (Pascual et al., 2004). 

Until now we have found that, depending on the trait, variance could change over 

time (especially within the reproductive cycle, Figure 1.1); there was great variation between 

animals (Table 1.4); there could be complex structures for the phenotypic correlations (Figure 

1.2), and it is important to consider the distribution of data over time. However, none of the 

previous structures can take into account all of these data features simultaneously. For this 

purpose, B-BD and B-BAR(1) were designed. In both models, variance and covariance were 

allowed to change over states within a reproductive cycle, but this structure remains constant 

over cycles. B-BD and B-BAR(1) only differs in the residual covariance matrix, which was 

block diagonal for B-BD (i.e. residuals are only correlated within cycle) or followed the 

pattern of AR(1) model between cycles.  

All the previous structures considered time as the only process involved. On the 

contrary, B-BD and B-BAR(1) split time into two processes (Galecki, 1994); changes within 

cycle and changes over cycles. Compared to SR-AR(1), B-BD improved AIC on -517 for feed 

intake, -224 for body weight, -718 for milk yield. It provided the same fit for PFT and it did 

not converge for litter weight (Table 1.3). Moreover, considering that residuals between 

reproductive cycles could also be correlated slightly improved AIC for feed intake (-18), body 

weight (-19) and milk yield (-18) compared to B-BD. In fact, B-BAR(1) provided the best fit for 

weight and litter weight. In terms of goodness of fit, the B-AR(1) model was the best model 

for all traits, or very close to it, the only differences being in AIC +12 units for feed intake, +4 

units for PFT and +33 units for milk yield compared to the best fitted model (Table 1.3). In 

fact, the B-BAR(1) correlation pattern was the most similar to the most flexible structure 

(UNST; Figure 1.3). Therefore, B-BAR(1) could be a good choice for the longitudinal study of 

this kind of data from female productive performance.  

Structures including variation between lactations from a given animal: Group 3 

Model Lact(Female) states that there is an additional source of variation which is the 

reproductive cycle within female. This means that observations from the same lactation of a 

given female could be more correlated than they are with observations from other lactations 



 

- 54 - 

 

of the same female. The ratio of phenotypic variation due to this factor was estimated to be 

0.17 for feed intake (P<0.001), 0.11 for weight (P<0.001), 0.04 for PFT (P<0.05), 0.42 for 

milk yield (P<0.001) and 0.22 for litter weight (P<0.001). Compared to SR, this structure 

improved AIC by -52.9 units for feed intake, -160.6 units for weight, -1.9 units for PFT, -

541.3 units for milk yield and -94.5 units for litter weight. Note that the improvement was 

proportional to the proportion explained by the variation between lactations from a given 

female. However, as this structure did not consider either heterogeneity of variance and 

covariance within animal, it did not provide the best fit for any trait. In fact, this phenomenon 

of variation between lactations from a given female was gathered in a different way by the 

within-cycle residual correlations of the B-BD and B-BAR(1) structures. 

Conclusions 

It seems that data from each of the studied traits had its own idiosyncrasy in terms 

of phenotypic correlations within female and changes in phenotypic variance over time. For 

feed intake, milk yield and litter weight, phenotypic variance changed over time, especially 

within the reproductive cycle. The permanent effect of the female was relevant for all traits. In 

general, phenotypic correlations tended to decrease as the lag between observations 

increased. However, for feed intake and body weight much more complex patterns were 

observed. Moreover, observations for milk yield were highly heterogeneously distributed. To 

cope with the analysis of data from these traits, we have provided several structures starting 

from very simple ones and adding sophistications in several directions. Although none of the 

tested models was the best in terms of goodness of fit to the data for all traits, it seems that 

models in which (co)variance structure was modelled in blocks of (co)variances for each 

reproductive cycle could be the most recommendable (B-BD and B-BAR(1) structures). 
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Abstract  

Mixed models split phenotypic variance into variation between animals (due to 

differences between animals) and covariation within animal (due to environmental variation). 

On the other hand, animal’s nutrient partitioning differs between the homeorhetic control and 

the homeostatic regulation. The aim of this work was to evaluate the relation between the 

processes involved in animal’s nutrient partitioning and the information provided by mixed 

models. In 203 rabbit females, traits related to nutrient partitioning (feed intake, body weight, 

perirenal fat thickness, milk yield and litter weight) were controlled three times per cycle 

during 5 consecutive reproductive cycles. When mixed models were applied to the evolution 

of a given trait over time, they provided information on the individual trajectories of the 

females over the reproductive cycle. In this sense, we estimate repeatabilities between 0.15 

and 0.78 for the different traits, without apparent changes over the reproductive cycle, and 

permanent correlations close to one for most of the traits, except for feed intake (from 0.53 to 

0.83) and litter weigh (from 0.22 to 0.94). Residual correlations at different times within a 

given trait provide information on the ability to return to the targeted trajectory when the 

effective trajectory is deviated due to environmental effects. We estimated that these 

correlations decrease with time lag, but their effect could remain for even more than one 

reproductive cycle. When mixed models were applied to comparison among traits, they 

provided information on the strategies between animals for nutrient partitioning. We 

estimated correlations lower than one among all the traits (from 0.01 to 0.92), revealing a 

wide range of strategies between animals for nutrient partitioning. Residual correlations 

between traits (from -0.12 to 0.89) provided information on the way animals regulate 

acquisition of energy and its partition in order to maintain their targeted trajectory. Therefore, 

mixed models can provide useful information to improve our understanding about nutrient 

partitioning. 

Key words: Resource allocation, trajectory, dynamics, long-term, individual variation
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Introduction 

Acquisition of energy and its partition among life functions is associated with 

energy balance of reproductive females. Energy balance defines body condition profile of 

females over time and both are related with functionality of animals as it can impair 

reproduction, health or even lifetime performance (e.g. in rabbits, Fortun-Lamothe, 2006; in 

dairy cattle, Roche et al., 2009). In several studies, traits reflecting energy acquisition and 

partition of females are usually recorded within one reproductive cycle to evaluate their 

effects in the short term. Occasionally, these traits are recorded during several reproductive 

cycles to evaluate their effects in the long term. Nevertheless, the relation between nutrient 

partitioning and the evolution over time of traits reflecting energy balance remains unclear 

(Friggens and Newbold, 2007).  

In recent years, a central role of the animal in nutrient partitioning has been 

acknowledged, distinguishing two different process: the homeorhetic control which defines 

genetically driven trajectories and the homeostatic regulation (Friggens et al., 2013). 

Homeorhesis has been defined as all the orchestrated changes in the animal necessary to 

support a physiological state (Bauman and Currie, 1980). For a given life function, such as 

lactation or body reserves storing, a genetically driven trajectory is the one that will be 

achieved by the animal under non-limiting conditions as a consequence of the homeorhetic 

control. Likewise, the homeostatic regulation of an animal is the ability to respond to 

environmental effects, adjusting nutrient partitioning to attempt to maintain the targeted 

trajectory (Friggens et al., 2013). 

Long term trials, with several records per animal, would be a way to evaluate 

effective trajectories reflecting long term partitioning. As environment is not perfectly 

homogeneous throughout the farm and time, each female will be placed within a particular 

set of non-constant and non-controlled conditions that will affect to their observed effective 

trajectories. In this context, mixed model is a powerful tool to analyse this kind of data as it 

separates the fixed and random effects (Hedeker and Gibbons, 2006). Fixed effects provide 

information on the mean effect of a given treatment (e.g. diet, management, temperature…), 

whereas random effects on individual variation. Moreover, throughout random effects it is 

possible to split this variation into the effect of the animal and the effect of the environment.  

We hypothesize that, variance components and the solution of random effects 

obtained from mixed models are meaningful, and could help us understand the processes 

involved in nutrient partitioning. For example, in the study of the dynamics of a given trait, 

understanding differences between animals over the reproductive cycle could be helpful to 

find out the variation in the genetically driven control (homeorhesis), whereas environmental 
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effects could be used to evaluate how animals respond when they are deviated from their 

targeted trajectory (homeostatic regulation). Moreover, this strategy could also be applied to 

relations among traits, to find out variations in nutrient partitioning on animals and how each 

animal responds to environmental effects through homeostatic regulation.  

Rabbit female model could be one of the best options to study this unexplored 

hypothesis because: (i) its breeding present certain zootechnical interest; (ii) they are easily 

handled, being possible to breed the large number of animals required to perform these 

experiments; (iii) they present a fast-reproductive rhythm, rabbit females can breed several 

litters per year. This fact reduces the time of experimentation that is required for the 

evaluation of a longish period of the lifetime of animals. Therefore, by studying variance 

components of mixed models and individual solutions of random effects, the aim of this 

work was to study variation between rabbit females across the reproductive cycle and 

among traits in a given production system (genetic type, diet, experimental farm…) and how 

each animal responds to environmental effects, to relate them with the homeorhetic control 

and homeostatic regulation. 

Materials and methods 

The experimental procedure was approved by the animal welfare ethics committee 

of the Universitat Politècnica de València (UPV) and carried out following the Spanish Royal 

Decree 53/2013 on the protection of animals used for scientific purposes, as well as the 

European Group on Rabbit Nutrition (Fernández-Carmona et al., 2005). 

Animals and experimental procedure 

The experiment involved 203 New Zealand x California rabbit does belonging to 

the Institute of Animal Science and Technology of the Universitat Politècnica de València. 

Females were randomly selected from three lines that differed greatly in their breeding goals 

[R (n = 70), H (n = 66), LP (n = 67); see Estany et al. (1992), Cifre et al. (1998) and Sánchez 

et al. (2008) for details]. Each female was individually housed in reproductive cages (700 x 

500 x 320 mm; provided with a nest for litters from 28 day of gestation), under commercial 

environmental conditions (on av. 13 to 26ºC of daily temperature variation), with light 

alternating on a cycle of 16 light hours and 8 dark hours. They were first inseminated at 19 

weeks of age and controlled between their first parturition to fifth weaning, producing a total 

of 758 lactations. From first parturition onward, they followed a semi-intensive reproductive 

rhythm, where inseminations took place 11 days after each parturition. When pregnancy 

failed to occur, the does were re-inseminated every 21 days until a maximum of 3 

consecutive negative attempts. At parturition, litters were standardized to 8 kits in the first 

parturition and later on between 9 and 11 kits. This procedure was performed to equalize the 
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energetic effort during lactation among females and to decrease the coefficient of variation of 

data which increases the statistical accuracy of the estimates (Fernández-Carmona et al., 

2005). Litters were weaned at day 30 of lactation. Females were fed ad libitum during the 

whole experiment with one of two experimental diets. These diets were formulated according 

to the recommendations of De Blas and Mateos (2010) for reproductive rabbit females. Diets 

were designed to be isoenergetic and isoproteic (11.3 MJ of digestible energy per kg of dry 

matter and 117 g of digestible protein per kg of dry matter; DM), but enhancing major 

differences in energy source. Diet CS was prepared promoting cereal starch [237 g of starch 

and 21 g of ether extract (EE) per kg DM], whereas in diet AF part of starch was replaced by 

animal fat (105 g of starch and 86 g of EE per kg DM). 

Traits 

We monitored five traits related with the energy balance of females: feed intake, 

body weight, perirenal fat thickness (PFT), milk yield and litter weight. For each female, each 

of these traits was recorded three times per cycle during the five reproductive cycles (with a 

maximum of 15 observations per female for females that survive until trial end; approx. 48% 

of the females at the beginning of the trial). We considered that the different records within a 

reproductive cycle defined the different physiological states of the animal. Consequently, for 

feed intake (1974 records) we considered the states of intake during early lactation (from 

parturition to 18 days post-partum (dpp)), late lactation (as the joint intake of female plus litter 

from 18 dpp to weaning) and weaning to parturition interval. For body weight (2079 

records) and PFT (Pascual et al., 2000; 2071 records) we considered the states of parturition, 

18 dpp and weaning. For milk yield (2068 records) we considered the states of first, second 

and third week of lactation, which were calculated as the average of four daily measures per 

week. Daily milk yield was measured by weighing the female before and after suckling 

(Lebas, 1968). For litter weight (2082 records) we considered the states of weight at birth, 18 

dpp and weaning. Available digestible energy (ADE; 1242 records) was individually 

calculated for the states of early lactation and weaning to parturition interval as the difference 

between the digestible energy intake and the energy that is theoretically required for 

maintenance (430 kJ/day per kg of metabolic live weight; Xiccato and Trocino, 2010). Table 

2.1 shows the means and the number of records per state. 
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Table 2.1 Means and number of records (in brackets) for the controlled 
traits at different states of the reproductive rabbit female cycle. 

 

Statistical analysis 

To understand differences between animals over the reproductive cycle in the study 

of the dynamics over time of a given trait (homeorhetic control) and the way animals 

respond to environmental effects from their trajectory (homeostatic regulation), each of the 

six traits was analysed according to the following model: 

y"#$%&#'( = D" · GT# · S$ · RC% + 23 · 456 + 23 · 478 + βT' + p($ + e"#$%&#'( 

, where ydgsrlgki represents one record of a given trait. As each trait was evaluated separately, 

traits were considered as if they were independent among them; Dd was the diet effect as 

fixed effect (2 levels: AF, CS); GTg was the effect of genetic type (3 levels; H, LP, R); Ss was 

the state fixed effect (3 levels for feed intake: early lactation, late lactation, weaning to 

parturition interval; body weight: parturition, 18d, weaning; PFT: parturition, 18d, weaning; 

milk yield: week 1, week 2, week 3; litter weight: total born, 18d, weaning; and 2 levels for 

ADEP: early lactation, weaning to parturition interval); RCr was the reproductive cycle fixed 

effect (5 levels; 1st, 2nd, 3rd, 4th, 5th); OLl was considered as fixed effect to take into account the 

effect of getting pregnant during lactation (2 levels: females getting or not pregnant during 

lactation). OGg was considered as fixed effect to take into account the effect of being lactating 

during gestation (2 levels: lactating or not lactating females at the beginning of gestation). We 

used the interactions OLl and OGg with Ss to consider that these effects could be different 

depending on the state. By using OLl and OGg we aimed at taking into account the effects of 

simultaneously gestate and lactate in energy acquisition and allocation. Tk was the average 

inner temperature of the farm during the reproductive cycle as covariate and b its regression 

coefficient; As random effects we considered pis and edgsrlgki, where pis was the permanent 

effect of the ith female at the sth state and edgsrlgki represented the random residuals of the 

records. This analysis was performed using the proc MIXED of SAS (2009), where variance 
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components were estimated by the restricted maximum likelihood (REML) method according 

to the model B-BAR(1) described in Paper I.  

The permanent effects of the female were modelled with identical blocks for all the 

females as: 

<=3~N @A, CA 	with	CA = 	

IJ(3L)
N IJ(3L:P) IJ(3L:Q)

IJ(3L:P) IJ(3P)
N IJ(3P:Q)

IJ(3L:Q) IJ(3P:Q) IJ(3Q)
N

 

, assuming that permanent effects of the ith female were normally distributed with 

mean zero and with a variance-covariance matrix Gi where s2
p(s1), s

2
p(s2) and s2

p(s3) were the 

variances of the permanent effect at state s1, s2 and s3, respectively, and sp(s1:2), sp(s1:3) and 

sp(s2:3) were the covariances of the permanent effects between the state s1 and s2, s1 and s3, s2 

and s3, respectively. If we had considered these covariances equal to one, we would have 

assumed that all the animals are ranked always in the same position for each state of the 

reproductive cycle. In this situation, trajectory due to permanent effect of the female would 

have resulted in parallel trajectories for different females. Thus, as the permanent effect of a 

given female was not assumed to be constant over the reproductive cycle, we considered 

that different animals could follow different trajectories. 

On the other hand, residuals were modelled with identical blocks for all the females, 

assuming that they were normally distributed with mean zero and with a variance-covariance 

matrix Ri modelled for the ith female as: 

e=~N @A, RA 	with	RA = 	

IS(3L)
N IS(3L:P) IS(3L:Q)

IS(3L:P) IS(3P)
N IS(3P:Q)

IS(3L:Q) IS(3P:Q) IS(3Q)
N

⊗

1
V
VN

VW

VX

V
1
V
VN

VW

VN

V
1
V
VN

VW

VN
V
1
V

VX

VW

VN

V
1

 

, where s2
e(s1), s

2
e(s2) and s2

e(s3) were the variances of the random residuals at state s1, 

s2 and s3, respectively; se(s1:2), se(s1:3) and se(s2:3) were the covariances of the residuals between 

the state s1 and s2, s1 and s3, s2 and s3, respectively. r was the proportion of the residual 

variance or covariance remaining after a lag of one reproductive cycle (autoregressive factor). 

Considering that residuals could be correlated allowed us to take into account that the effect 

of the environment at one point of a given animal could have an effect in other point of the 

effective trajectory of that animal. Thus, we considered that an environmental effect at a 

given time could affect other times differently depending on the state of the animal, but its 

effect could remain even in subsequent reproductive cycles. The effect on subsequent cycles 

was assumed to decrease with time. 
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Repeatability, the proportion of variance that depends on the females’ permanent 

effect, was estimated as s2
p(s1)/(s2

p(s1)+s
2

e(s1)) for the state s1 and so on. Correlations between 

the permanent effects at state s1 and state s2 were estimate as sp(s1:2)/(sp(s1)·sp(s2)) and so on. 

Correlations between the residuals at state s1 and state s2 of a given reproductive cycle were 

estimated as se(s1:2)/(se(s1)·se(s2)) and so on. 

To determine the variation in energy acquisition and allocation between animals 

and how these animals respond to environmental effects through homeostatic regulation, we 

also assessed the relations among the six traits. We obtained one record per cycle and trait 

as the average of all the records from different states at that cycle of a given animal. Later on, 

we analysed this data with a six-trait mixed model using the proc MIXED of SAS (2009) and 

REML as the method for the estimation of variance components. In this multi-trait analysis, 

each of the six traits was evaluated according to the following model. 

y"#Y%'( = D" · GT# · RCY% + βTY' + pY( + e"#Y%'( 

, where ytrki represented one record of the tth trait; Dd was the diet effect as fixed effect (2 

levels: AF, CS); GTg was the effect of genetic type (3 levels; H, LP, R); RCtr was the 

reproductive cycle fixed effect (5 levels; 1st, 2nd, 3rd, 4th, 5th); Ttk was the average inner 

temperature of the farm during the reproductive cycle as covariate and b its regression 

coefficient; pti was the permanent effect of the ith female and etrki represented the random 

residual effect of the model, assumed to be uncorrelated among reproductive cycles. 

Correlations between the permanent effects and between residuals were estimated as 

described in the previous section. We used LS means to estimate the global mean of each 

trait. Individual patterns of acquisition and allocation of females were obtained by adding 

each individual solution of the permanent random effect from a trait state to LS mean of that 

state. 

Results 

Evolution of traits over the reproductive cycle 

The evolution of phenotypic variance and repeatability of each trait over the 

reproductive cycle is presented in Table 2.2. Phenotypic variance of feed intake and ADE 

during weaning to parturition interval was half of that estimated during early lactation. 

During late lactation, phenotypic variance of feed intake was 2.68 times higher than in early 

lactation. For body weight and PFT, no evidence of great changes in phenotypic variance 

was observed. For milk yield and litter weight, phenotypic variance increased as lactation 

progressed. Estimated repeatabilities were significant for all the traits at all the states, being 

high for body weight at the different states (on av. 0.71) and low-moderate for the other traits 
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(from 0.15 to 0.36). No evidence of great changes over the reproductive cycle in the 

repeatability of any trait was observed. 

Table 2.2 Phenotypic variance and repeatability of traits conditioning acquisition and 
partition of energy at different states of the reproductive rabbit-female cycle. Standard 
error into brackets. 

 

Table 2.3 shows for each trait the correlations between the permanent effects at 

different states, between residuals at different states of a given reproductive cycle and 

between residuals of two consecutive reproductive cycles (r). Regarding the permanent 

effects, correlations for feed intake varied from moderate (0.56±0.14 between early lactation 

and weaning to parturition interval) to high (0.83±0.13 between early and late lactation). 

Estimated correlations for all the states of body weight, PFT and milk yield were very high 

(close to one), whereas for litter weight they were very high between day 18 of lactation and 

weaning and non-significant between parturition and the other two states. Regarding the 

residual effects, correlations between the residuals of two different states of a given 

reproductive cycle were lower than those between equivalent states for the permanent 

effects, varing all from low to moderate. Correlation between state i and iii (0.10±0.050) was 

lower than between i and ii (0.46±0.038) for feed intake. Likewise, for body weight and milk 

yield the correlation between state i and iii was lower than between i and ii and also lower 

than between ii and iii. For PFT, correlations were only significant between day 18 of 

lactation and weaning, but it was low. Regarding the correlations between the residuals of 
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two consecutive reproductive cycles, they were low, but significant, for feed intake, ADE, milk 

yield and litter weight (from 0.13 to 0.20), whereas they were moderate for body weight 

(0.32±0.05) and non-significant for PFT. 

Table 2.3 Within-trait correlations for the traits conditioning acquisition and partition of 
energy of the reproductive rabbit female: between the permanent effects, between residuals 
from a given cycle and between residuals from two consecutive cycles (r). Standard error 
into brackets. 

 

Relations among traits 

Table 2.4 shows the estimated correlations between the permanent effects (above 

the main diagonal) and between residuals (under the main diagonal) of the six traits. 

Regarding correlations between the permanent effects, feed intake was positively correlated 

with all the other traits, these correlations being low for PFT, moderate for body weight and 

high for milk yield, litter weight and ADE. Similarly, ADE was highly correlated with milk 

yield and litter weight, but correlations with body weight and PFT were not significant. PFT 

was moderately correlated with body weight and litter weight was highly correlated with 

milk yield. Regarding the residual correlations, feed intake was highly correlated with ADE, 

milk yield and litter weight, but the correlations with body weight and PFT were not 
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significant. Correlations of ADE with milk yield and with litter weight were positive and 

moderate, whereas the correlation was negative but low with body weight. The correlation 

between body weight and PFT was positive and moderate, between PFT and milk yield it 

was negative and low, and between milk yield and litter weight it was high and positive. 

Table 2.4 Above the main diagonal, correlations between the permanent effects of the traits conditioning 
acquisition and partition of energy of the reproductive rabbit female. Under the main diagonal, residual 
correlations between traits. Standard error into brackets. 

 

Discussion 

The real trajectory that the animal aim at achieving (defined by homeorhesis) and 

regulations (homeostasis) are difficult to obtain, as they are always subjected to the given 

environment where the phenotypic records have been measured. Moreover, it is not possible 

to provide a perfect non-limiting environment to all the animals. However, Friggens et al., 

(2013) proposed that assuming that the curves obtained during the statistical evaluation of 

animals (such as genetic evaluations) reflect the potential within the current production 

system (diets, type of animals, management…) and would allow for the integration of animal 

factors into nutrient partitioning models. According to Roche et al. (2009), the part of the 

trajectory due to the effect of the animal could be individually estimated from the individual 

solutions of the permanent effect (random effect) plus the mean trajectory (fixed effects). In 

the present experiment, the part of the trajectory estimated by the permanent effect would 

reflect the trajectory that the animal aims at achieving (targeted trajectory) under the 

production system defined. 

(Co)Variation between animals and the homeorhetic control 

The permanent effects of the animal were integrated by the genetic and the 

permanent environmental effects. Repeatability is the ratio between the variance of the 

permanent effect and the sum of variances associated with the permanent and residual 

effects (values ranging from 0 to 1). Note that repeatability is positively related with 

heritability, because the permanent effect of an animal includes the genetic additive 

component of the animal. However, repeatability is always higher than heritability as also 
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includes the effect of the permanent environment. Therefore, for an observed phenotype in a 

given state and production system, the higher the repeatability for a trait, the higher the 

proportion of the phenotype that depends on the animal and the lower that depending on 

non-constant environment. Estimates for repeatabilities of performance traits in reproductive 

rabbit females are scarce. Lukefahr and Hamilton (1997) reported a repeatability of 0.30 for 

feed intake during early lactation and 0.72 for body weight at parturition, in agreement with 

those reported in this study. However, they reported low repeatability for litter weight at 

different states of lactation (0.03 to 0.14), although they became higher when corrected by 

litter size (0.24 to 0.30). They proposed that standardizing litters at birth would increase 

repeatability. In this sense, the low-moderate repeatability we estimated for litter weight (0.15 

to 0.26) would be the consequence of our standardization process at birth. Similarly, the 

higher estimates for repeatability of milk yield we have reported compared with those 

reported by Iraqi et al. (2010), ranging from 0.04 to 0.10, would also be the consequence of 

litter standardization. Regarding the PFT of reproductive females, no information has been 

reported in reproductive rabbits females, but our estimates are comparable to those reported 

for back fat thickness in reproductive sows (Arango et al., 2005; Grandinson et al., 2005). 

On the other hand, although we observed that phenotypic variance changed over 

the reproductive cycle for some traits, we could not elucidate properly whether repeatability 

of a given trait changed over the reproductive cycle, as has been reported in other species 

for heritability (Coffey et al., 2001; David et al., 2015). However, through correlations 

between the permanent effects, we were able to evaluate whether different animals follow 

different trajectories over the reproductive cycle. The high correlations we have reported 

denote that the permanent effect at a given state is highly related with the other states, 

indicating little change in the trajectory between animals (there was little change in the 

ranking of animals among states). In this sense, the correlations close to one between states 

and the moderate estimates for repeatability of most of the traits we found indicate that there 

was considerable variation between animals for all the traits, but animals tended to follow 

similar trajectories across the reproductive cycle. This phenomenon can be observed in 

Figure 2.1, where individual trajectories of rabbit females over the different states of the 

reproductive cycle are represented for all the traits. These results are in agreement with those 

reported in dairy cattle by Coffey et al. (2001) and with Taylor (1985), who stated that most 

of the differences between animals are the consequence of scale factors (such as animal size 

or maximum milk yield) rather than changes in shape of the trajectories. However, 

permanent correlations for feed intake of states within lactation with the state out of lactation 

were far from one (0.56  and 0.68). In fact, they were high enough to indicate that animals 

with a great feed intake tended to have this high intake during the whole reproductive cycle, 

but low enough to allow different strategies between females. 
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Figure 2.1 Individual trajectories of rabbit females across different states of their reproductive 
cycle represented for each one of the evaluated traits which condition acquisition and 
partition of energy. The black line represents the trajectory of the mean animal. EL: early 
lactation; LL: late lactation; WPI: weaning to parturition interval; P: parturition; 18d: day 18 of 
lactation; W: weaning; W1, W2, W3: week 1, 2, 3 of lactation. 

Regarding correlations between the permanent effects of different traits, bigger 

animals tended to have greater intake, had more fat and produced more milk than the mean 

animal (and vice versa). However, after removing the energy for maintenance from the 

digestible energy ingested (ADE), the relation with milk yield remained, but the relation with 

body weight and body reserves disappeared. These results, jointly with the fact that most of 

the permanent correlations between traits were considerably lower than one, denote that 

there was a large number of different strategies between animals in the way they allocated 

energy. This idea can be observed in Figure 2.2, where each animal is represented by a 

hexagon whose vertices are its permanent effects for each trait. In this figure, it can be 

observed that there were heavy animals with moderate PFT and ADE or animals with high 

ADE and milk yield but low PFT. 
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Figure 2.2 Estimated permanent value for each 
rabbit female and trait. Each hexagon represents 
one female with a particular combination of traits 
conditioning energy balance. The variability 
between females of these combinations 
represents the amount of strategies between 
animals for energy acquisition and allocation in a 
given nutritional environment. To show traits in a 
comparable scale, all the estimated values have 
been standardized dividing by their phenotypic 
standard deviation. The black hexagon represents 
the mean animal and the centre an animal placed 
two phenotypic standard deviations under the 
mean for all the traits. ADE: Available digestible 
energy. PFT: Perirenal fat thickness. 

Covariation within animals and homeostatic regulation 

All the previous discussion indicates that, for the traits considered on this work, the 

effect of the animal is relevant in the observed phenotypic variability. Nonetheless, the results 

showed that there was also an important impact of non-controlled environmental changes 

(low-moderate repeatabilities). These non-controlled environmental changes perturb 

trajectories involving the homeorhetic control, homeostatic regulation and its articulation 

(Sauvant and Martin, 2010). Figure 2.3 shows a schematic view of the relation between the 

process involved nutrient partitioning and information provided by the estimated residuals 

with mixed models. In Figure 2.3a, the grey line represents the effective trajectory of a given 

female, which is the response to the environmental factors, homeorhetic control and 

homeostatic regulation. The last acts to tend to achieve the targeted trajectory (black line) in 

a non-constant environment. In Figure 2.3b is represented the effective (grey lines) and 

targeted trajectories (black lines) of two different females. The distance between the effective 

and targeted trajectories represents the environmental effect on the trajectories of each 

female (notice that the environmental effect is different for each female). This distance would 

also reflect the residual term included in the model of that record (notice that residuals only 

gather the environmental effects not considered as fixed effect). We can observe that 

residuals from points close in time (e.g. t1-t2 or t3-t4) are more correlated than residuals far 

in time (e.g. t1-t4). Therefore, as proposed by Littell et al. (1998), observations close in time 

are correlated but correlation tends to decrease as increasing the lag of time between 

observations. From a biological point of view, it would indicate that environmental effects 

affecting at one record could persist in subsequent records, but their effects decrease with 

time. Consequently, residual correlation could be a way to evaluate the effect of environment 

on subsequent observations (states or reproductive cycles) in a non-controlled and non-

predictable environment. 
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Figure 2.3 Schematic view of the relation between the process involving nutrient partitioning 
(a) and information provided by the estimated residuals with mixed models from two 
different animals (b). Grey lines represent effective trajectories, black lines represent targeted 
trajectory (a) or the trajectory defined by the permanent effects of the female (b). The distance 
between the trajectory defined by the permanent effects of the females and the effective 
trajectory is the residual term and represents the environmental effects. 

In general, our results showed that correlations between two close states within a 

given reproductive cycle were higher than between non-consecutive states (Table 2.3), 

confirming that environmental effects on the trajectories persist but their effects decreased 

with time. Moreover, the fact that the estimated autoregressive factor between reproductive 

cycles (r) was significantly higher than zero in most of the traits proved that perturbations 

persisted not exclusively in the short term. However, assuming that any change in the 

environmental conditions will be the same for all the traits of that animal (in duration and 

intensity), it seems that environmental effects perturbed the targeted trajectories differently 

depending on the trait. Thus, deviations from the targeted trajectory had a long-term effect (r) 

for feed intake, ADE, milk yield, litter weight and especially for body weight, whereas effects 

were only in the short-term for PFT. These results could indicate that the time to return to the 

targeted trajectory of a given animal is different depending on the trait. Figure 2.4 represents 

the residuals for all the observations of two animals for a trait where residuals within an 

animal were moderately correlated not exclusively in the short term (feed intake; Figure 

2.4A), and for another trait where correlations between residuals were low (PFT; Figure 

2.4B). For feed intake, the moderate residual correlations can be reflected in the fact that the 

residuals from both animals were above or below zero for more than one complete 

reproductive cycle at least once during the experiment. Regarding PFT, the low correlations 

between residuals could mean that animals tend to return rapidly to the targeted trajectory 

defined by the animal. However, considering the accuracy of measurement and variability 

among physiological states (Pascual et al., 2004), these low correlations could also be the 

consequence of noise in the records.  
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On the other hand, by comparing residual correlations between traits, we could 

establish relations between traits when there was a movement from their targeted trajectory 

caused by non-controlled environmental changes. Thus, when as a consequence of the 

environmental effects, animals were able to increase their intake in a reproductive cycle, they 

addressed this extra energy towards milk yield and litter weight, rather than towards body 

weight or body reserves (and vice versa). In fact, animals tended to acquire less ADE when 

they were heavier than normal (and vice versa). This latter result showed a certain regulation 

of body weight on energy acquisition, which would be in agreement with the lipostatic 

theory for the regulation of energy intake (Kennedy, 1953) and the homeostatic regulation of 

energy intake to achieve the targeted trajectory for body weight. Therefore, residual 

correlations between traits could be interpreted as the way animals regulate acquisition of 

energy and its partition in order to maintain homeostasis in a particular production system. 

 

Figure 2.4 Studentized residuals for two different rabbit females (raw residuals divided by their 
estimated standard error). Feed intake (A) exemplifies a trait where residuals within a given 
animal were moderately correlated, whereas perirenal fat thickness (B) exemplifies a trait where 
residuals within a given animal were little correlated. EL: early lactation; LL: late lactation; WPI: 
weaning to parturition interval; P: parturition; 18d: day 18 of lactation; W: weaning; RC: 
Reproductive cycle. 
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Body condition under this framework 

Information provided in this work could be used to interpret why nutritional 

strategies do not always work as expected. In this sense, several nutritional strategies 

(Pascual et al., 2003) have been designed to increase energy intake in order to lessen the 

negative effects of poor body condition on females’ functionality (Cardinali et al., 2008; 

Sánchez et al., 2012). However, it was not always possible to improve considerable energy 

intake and many times, when it was reached, the extra energy intake was mainly addressed 

to milk yield rather than to body reserves (Lebas and Fortun-Lamothe, 1996; Pascual et al., 

1998). On the contrary, with the presented results we would not expect that animals would 

increase their body reserves by increasing dietary energy content (residual correlation 

between ADE and PFT -0.09). We would expect that these animals would address the extra 

energy towards milk yield and the current litter (residual correlation between ADE and milk 

yield +0.66). 

As nutritional strategies have not solve completely the negative effects of poor body 

condition on females’ functionality, Xiccato et al. (1995) and Castellini et al. (2010) have 

proposed using strategies focused on searching for animals with a higher energy intake or 

with a higher amount of body reserves. However, considering results from the present study 

these animals also would tend to be heavier (permanent correlation 0.46 and 0.52 

respectively, P<0.05), which is not desirable. Therefore, considering that there was certain 

flexibility in the trajectories of feed intake over the reproductive cycle and considering also 

the number of strategies between animals in the way they acquire and partition energy, 

strategies should be addressed to searching for animals with proper acquisition and partition 

of energy over time (e.g. great intake during lactation mainly addressed to milk yield but 

without conditioning body reserves and low intake out of lactation). 

Conclusions 

We have shown that mixed models can provide information to interpret nutrient 

partitioning in a particular production system in terms of homeorhetic control and 

homeostatic regulation. If they are applied to the progress of a given trait over time, they can 

provide information on the individual trajectories of the females over the reproductive cycle 

and the ability to return to the targeted trajectory when the effective trajectory is deviated due 

to environmental effects. If they are applied to comparison among traits, they can provide 

information on the strategies among animals for nutrient partitioning and the way animals 

regulate acquisition of energy and its partition in order to maintain homeostasis. This 

information could be useful to develop sustainable strategies addressed to improving 

efficiency but balancing functionality of animals. 
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Abstract  

 Genetic selection has improved considerably productivity of animals during the last 

50 years, accompanied by a process of specialization of selected animals. However, 

sometimes this specialization has been linked to functional disorders, where the way animals 

acquire and allocate resources over time play a key role. To balance between productivity 

and functionality, we hypothesized that it is possible to modulate acquisition and allocation 

of animals from different genetic types by selecting properly the main energy source of the 

diet. To test this hypothesis, we used 203 rabbit belonging to 3 genetic types: H, maternal 

line characterised by hyper-prolificacy; LP, maternal line characterised by functional hyper-

longevity; R, paternal line characterised by growth rate. Females were fed during 5 

consecutive reproductive cycles with 2 isoenergetic and isoprotein diets differing in energy 

source: animal fat (AF) enhancing milk yield; cereal starch (CS) promoting body reserves 

recovery. Performance and blood traits were controlled and numerous interactions were 

found in all traits. Results seem to indicate that R females were characterised by a high 

dependence on body reserves to cope with the reproductive requirements of the current 

reproductive cycle. H females were also highly dependent on body reserves, but storing 

body reserves during lactation to cope with future reproduction. LP females were 

characterised by an acquisition capacity better fitted to changing requirements, safeguarding 

body reserves. However, it seems that although trajectories of foundation or selection could 

have affected the acquisition and allocation strategies, they might also have affected the way 

females respond to diets across their life trajectories. 

Keywords: Strategy, energy partitioning, life trajectory.  
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Introduction 

In the last 40 years, there has been a huge phenotypic improvement in most of 

productive traits of domestic animal species (Hill, 2008). This improvement was achieved 

thanks to the progress not only in genetics, but also on nutrition or management. However, 

long-term selection exclusively for productive criteria tend to generate specialised animals 

(Poggenpoel et al., 1996; Hansen, 2000) that prioritise functions related with the global 

context in which they have been selected (Savietto, 2014). As a result of this specialisation, 

depending on circumstances, selection exclusively for production criteria could be 

accompanied by undesired side effects (Rauw et al., 1998). In fact, Hocking (2014) recently 

argued that negative side effects of selection for productive criteria are inevitable. Therefore, 

one of the main challenges in the current animal science consists of developing strategies 

that provide productive but also balanced animals in their breeding context. In these 

circumstances, the importance of the way animals acquire and allocate resources among life 

functions is becoming highly relevant (Rauw, 2009). Acquisition and allocation of resources 

are affected by the animal’s priorities throughout its life and could condition performance and 

health in the long term as they define the investment in each function at each moment of the 

life trajectory. 

In this scenario, the rabbit represents a good zootechnical model to investigate 

these relationships in the long term, as they have a relatively short reproductive cycle and 

there are genetic lines founded and selected for a wide range of goals (Baselga, 2004) with 

different priorities among life functions. For instance, females coming from selection 

programmes aiming to improve daily gain during the growing period tend to be bigger and 

to gain more fat, but have lower maternal abilities (Gómez et al., 1999). Furthermore, females 

coming from selection programmes aiming to improve litter size tend to yield more milk, 

with some genetic types basing reproduction on body fat utilisation and others on feed 

intake ability (Savietto et al., 2013).  

On the other hand, the energy source of the diet also plays an important role in the 

way rabbit females acquire and allocate resources. Although the effect can be different 

depending on whether the females are primiparous or multiparous, it has been reported that 

fat-enriched diets slightly increase energy intake and favour milk yield, whereas starch-

enriched diets favour body reserves gain (Pascual et al., 2003). Thus, if life functions are 

differently prioritised depending on the genetic type, and acquisition and allocation of 

resources are modulated by the diet, it could be hypothesised that nutritional strategies 

adapted to genetic type could allow a more suitable resource allocation throughout the 

female’s life trajectory. This fitting could help to modulate performance and health of females 

in the long term, and consequently lifespan. In this sense, one could argue that females from 
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maternal lines, with a great lactation effort, could not ensure body reserves properly and they 

could benefit from a diet that favoured body reserves. On the other hand, females from 

paternal lines could increase their maternal investment and avoid being overfat with a diet 

that favoured milk yield. In addition, studying the way nutrition and genetics interact could 

help us to better understand the way acquisition and allocation of resources are linked. 

This is the first of three consecutive scientific papers that aim to evaluate the 

hypothesis that an adequate fitting of feed energy source to the genetic type may contribute 

to a sustainable production in the long term. The present thesis involves the first and third 

papers of this series, whereas the second one, which is related to the immunologic status of 

the animals used in this experiment, will be presented in Penades’ thesis (2017). Specifically, 

in the present work we studied the dynamics of resource acquisition and allocation of three 

genetic types widely differing in genetic background, and how feed energy source could 

modulate them. 

Materials and methods 

The experimental procedure was approved by the Animal Welfare Ethics 

Committee of the Universitat Politècnica de València (UPV) and carried out following the 

recommendations of the European Group on Rabbit Nutrition (Fernández-Carmona et al., 

2005) and the Spanish Royal Decree 53/2013 on the protection of animals used for 

scientific purposes. 

Animals 

A total of 203 female rabbits were used from their first artificial insemination (AI) 

until their sixth parturition (from December 2011 to April 2013). Rabbit females belonged to 

three genetic types developed at the Institute of Animal Science and Technology of the 

Universitat Politècnica de València (UPV), differing greatly in their genetic background. Line 

H (n = 66) was founded by hyper-prolific criteria at birth (more than 17 young born alive in 

any parity or cumulative number of young born alive in all recorded parities equal or higher 

to the threshold corresponding to the best 0.01 in a population with a mean of nine young 

born alive, a standard deviation of 2.65 and a repeatability of 0.2.; Cifre et al., 1998), and 

selected by litter size at weaning during 17 generations; line LP (n=67) was founded by 

functional hyper-longevity (females with at least 25 parturitions in commercial farms and an 

average live litter size of 8.8; more details in Sánchez et al., 2008), characterised by a high 

robustness (Theilgaard et al., 2009; Savietto et al., 2015), and selected for litter size at 

weaning during 7 generations; and line R (n =70) was founded after 2 generations of 

randomly mating from a pool of animals of 3 commercial sire lines (Estany et al., 1992), and 

selected over 38 generations for average daily gain during the growing period. 
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Diets 

Two experimental diets were formulated and pelleted (Table 3.1), following the 

recommendations of De Blas and Mateos (2010) for reproductive rabbit females, enhancing 

major differences in energy source. The CS diet was prepared promoting cereal starch [237 

g of starch and 21 g of ether extract (EE) per kg of DM], whereas in AF diet part of the starch 

was replaced by animal fat (105 g of starch and 86 g of EE per kg of DM). Nevertheless, 

both diets were designed to be isoenergetic and isoprotein [on av. 11.3 MJ of digestible 

energy (DE) and 126 g of digestible protein (DP) per kg of DM].  

Chemical analyses of diets were performed according to the methods: 934.01 for 

DM, 942.05 for ash, 976.06 for CP, and 920.39 for EE with acid-hydrolysis of samples prior 

to extraction (Association of Official Analytical of Chemists (AOAC), 2000). Starch content 

was determined by means of a two-step enzymatic procedure (Batey, 1982) with 

solubilisation and hydrolysis to maltodextrins with thermostable α-amylase followed by 

complete hydrolysis with amyloglucosidase (Sigma–Aldrich, Steinheim, Germany), and the 

resulting glucose being measured using the hexokinase/glucose-6 phosphate 

dehydrogenase/NADP system (R-Biopharm, Darmstadt, Germany). NDF, ADF and ADL 

fractions were analysed sequentially (Van Soest et al., 1991) with a thermostable α-amylase 

pre-treatment and expressed exclusive of residual ash, using a nylon filter bag system 

(Ankom, Macedon, NY, USA). 

Table 3.1 Ingredients and chemical composition of experimental diets. 
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Experimental procedure 

Females were housed under conventional environmental conditions (average daily 

temperatures varying from 13.3 to 26.1 ºC), with an alternating cycle of 16 h of light and 8 h 

of darkness. Despite not all the females began the experiment at the same time, the entry of 

animals from each one of the three genetic type was distributed over time similarly. They 

were housed in individual cages (700 x 500 x 320 mm) at 12 weeks of age, inseminated at 

19 weeks of age (with pooled semen of their respective lines) and provided with a nest for 

litters from day 28th of gestation. After the first parturition, the females from the three genetic 

types were randomly assigned to one of the experimental diets. Until this moment, all the 

females received the same commercial diet for reproductive rabbit females (11.3 MJ of DE, 

141 g of DP, 170 g of starch and 34 g of EE per kg of DM). Experimental diets were 

provided ad libitum and the females from each group (within genetic type and experimental 

diet) were homogeneously distributed across the experimental farm. Litters were 

standardised to 8-9 kits at first parturition and 9-11 onwards within genetic type. This 

procedure was performed to equalize the energetic effort during lactation among females 

and to decrease the coefficient of variation of data (Fernández-Carmona et al., 2005) to 

increase the statistical accuracy of the estimates. Females were inseminated at 11 days 

postpartum and weaned at day 30 of lactation. Non-pregnant females were re-inseminated 

21 days after until a maximum of three chances. Females and litters were controlled until 6th 

parturition. 

Traits 

To study the dynamics of the acquisition and use of resources, all the traits were 

recorded several times within and throughout reproductive cycles (RC).  

Performance traits. Within RC, milk yield was recorded four days a week during the 

three first weeks of lactation. To record it, nests were closed, except for weekend, and once a 

day were opened to let the females suckle their kits. Milk yield was measured by weighing 

the females before and after suckling. From day 18 of lactation (18d) nests were kept 

permanently opened to allow kits leaving the nest and start solid intake. As kits could suckle 

freely and they had free access to the females’ feeder, this situation prevented us from 

evaluating milk yield and feed intake of females during late lactation (from 18d to weaning). 

Within RC feed intake was recorded during early lactation (EL, from parturition to 18d) and 

weaning to parturition interval (WPI). Body weight (BW) and perirenal fat thickness (PFT) 

was recorded at parturition, 18d and weaning according to Pascual et al. (2000). Litter 

weight was recorded at birth, 18d and weaning.  
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Blood plasma traits. Blood samples were collected at parturition of the 1st, 2nd and 

5th RC, and at 18d and weaning of the 1st and 5th RC, from the central artery of the ear using 

tubes with EDTA, always at 11:00 a.m. after a fasting period of 3 h. Samples were 

immediately centrifuged (3000 x g during 10 min at 4°C), and plasma was separated and 

frozen at -40°C until further analysis. Plasma samples from 11 females per group [3 genetic 

types (H, LP and R) x 2 diets (AF, CS)] with complete records (from 1st artificial insemination 

to 5th weaning) were analysed for glucose, β-OH-butyrate, non-esterified fatty acids (NEFA) 

and leptin. Glucose was determined according to standard procedures (Siemens 

Diagnostics® Clinical Methods for ADVIA 1650). β-OH-butyrate was determined as an 

increase in absorbance at 340 nm due to the production of NADH, at slightly alkaline pH in 

the presence of β-OH-butyrate dehydrogenase; sample blanks were included and the method 

involved oxamic acid in the media to inhibit lactate dehydrogenase as proposed by Harano 

et al. (1985). NEFA were determined using the NEFA C ACS-ACOD assay method (Wako 

Chemicals GmbH, Neuss, Germany). Analyses of glucose, β-OH-butyrate, and NEFA were 

performed using an auto-analyser, ADVIA 1650® Chemistry 53 System (Siemens Medical 

Solutions, Tarrytown, NY 10591, USA); in all instances the intra- and inter-assay coefficients 

of variation were below 2.0 and 4.0%, respectively. Leptin was analysed by Multi-Species 

Leptin assays (RIA, XL-85K) (Millipore Corporation, Billerica, MA, USA), according to the 

manufacturer’s guidelines. Intra- and inter-assay coefficients of variation were 9.1 and 9.3%, 

respectively. 

Statistical analysis 

Available DE for production (ADEP) in rabbit females was estimated individually by 

subtracting the energy for maintenance (430 kJday-1 kg-1LW0.75; Xiccato and Trocino, 2010) 

to the DE intake.  

For daily feed intake, ADEP, BW, PFT, milk yield and litter weight, all data from 

each trait was studied using only one statistic analysis. To perform it, we considered that 

records within an RC represented different states of the RC. Consequently, variance was 

allowed to vary within an RC, remaining constant throughout RCs for a given state. We 

included the permanent effect of the animal, which could be different depending on the state 

within an RC. These different permanent effects were assumed to be differently correlated 

among them. Regarding to the residuals, it was also considered that they could be different 

at different states within an RC, being differently correlated among them and correlated in a 

decreasing way among reproductive cycles (the more distant two measures were, the lower 

was their correlation). In some respects, this way of modelling variance could be considered 

as that performed in multi-trait mixed models where states within an RC would be different 

traits, but correlated, and records among RCs would be repeated measures of these traits. 
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Arnau-Bonachera et al. (2017a, 2017b) described it, for this kind of data, as a parsimonious 

model which, considering females and its sources of variation, allows a proper statistical 

fitting and a biological interpretation of its (co)variance components. This modelling was 

performed using the MIXED procedure from SAS (2009). Genetic type (H, LP, R), diet (AF, 

CS), state within an RC (Feed intake: EL, WPI; ADEP: EL, WPI; BW: parturition, 18d, weaning; 

PFT: parturition, 18d, weaning; Milk yield: week 1, week 2, week 3; Litter weight: total born, 

standardisation, 18d, weaning) and RC (1st, 2nd, 3rd-5th) were included as main effects. We 

also included their interactions as fixed effects and the average inner temperature of farm 

during the RC as covariate for each state within an RC. As not all the females got pregnant 

at first attempt and there are differences in resource allocation of exclusively lactating 

females compared to females that concurrently are pregnant and lactating, we considered 

these phenomena in the models with a dummy variable. This dummy variable considered 

that the female could be pregnant or not during lactation. Finally, this variable was also 

included as fixed effect, allowing its effect being different for each state within RC. 

For blood plasma parameters the model described above did not fit appropriately, 

as it is not a proper repeated measures experiment and no defined parameterised structure fit 

well, although correlations among measures were still present, therefore no permanent 

effects were included and variance-covariance data was modelled without assuming any 

defined structure (unstructured matrix; SAS, 2009). Genetic type (H, LP, R), diet (AF, CS), time 

control (parturition, 18d and weaning for the 1st RC; parturition for the 2nd RC; and 

parturition, 18d and weaning for the 5th RC) and their interactions were included as fixed 

effects, whereas inner temperature of farm was included as covariate. 

Results 

A proper understanding of mechanisms governing the links between resources 

acquisition and allocation requires the control of a large number of traits, and it could make 

results presentation complex. Consequently, only relevant interactions have been presented 

to promote understanding. In any case, P-values for all the effects of all the traits are reported 

in the supplementary material of Paper III at the end of the document (Supplementary Tables 

S3.1 and S3.2).  

Acquisition and allocation of resources 

Table 3.2 presents the main effects on acquisition and allocation traits. R females 

had the greatest average feed intake than females from the maternal lines (H and LP females; 

on av. +10.9%; P<0.05). Moreover, this greater acquisition was used differently. R females 

presented the highest values for BW (+36.0%; P<0.05) and PFT (+27.5%; P<0.05), but their 

milk yield and litter weight were similar to those of H females. On the other hand, LP females 
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presented higher intake than H females (+6.3%; P<0.05), but the lowest PFT (-0.19 and -1.79 

mm compared to H and R females, respectively; P<0.05), the highest milk yield (+18%; 

P<0.05) and litter weight (+10%; P<0.05). Average feed intake was also affected by diet, as 

females fed with AF had an intake 5.1% greater than those fed with CS (P<0.05). 

Nevertheless, it was also differently used, whereas females fed with CS presented higher PFT 

(+0.2mm, P<0.05), those fed AF had higher milk yield (+11.7%, P<0.05) and litter weight 

(+7.6%, P<0.05), no differences being found in BW.  

Table 3.2 LSmeans and standard errors of the main effects on feed intake, perirenal fat 
thickness, milk yield and litter weight. 
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As expected, feed intake and BW increased with age, reaching the maximum 

between third and fourth reproductive cycle (+21.1 and +8.8% compared to primiparous 

females, respectively; P<0.05). On the other hand, primiparous females presented higher PFT 

and lower milk yield and litter weight than multiparous (+2.1, -33.0 and -31.1%, 

respectively; P<0.05). As expected, feed intake was higher in lactation, milk yield increased 

throughout the first three weeks of lactation and litter weight increased as lactation 

progressed. BW of females increased from parturition to weaning whereas PFT was the 

lowest at parturition and the highest at mid lactation. These results were the general pattern 

observed in the experiment. However, numerous interactions were also observed 

(Supplementary Table S3.1). They are presented for each trait. 

Feed intake. Females from the maternal lines increased their intake during early 

lactation with age, reaching a maximum around third lactation (on av. 257, 288 and 303 g 

DM/day for primiparous, secundiparous and multiparous, respectively; P<0.05), whereas for 

R females, feed intake did not increase with age. R primiparous females fed with AF ate 8.0% 

more than those fed with CS (P<0.05), whereas primiparous females from the maternal lines 

did not differ in feed intake when fed with both. In multiparous, LP females had a feed intake 

during early lactation as high as R females (on av. +6.9% compared to H; P<0.05). On the 

other hand, the greatest intake of R females was expressed especially out of lactation 

(+16.3% compared to H and LP; P<0.05; Figure 3.1B). Moreover, out of lactation, greater 

feed intake with AF was observed in R females (+7.1%; P<0.05) and H multiparous females 

(+11.8%; P<0.05). 
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Figure 3.1 Evolution of feed intake among reproductive cycles [RC, primiparous, secundiparous 
and multiparous (av. of 3rd, 4th and 5th cycles)] for the different states within the RC (Early 
lactation, Weaning to parturition) depending on genetic type (H, characterised by hyper-
prolificacy; LP, characterised by functional hyper-longevity; R, characterised by daily gain) and 
the energy source [AF (£); CS (¢)]. LS means and standard errors. a,b,c,d Means for a genetic type 
within a state not sharing superscripts significantly differ at P<0.05. 

Perirenal fat thickness. As mentioned above, R females always presented a 

considerable larger body condition compared to the maternal lines, but PFT pattern was 

different according to genetic type. Figure 3.2 shows that the PFT decrease of R females at 

late lactation (-4.3%; P<0.05) was significantly higher to than that observed for H and LP 

lines (on av. -0.1%; P>0.05), particularly for those fed with AF. Moreover, LP females fed 

with AF progressively increase PFT across the RC, whereas those fed with CS increase PFT 

during early lactation (+7.3%; P<0.05), but partially mobilised it during late lactation (-2.8%; 

P<0.05). H females fed with both diets followed a similar trajectory throughout the RC. 
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Figure 3.2 Evolution within a reproductive cycle of perirenal fat thickness depending on genetic 
type [H (¾ ¢ ¾), characterised by hyper-prolificacy; LP (¾p¾), characterised by functional 
hyper-longevity; R (¾¿¾), characterised by daily gain] and energy source [AF (£r¯), animal 
fat; CS (¢p¿), cereal starch]. P: Parturition; 18d: day 18th of lactation; W: Weaning. LS means 
and standard errors. a,b,c,d Means within a genetic type not sharing superscripts significantly differ 
at P<0.05. 

 
Figure 3.3 Evolution of the lactation curve throughout the reproductive cycles [primiparous, 
secundiparous and multiparous (av. of 3rd, 4th and 5th cycles)] depending on genetic type: [H 
(¾¢ ¾), characterised by hyper-prolificacy; LP (¾p¾), characterised by functional hyper-
longevity; R (¾¿¾), characterised by daily gain] and energy source [AF (£r¯), animal fat; CS 
(¢p¿), cereal starch]. LS means and standard error. * Means for diets in a time control, genetic 
type and cycle significantly differ at P<0.05. 

Milk yield. Figure 3.3 shows the evolution of milk yield throughout the RC 

depending on genetic type or diet. In general, females fed with AF diet had higher milk yield 

compared to CS from second parturition independently of genetic type. This occurred 

particularly in the 2nd and 3rd week of lactation, although differences were not significant in 
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the second RC of H females. However, although primiparous R females yielded more milk 

with AF diet (+26.2%; P<0.05), primiparous H and LP females yielded more with CS 

(+34.1%; P<0.05), especially from second week of lactation. On the other hand, R females 

yielded less milk at first week of lactation than H, and especially LP females (on av. 87.5, 

98.5 and 119.5 g/day, respectively; P<0.05).  

Blood plasma parameters 

Average glucose plasma concentra-

tion was always higher for LP and R than for 

H females (on av. +4.6%; P<0.05; Table 3.3), 

but differences were mainly due to the higher 

glucose concentration of LP females at 18d of 

first RC and at second parturition, and of R 

females at fifth weaning (Figure 3.4A). There 

were no significant differences in average 

NEFA plasma concentration between genetic 

types. However, R females presented lower 

NEFA values at 18d and weaning of the first 

RC than LP and H, whereas LP females had 

lower values at second and fifth parturitions 

compared to R and H. Average BOHB 

concentration was significantly lower in the 

plasma of LP compared to H females (-27.6%; 

P<0.05; Table 3.3). However, although BOHB 

plasma concentration decreased as the first 

lactation progressed independently of genetic 

type and diet (on av. –81.8% from parturition 

to weaning; P<0.05), BOHB evolution during 

the fifth RC depended on genetic type and diet 

(Figure 3.5). In contrast to that observed 

during the first RC, females fed with AF and 

LP females fed with CS had no relevant 

variations in BOBH plasma concen-tration 

throughout the fifth lactation. However, BOHB concentration of R and H females fed with CS 

decreased significantly throughout the fifth lactation (on av. –79.8% from parturition to 

weaning; P<0.05) as in the first RC. 

 

Figure 3.4 Plasma glucose [a)] and non-
esterified-fatty-acids [b), NEFA] concentration 
through time depending on genetic type. Least 
squared means and standard error for H (- -¢- -
), characterised by hyper-prolificacy; LP 
(¾p¾), characterised by functional hyper-
longevity; R (–·–¿–·–), characterised by daily 
gain. P: Parturition; W: Weaning. LS means and 
standard errors. a,b

 Means in a time control and 
cycle not sharing superscripts significantly 
differ at P<0.05. 
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Table 3.3 Effect of genetic type, energy source and time control on plasma 
concentration of glucose, β-OH-butyrate (BOHB), non-esterified fatty acids (NEFA) 
and leptin 

 

 
Figure 3.5 Plasma β-OH-butyrate (BOHB) concentration through time depending on 
genetic type [H (- -¢- -), characterised by hyper-prolificacy; LP (¾p¾), characterised by 
functional hyper-longevity; R (–·–¿–·–), characterised by daily gain] and energy source 
[AF(£r¯), animal fat; CS (¢p¿), cereal starch. P: Parturition; W: Weaning. LS means 
and standard errors. a,b,c,d

 Means in a time control and cycle not sharing superscripts 
significantly differ at P<0.05. 
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Discussion 

The aim of the present work was to study the way different genetic types acquire 

and allocate resources and how energy source could modulate it. The traits, states and 

cycles controlled in this study were selected because we considered them relevant for this 

purpose; nevertheless, nature is so complex that many other traits and states could have 

been considered. In this setting, results showed that the pattern of resource acquisition and 

allocation of primiparous does was clearly different compared to the general pattern, so the 

results from primiparous females are discussed separately for a better understanding. 

General pattern of acquisition and allocation of resources 

The acquisition capacity of the females increased with age (Xiccato, 1996), reaching 

a plateau around the third cycle. In this regard, it is commonly accepted that, once females 

reach their maximum capacity of intake, they regulate it by a chemostatic mechanism during 

lactation (with diets above 11 MJ/kg DM; Xiccato and Trocino, 2010). If the chemostatic 

mechanism is the only one regulating feed intake, we would expect similar energy intake 

from isoenergetic diets with different energy sources. However, this was not the case. Energy 

source affected feed intake as previously observed by Lebas and Fortun-Lamothe (1996) for 

similar diets and multiparous females. In fact, it was higher for those fed AF, which was 

slightly more energetic than CS (Table 3.1).  

On the other hand, Friggens and Newbold (2007) stated that to a great extent of 

body reserves change is genetically driven and feed intake responds to these driving forces. 

In this sense, Pascual et al. (2002; 2003) observed an effect of body condition on further feed 

intake, females eating during weaning to parturition interval proportionally to mobilisation at 

late lactation. In agreement, we observed a negative environmental correlation between feed 

intake out of lactation and previous PFT at weaning (-0.19±0.05; P<0.05). This result 

indicates that females tend to increase their intake after lactation to recover from low body 

condition at weaning. Therefore, it is not likely that a mechanism based on a single factor is 

regulating feed intake (Forbes, 2007). It also suggests that acquisition and allocation are 

deeply connected (Martin and Sauvant, 2010) and highlights the need to develop a theoretic 

framework taking into account this multifactorial approach (Forbes, 2007).  

Regarding the energy source effect, in general, diets worked as expected. Females 

fed with CS diet presented higher PFT whereas females fed with AF yielded more milk and 

had heavier litters (Pascual et al., 2003). Moreover, females fed AF presented higher feed 

intake, suggesting that females fed with AF increased their intake to cope with the higher 

lactation requirements, but not enough to allow females store as many reserves as those fed 
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with CS. Consequently, by selecting the energy source of the diet we could impose a shift of 

energy partitioning between milk and body reserves of females.  

Acquisition and allocation patterns of genetic types 

R females were heavier and fatter than those from the maternal lines (Table 3.2), in 

agreement with the results recently reported by Naturil-Alfonso et al. (2016). Consequently, 

their requirements for maintenance were much higher (+26%). The requirements for milk 

production were not low (similar to H females), but smaller than those expected for their 

metabolic weight (Maertens et al., 2006). This fact suggests a lower priority of R females for 

milk than females from the maternal lines. To cover all of these requirements, R females 

presented the highest energy acquisition (Table 3.2). Apart from the particular average 

allocation, energy was differently allocated across time compared to females from the 

maternal lines; the lactation effort was low at the beginning but it increased as lactation 

progressed (Figure 3.3), while females recovered a great amount of body reserves during 

early lactation (+0.2 mm than females from maternal lines; P<0.05), which was used 

afterwards during late lactation (Figure 3.2). Both facts suggest that, at the onset of lactation, 

R females prioritised their body recovery more than current litter interests, whereas as 

lactation progressed these priorities would have been inverted. In fact, this pattern is opposite 

to that proposed for maternal lines (Savietto et al., 2015) and could consequently it could be 

a side effect of the selection process. However, it also could be a consequence of the 

experimental design (R females could have taken longer to adapt milk yield to the 

standardised litter because the difference between standardised and total born litter weight 

was +120 g, whereas for females from the maternal lines was -22 g; P<0.05).  

On the other hand, when comparing the shift imposed by energy source, milk yield 

was higher during the whole controlled lactation for R females fed with AF (Figure 3.3), but 

the effects on body condition (Figure 3.2) and feed intake (figure 3.1) were more evident from 

mid lactation onward. R females fed with AF presented higher mobilisation during late 

lactation (Figure 3.2) and, in response to this higher mobilisation, they had higher feed intake 

between weaning and the next parturition (Figure 3.1B). As we could not record feed intake 

or milk yield during late lactation, it was not possible to find out whether observed 

differences were the consequence of milk yield, feed intake or a combination of both. 

Nevertheless, it seems that females fed with AF made a greater effort in the current litter at 

the end of lactation than those fed with CS, which is in agreement with the inversion of 

priorities between current litter and body reserves recovery as lactation progressed. 

Therefore, it seems that females from the paternal line had a great acquisition capacity, 

mainly addressed to maintaining their larger body size. Moreover, they were highly 
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dependent on body reserves to cope with the reproductive requirements of the current 

reproductive cycle, especially at the end of lactation. 

LP females were characterised by the lowest amount of body reserves, and the 

highest milk yield (Table 3.2). In agreement with previous knowledge (Theilgaard et al., 

2009; Savietto et al., 2013), to meet their lactation requirements, multiparous LP females 

presented a high acquisition capacity during lactation (Figure 3.1). In fact, the acquisition 

capacity of LP females during lactation was much higher than that expected for their size. For 

example, if we discount the energy that is required for maintenance, we observed that LP 

females presented the highest ADEP during early lactation (2.22±0.04 vs. 1.91±0.04 and 

1.99±0.04 MJ DM per day for H and R, respectively; P<0.05) but similar values during 

weaning to parturition interval (0.71±0.03, 0.69±0.03 and 0.66±0.03 MJ DM per day, 

respectively; P>0.05). Moreover, the use of body reserves as a safety factor is a described 

characteristic of this line (Savietto et al., 2015). In this sense, LP females fed with AF tried to 

gain body reserves during the whole lactation, whereas those fed with a diet promoting body 

reserves gain (CS) accumulated a large amount of reserves during early lactation, but they 

mobilised later (Figure 3.2). In addition to the greater acquisition capacity when requirements 

were high, it seems that LP females were able to adapt their allocation across time 

(Theilgaard et al., 2009; Savietto et al., 2013), allowing them to reach parturition in suitable 

metabolic conditions (higher glucose, lower NEFAs and lower BOHB levels compared to 

females from the other genetic lines). This metabolic status was particularly evident at 

second parturition, which is considered the most critical point in the life trajectory of the 

rabbit females (Rosell and de la Fuente, 2009). Consequently, LP females were characterised 

by an acquisition capacity and an allocation pattern adapted to changing requirements 

(imposed by physiological state or diet) that allow them to confront high reproductive efforts, 

but safeguarding body reserves (Savietto et al., 2015). 

Finally, the pattern of H females pattern was located between R and LP. As 

previously reported for females specialised in prolificacy (Rauw et al., 1999), lower values of 

average feed intake and glucose but higher values of BOHB and PFT (Tables 2 and 3) 

would indicate that H females were more dependent on body reserves than LP females. 

However, H females tried to accumulate reserves in early lactation and maintain them during 

late lactation (Figure 3.2). As H females accumulated reserves during early lactation that were 

not used during late lactation and this pattern was observed for females fed with both diets, 

these results suggest that H females tend to store body reserves for the next reproductive 

cycle. Consequently, CS diet could be enhancing H females to maximise their storing skills 

at the end of lactation. The higher values of PFT, and lower values of BOHB and milk yield 

than when fed with AF, support this statement. However, similarly to R females fed with CS, 
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this strategy would lead H females fed with CS to high mobilisation at parturition (high 

values of BOHB) and high BOHB changes during the reproductive cycle compared to LP 

females (Figure 3.5). Therefore, H females were dependent on body reserves but, in contrast 

to R females, it seems that they accumulated them to cope with future reproduction. 

Primiparous females 

Information regarding to the effect of dietary energy source on dry matter intake in 

primiparous females is highly controversial, although it is widely accepted that feed intake is 

physically limited (reviewed by Pascual et al., 2003). Compared to a control diet, energy-

enriched diets tend to increase the energy intake of females but address it differently 

depending on energy source. Similarly to multiparous females, for primiparous females fed 

with starch-enriched diets the increase of energy intake is mainly addressed to body 

reserves, whereas for those fed with fat-enriched diets this increase is mainly addressed to 

milk yield (Xiccato et al., 1995; Fortun-Lamothe and Lebas, 1996; Pascual et al., 2002). In 

this sense, the results for R females totally agree with previous knowledge, whereas results 

from maternal lines disagree at a great extent (especially those related with milk yield). 

However, a low-temperature challenge could be the underlying cause of these results, as 

most of the females were reared and had their first parturition during winter (Figure 3.6).  

 
Figure 3.6 Inner-average temperature per month of the farm (black line) and number of 
females (grey bars) that had their first parturition in the corresponding month. 

Thus, as young females were fed with commercial diet for reproductive rabbit 

females until first parturition, it is highly likely that they would have reached their first 

insemination overfat. Martínez-Paredes et al. (2012) reported that in such circumstances 

females mobilise extra body reserves around parturition. In fact, females presented the lowest 

leptin and the highest BOHB plasma concentration at first parturition (Table 3.3), supporting 

this statement. This situation could have been perceived by females as a risk to ensuring 
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body condition. Moreover, in a low-temperature challenge, the individual physical limitation 

when primiparous could have affected food availability, conditioning the response to the 

challenge for each genetic type. Comparing to females of the maternal lines, it seems that the 

acquisition capacity of R females during early lactation was completely developed when 

primiparous, as there was no difference in feed intake between primiparous and multiparous 

does (Figure 3.1A). Consequently, independently of diet, R females could have enough intake 

to ensure an adequate thermogenesis, body condition and milk yield, the allocation of 

resources being modulated by diet as expected. In fact, R females fed with AF were able to 

increase their intake during early lactation to confront that situation (Figure 3.1A). On the 

contrary, females from the maternal lines fed with a diet that did not ensure body condition 

(AF) were not able to increase feed intake (Figure 3.1A) and gave priority to thermogenesis 

and to safeguarding body condition at the expense of milk yield. It has been proposed that 

under challenging conditions mammals could accelerate the weaning process (Martin and 

Sauvant, 2010), as staying alive prevails over reproduction (Wade and Schneider, 1992). In 

this sense, several studies have reported that the effect of low temperatures on reproduction 

depends on food availability (Marsteller and Lynch, 1987; Manning and Bronson, 1990) and 

the moment it happens (Bronson and Marsteller, 1985) but can be attenuated or exaggerated 

by body reserves (Schneider and Wade, 1991). Consequently, the weaning process in 

primiparous maternal females could have been greatly accelerated to safeguard body 

condition in this challenging situation (progressive lower milk yield as lactation progressed 

in females from maternal lines fed with AF compared to those fed with CS, Figure 3.3). 

Conclusions 

Resource acquisition capacity and allocation pattern of rabbit females is different for 

each genetic type, and would be modulated differently by energy source according to the 

females’ priorities, given by their genetic background. R females were characterised by a 

high dependence on the body reserves to cope with the reproductive requirements of the 

current reproductive cycle. Selection for post-weaning weight gain would have modified the 

R females’ pattern, enhancing their effort at late lactation to obtain heavy weaned kits, being 

more evident when females were fed with diets promoting milk yield (AF). Similarly, H 

females were also highly dependent on body reserves, but with a different goal. Foundation 

for hyper-prolificacy would have promoted a pattern based on body reserves accretion 

during lactation to cope with future reproduction, magnified when fed with diets promoting 

body condition (CS), and higher depletion at parturition imposed by a supposed larger 

offspring. Finally, LP females were characterised by an acquisition capacity better fitted to 

changing requirements. Foundation for functional longevity would have promoted body 
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reserves safeguards to ensure both reproduction and lifespan, independently of the energy 

source available. 

In our opinion, although acquisition and allocation of all the genetic types are 

regulated by the same mechanisms, it seems that trajectories of foundation or selection could 

have affected not only the acquisition and allocation strategies but also to the way females 

respond to diets in normal and challenging situations. 
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Abstract  

To find out whether specific nutritional strategies adapted to specialized animals 

would result in balanced productivity and reproductive success (‘fitness’), we used 203 

animals belonging to three genetic types that vary greatly on their genetic background. We 

fed each genetic type with two diets specifically designed to promote milk yield or body 

reserves recovery and we controlled them between their first and fifth reproductive cycles. 

We found that genetic types prioritized different fitness components. Females from the 

paternal line (R females) were characterized by greater adult weight and little but heavier kits, 

although it seems they could be more immature. When R females were fed with a diet 

promoting milk yield, they invested more on the current litter, whereas when fed with a diet 

promoting body reserves recovery, it seems that they invested more in recovering for future 

reproduction. On the contrary, females from the maternal lines were smaller and had 

numerous but lighter kits, but each genetic type used different strategies. The strategy used 

by H females makes them more sensible to the energy source of the diet, triggering 

problems to ensure future reproduction when fed with a diet promoting body reserves 

recovery (low conception rate or higher mortality of females). However, the strategy used by 

LP females seems to be more generalist, allowing them to ensure high performance of the 

current litter without neglecting future reproduction and with less sensibility to the diet. 

Therefore, diets affected to fitness components. Moreover, the response to diet varied with 

genetic types. It seems that more specialized genetic types, that base reproduction on body 

reserves, were more sensible to diets than the more generalist and robust type, that base 

reproduction on energy intake.  

Key words: Functionality, productivity, priority, trade-off 



 

 



 

- 109 - 

 

Introduction 

To better estimate the response per generation to artificial selection, animals within 

selection programs are usually raised in highly stable environments. However, focusing on 

one environment could underestimate the factors that occur over the whole range of 

environments (Lewontin, 1974), triggering a situation where specialized animals could be 

favored (Kolmodin et al., 2003). The net result would be a specialization process that could 

alter the way selected animals acquire and allocate resources (Savietto et al., 2015). In this 

sense, it has been proposed that selection exclusively for productive criteria could reduce 

their ability to cope with physiological demands and/or environmental constrains when 

coping with ‘new environments’ (Rauw, 2009; Friggens et al., 2013), and could be 

accompanied by undesirable negative side effects in behavioral, physiological or 

immunological traits (Rauw et al., 1998).  

This is the last of three consecutive scientific papers that aim to evaluate the 

hypothesis that an adequate fitting of feed energy source of the diet to the genetic type of the 

females may contribute to a sustainable production in the long term. In the first paper we 

investigated the way three genetic types differing greatly in their genetic background acquire 

and allocate resources when fed with diets specially designed to influence either the milk 

production or body reserves (I, Paper III of the present thesis). Despite not presented in this 

thesis, in the second paper we investigated parameters related to the immune system of 

these genetic types across time and how previous diets affected them (II; Penadés (2017)). 

Here we explored how these genetic types allocate the acquired resources to optimize traits 

related to productivity and fitness. The underlying hypothesis of this last work is that if 

energy source of the diet is affecting the way different genetic types acquire and allocate 

resources, specific nutritional strategies adapted to specialized animals could be useful to 

optimize the allocation of acquired resources between reproduction and maintenance, 

resulting in a better immune status and reproductive success (‘fitness’). 

Materials and methods 

The experimental procedure was approved by the animal welfare ethics committee 

of the Universitat Politècnica de València (UPV) and carried out following the Spanish Royal 

Decree 53/2013 on the protection of animals used for scientific purposes and the 

recommendations of the European Group on Rabbit Nutrition (Fernández-Carmona et al., 

2005). 
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Animals 

A total of 203 female rabbits were used from their first artificial insemination (AI; 19 

weeks old) until their sixth parturition (from December 2011 to April 2013). Rabbit females 

belonged to three genetic types developed at the Institute for Animal Science and 

Technology of the Universitat Politècnica de València (UPV), differing greatly on their 

breeding goals. Line H (n = 66), founded by hyper-prolific criteria at birth and selected by 

litter size at weaning; line LP (n=67), founded by functional hyper-longevity characterized by 

a high robustness; line R (n =70), selected for average daily gain during the growing period. 

For a further description of the lines see (I, Paper III of the present thesis). 

Diets 

Two experimental diets were formulated and pelleted, according to the 

recommendations of De Blas and Mateos (2010) for reproductive rabbit does, enhancing 

major differences on energy source. Diet CS was prepared promoting cereal starch [237 g of 

starch and 21 g of ether extract (EE) per kg DM], whereas in diet AF part of starch was 

replaced by animal fat (105 g of starch and 86 g of EE per kg DM). Nevertheless, both diets 

were design to be isoenergetic and isoproteic [on av. 11.3 MJ of digestible energy (DE) and 

126 g of digestible protein per kg DM]. For a further description of the diets see (I, Paper III of 

the present thesis). 

Experimental procedure 

Animals were housed under conventional environmental conditions (average daily 

temperatures varying from 12.5 to 26.5 ºC), with an alternating cycle of 16 h of light and 8 h 

of darkness. At 19 weeks of age, all the female rabbits were inseminated (with pooled semen 

of their respective lines), and housed in individual cages (700 x 500 x 320 mm) provided 

with a nest for litters from gestation day 30. After the first parturition, the animals from the 

three genetic types were randomly assigned to one of the reproductive diets. Until this 

moment, all the animals had received the same commercial diet for reproductive rabbit does. 

Both experimental diets were provided ad libitum and the animals from each group (within 

genetic type and reproduction diet) were homogeneously distributed across the experimental 

farm. Litters were standardized to 8-9 kits at first parturition and 9-11 onwards. Females 

were inseminated at 11 days postpartum and weaned at day 30 of lactation. Status at 

palpation at eleven days after insemination was recorded to evaluate whether the female had 

conceived or not. Non-pregnant females were re-inseminated ten days after palpation, until a 

maximum of three chances. 
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Traits 

Individual adult life weight (AW) was considered for females reaching the sixth 

parturition as the average weight at effective insemination of fourth, fifth and sixth 

reproductive cycles. Maturity of females at effective insemination was calculated for females 

reaching the sixth parturition as the weight at that insemination divided by its AW. Interval 

between parturitions was determined as the days between two consecutive parturitions. 

Conception rate was the percentage of females getting pregnant at first attempt. Productivity 

of females was calculated as the cumulated number of weaned kits divided by the time (in 

years) the female stayed in the experiment (from first parturition to death or the end of the 

experiment at sixth parturition). Survival rate of females evaluated as the percentage of 

females at parturition of each reproductive cycle respect to the initial number of females. 

Litter size traits were total born, born alive, stillborn, standardized at birth and weaned. 

Individual weight of the kits was calculated as the litter weight divided by the litter size for 

total born, born alive, stillborn, standardized at birth and weaned. Maturity of the offspring 

was calculated as the individual weight of the kits divided by adult weight of their mother for 

total born, born alive, stillborn), standardized at birth and weaned. Survival rate of the 

offspring was recorded at parturition and during lactation. The cumulated number of kits per 

female was evaluated for born alive and weaned. 

Statistical analysis 

Interval between parturitions, litter size traits, individual weight and maturity of the 

offspring traits were analysed using a linear mixed model that included the effects of genetic 

type, energy source of the diet, reproductive cycle and their interactions as fixed effects (Proc 

Mixed of SAS). The error and the permanent effect of the female were included as random 

effects, considering that the residuals could be correlated among reproductive cycles in a 

decreasing way (assuming that the higher was the lag between parturitions, the lower was 

the correlation between residuals; Littell et al., 1998). Maturity of females at effective 

insemination was analysed using also a linear mixed model with the same fixed effects but 

considering that variance could change across reproductive cycles and residuals were 

correlated assuming that the higher was the lag between parturitions, the lower was the 

correlation between residuals (Proc Mixed of SAS). Adult live weight, productivity of females, 

cumulated kits born alive and cumulated kits weaned were analysed using a linear model 

that included the effects of genetic type, energy source of the diet and its interaction as fixed 

effects (Proc GLM of SAS). Conception rate of females, survival rate of the offspring at 

parturition and during lactation were evaluated using a generalized mixed model, with a 

binomial probability distribution for the response and a logit transformation [ln(µ/(1-µ))] as a 

link function (Proc Glimmix of SAS). The model included the genetic type, energy source of 
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the diet, the reproductive cycle and their interactions as fixed effects and the permanent effect 

of the female and the error as random effects. Cumulated survival rate of the females was 

analysed twice also using generalized mixed models. Firstly, to find out differences at the end 

of the experiment, it was evaluated exclusively using data at sixth parturition, including in the 

model the effects of genetic type, energy source and its interaction. Secondly, to find out the 

trends across time, the whole data was considered, including the interactions of the genetic 

type, energy source and genetic type x energy source with the reproductive cycle as fixed 

effects.  

Results 

P-Values for all the effects tested in the models are presented in Tables S4.1 and 

S4.2 of the supplementary material. Here we present means of the main effects and the most 

relevant interactions. Traits related to females according to the genetic type (H, LP, R) or diet 

(AF, CS) are presented in Table 4.1. R females surviving until sixth parturition presented an 

adult weight 37.6% heavier than H and LP females (P<0.05). Conception rate at first attempt 

was not different between LP and R females, but it was 15 percentage units lower in H 

females (P<0.05). Interval between parturitions was 6 days shorter for LP females compared 

to H and R females (P<0.05). Productivity and survival rate up to sixth parturition was higher 

for LP females (on av. +12 weaned per year and +37 percentage units of survival rate 

respect to H and R females; P<0.05). Regarding to the energy source of the diet, no 

significant differences were observed for these traits. However, some interactions of genetic 

type with the reproductive cycle and the diet are presented below  

Table 4.1 Effect of genetic type and energy source on female traits. 

 

Figure 4.1 shows the evolution of females’ maturity (as proportion of weight respect 

to the AW at the effective insemination) depending on the genetic type. At first insemination, 

each genetic type presented different proportion of their adult weight; Considering females 

ending the experiment, LP females reached first insemination with the highest proportion 
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(+2.9 and +9.1 percentage units respect to H and R females; P<0.05), whereas H females 

presented higher proportion respect R females (+6.2 percentage units; P<0.05). Moreover, LP 

females reached the 95% of adult weight at second reproductive cycle, whereas H and R 

females did at third. In Figure 4.2 is showed the evolution of cumulated survival rate of 

females at parturition throughout the reproductive cycles depending on the genetic type. At 

second parturition LP animals presented a significant higher survival rate compared to H 

and R animals (94 vs. 77 and 77%, respectively; P<0.05), this difference was maintained or 

even increased from this point on (72 vs. 42 and 29% at sixth parturition, respectively; 

P<0.05). 

  
Figure 4.1 For females reaching the 5th 
reproductive cycle: Percentage of adult weight 
(AW) at insemination for the subsequent RC 
depending on the genetic type [H in dark grey, LP 
in black, R in black dashed line]. AW calculated 
as the average weight at fourth, fifth and sixth 
insemination for females reaching sixth 
parturition. a,b,c,d,e,f Means not sharing letter differs 
significantly (P<0.05). 

Figure 4.2 Cumulated survival rate (%) at 
parturition in each reproductive cycle depen-
ding on genetic type [H in dark grey, LP in 
black, R in black dashed line]. a,b,c,d,e,f,g Means 
not sharing letter differs significantly (P<0.05). 

Conception rate at first attempt varied depending on genetic type, energy source 

and reproductive cycle (Figure 4.3). When nulliparous, no evidence for any difference among 

groups was found, but different patterns were observed from this point onward. R females 

decreased conception rate with age (27 percentage points less of multiparous compared to 

nulliparous, P<0.05) independently of the diet. Decrease of conception rate with age was less 

evident for LP females, except for primiparous fed with CS (-24 percentage points respect to 

nulliparous, P<0.05). H females showed a great conception rate decrease when primiparous 

(on av. -41 percentage points respect to nulliparous, P<0.05). However, only those H females 

fed with AF were able to increase again conception rate when multiparous (+27 percentage 

points, P<0.05). 
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Figure 4.3 Conception rate (Pregnant at first attempt; %) for nulliparous (N, light grey) primiparous 
(P, medium grey) and multiparous (M, dark grey) depending on genetic type (H,LP,R) and energy 
source of the diet (AF, CS). a,b,c,d,e Means not sharing lower case letter differ significantly (P<0.05). 

Traits related to litters according to the 

genetic type or diet are presented in Table 4.2. For 

litter size traits and compared to R females, females 

from maternal lines (H and LP) presented higher 

number of born alive (on av. 3.8 kits more; P<0.05) 

and lower number of stillborn (on av. 0.8 kits less; 

P<0.05). Moreover, for the same standardized litter 

size at birth (on av. 9.7 kits), litters from the 

maternal lines presented also higher number of 

weaned (on av. 0.55 kits more; P<0.05). Regarding 

to diet, litters from females fed with CS had 0.9 total 

born more to those fed with AF (P<0.05). Survival 

rate of the offspring was higher for the maternal 

lines than for R animals (on av. +16 percentage 

points at birth and +8 percentage points during 

suckling; P<0.05). At the end of the experiment, H 

females had 17 kits born alive more than R females 

(P<0.05). Nevertheless, LP females presented the 

highest number of cumulated born alive (+12 and 

+29 to H and R females, respectively; P<0.05) and 

weaned (on av. +9; P<0.05). An interaction of 

genetic type, energy source and reproductive cycle 

for offspring survival rate during lactation was 

observed (Figure 4.4). In the first lactation, offspring 

survival rate in maternal lines with AF was 20 

 
Figure 4.4 Offspring survival rate during 
lactation in each reproductive cycle (RC) 
according to the energy source of the 
diet [AF(�);CS (�)]. Panel A: Line H, 
Panel B: Line LP, Panel C: Line R. a,b,c,d,e,f 
Means not sharing letter differ 
significantly (P<0.05). 
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percentage units lower to those with CS (P<0.05). On the contrary, survival of R offspring fed 

with AF was 25 percentage units higher to those with CS (P<0.05). From the second 

lactation on, survival of offspring with AF was higher or similar to those with CS, 

independently of genetic type. In general, offspring survival rate increased from the first and 

the second lactation, but it decreased progressively from this point on in R offspring.  

Table 4.2 Effect of genetic type and energy source on litter traits. 
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For traits related to the individual weight of the offspring, R females had heavier 

offspring during the whole cycle than H females. On the contrary, LP females had the lightest 

offspring at birth (P<0.05), but they were as heavy as R at weaning. Regarding to diet, the 

offspring of females fed with AF was always heavier than that of females fed with CS (8% 

heavier; P<0.05). For individual maturity, R offspring always represented the lowest maturity 

rates throughout lactation (P<0.05). Compared to LP, H offspring represented a higher 

maturity rates at birth, but lower at weaning (P<0.05). 

Finally, Figure 4.5 summarises the live history traits for each genetic type in function 

of dietary energy source received. LP females were the least affected by diet, only differing in 

the higher maturity at weaning of their kits when fed with AF (P<0.05). The survival rate of H 

females fed with AF until 6th parturition was 24 percentage units higher than those fed with 

AF (P<0.05). In addition, kits from H females fed with AF had always higher maturity than 

with CS (P<0.05). R females fed with CS had higher litter size, but less mature, at parturition 

(P<0.05). 

 
Figure 4.5 Live history traits for each genetic type (H, LP, R) depending on the energy source of the diet 
(AF: dashed line and white background, CS: solid line and grey background). Total litter size (TLS), 
Individual offspring weight at parturition (OWP) and individual offspring weight at weaning (OWW) 
expressed in standard deviation (s) respect to the global mean (µ). Offspring survival rate at parturition 
(OSRP), offspring survival rate at weaning (OSRW), doe conception rate (DCR) and doe survival rate 
(DSR) expressed as rate (%) respect to the mean (µ). * Means for diets within a genetic type of the 
corresponding trait differ significantly (P<0.05). 

Discussion 

Energy source 

As it was observed in the first paper of this series (Paper III of the thesis), and in 

agreement with the general knowledge (Pascual et al., 2003), when animal-fat is the main 

dietary energy source, lactating females produce more milk, increasing the amount available 

for their offspring. In the present study, we have observed that our animal-fat enriched diet 

(AF) resulted in heavier and more mature kits at weaning, but also affected the number and 
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size of kits at birth differently to our cereal-starch diet (CS). Likewise, females fed with diet CS 

had more kits of small sizes, females fed with diet AF delivered less but heavier kits. In spite 

of the effect of energy source on litter size at birth is not properly elucidated (Pascual et al., 

2003), Fortun-Lamothe et al. (1999) observed that when lactation and pregnancy overlaps, 

rabbit females are unable to increase their energy intake to cover both functions and a 

competition between the gravid uterus and the mammary gland is then stablished. In this 

scenario, energy source also would have shifted energy partitioning at this point; when 

females were fed with a diet rich in an energy source that is primarily used by the mammary 

gland (diet AF), less energy would have been available for the initial gestation process (e.g. 

higher energy deficit; Fortun-Lamothe and Prunier, 1999). Fewer kits of bigger sizes were 

produced (Vicente et al., 1995). Therefore, animal fat did not just increase milk yield or cereal 

starch improved body condition (Paper III); energy source of the diet seems also to alter the 

way concurrent lactating-gestating animals allocate resources when homeorhetic process are 

involved, affecting fitness traits. 

Genetic type 

Selection for post-weaning average daily gain is accompanied by an increasing of 

AW (Blasco et al., 2003). Consequently, females from paternal lines are bigger than females 

from the maternal lines (Pascual et al., 2015). Apart from a bigger body weight, R females 

were also characterized in the present study by few kits of big size (Vicente et al., 1995), by 

higher gestational losses (Vicente et al., 2012) and by large interval between parturitions. 

Baselga (2002a) reported 7.7 kits born, 57 days between parturitions, 4300 g of live weight 

at first AI and 600 g of the kits at weaning as mean values for this line. These results are in 

agreement with those showed in the present study. However, that work reported lower 

proportion of stillbirths (11 vs 28%) and lower litter size at weaning (6.1 vs 7.2) respect to 

the present study, which could be related to the standardization of litters at birth we 

performed. 

On the contrary, maternal lines were characterized by lower AW with larger litters 

but lighter kits at birth, although it varied between genetic types. Kits from LP females were 

lighter than those from H females at birth but heavier at weaning due to the higher milk yield 

of LP females (Paper III; Savietto et al., 2015). Moreover, LP females were characterized by 

great survival rate at the end of the experiment, which is in agreement with the results 

reported by Sánchez et al. (2008) and EL Nagar (2015). On the other hand, (Baselga, 2002b) 

reported 10.5 kits born, 46 days between parturitions, 3279 g at first insemination, 7.9% of 

stillbirths and 530 g of the kits at weaning as mean values for H line. Except for the interval 

between parturitions, which varied with reproductive cycle and diet (Figure 4.3), all results 

are in agreement with those showed in the present study. Therefore, we have showed that 
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different genetic types had different features for fertility, number and size of the offspring and 

survival of females, suggesting that they prioritize different components of fitness. 

Genetic type x energy source and the genetic background 

We have observed that different genetic types prioritized different components of 

fitness, which has been proposed to be shaped by their genetic background (conditions and 

criteria at foundation and during selection; Savietto et al., 2015). These priorities may arise 

because the environment limits the amount of resources an animal can acquire and 

subsequently they have to split them among fitness components (Beilharz and Nitter, 1998). 

As energy source can alter the way animals allocate energy, it could affect fitness 

components differently depending on the genetic type.  

Paternal line. Line R was founded crossing a pool of animals from three paternal 

lines and has been selected exclusively for average daily gain during the growing period 

since 1984, increasing their AW (Blasco et al., 2003). However, as maternal abilities have 

never been considered as breeding goals, energy acquisition capacity during lactation and 

milk yield have not evolved proportionally to their size, as females from the maternal lines 

did (Paper III). Moreover, as R females were characterized by few offspring of big size, when 

litters were standardized to 9.7 kits (aiming equalizes lactational effort among genetic types), 

we force females to nurse many kits of big size with non-adapted energy intake and milk 

output. In other words, we set the reproductive effort to be much greater than the initially set 

by R females’ genetic potential. All these facts highlight the difficulty of comparing so 

different genetic types, especially if we consider that the consequences of an increased 

reproductive effort depend also on genetic type (Theilgaard et al., 2009). Consequently, this 

increased reproductive effort could be related with the low survival rate of the offspring 

observed for this line during lactation. Moreover, it could have altered energy balance while 

females were concurrently pregnant and lactating (Fortun-Lamothe et al., 1999), increasing 

the risk of death of unborn kits and accelerating senescence of females (decreasing of 

conception rate of females and survival rate of the kits during lactation with age). Females 

reached at first insemination with a lower maturity (interpreted as proportion of their AW; 

Figure 4.3). Both facts, increased reproductive effort and lower maturity at first insemination 

could be related to the low survival rate of R females (Rosell and de la Fuente, 2009).  

Regarding to the effect of energy source, when R females were fed with a diet 

promoting milk yield, initially improved survival rate of the kits during lactation (Figure 4.4) 

and their individual weight at weaning (Figure 4.5). However, due to the increasing 

lactational effort as lactation progress (Paper III), the competition between mammary gland 

and gravid uterus would be higher for R females fed with AF than for maternal lines fed with 
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the same diet, producing less but heavier kits (Figure 4.5). Moreover, as the reproductive 

effort was set even further than they naturally would have done when they were fed with AF, 

it increased the negative effects of the excessive reproductive effort with age (Figure 4.4 and 

4.5). 

Maternal lines. Breeding goals for maternal lines are different from those for the 

paternal ones (Baselga, 2004). However, as the proportion at first reproductive cycle respect 

to subsequent cycles of voluntary feed intake in maternal lines is much lower than in a 

paternal line (Paper III), it seems that maternal breeding goals do not favour early 

development of acquisition capacity. Moreover, we reported that, under cold challenging 

conditions (Paper III), primiparous H and LP females, with limited acquisition capacity, could 

not increase their energy intake in response to cold temperatures and they would have 

accelerated weaning to safeguard body condition when they were fed with a diet not 

favouring body condition restore (AF). The consequence was the lower survival rate of their 

offspring at first reproductive cycle (Figure 4.4). Although it seems contradictory, it could be a 

strategy to improve fitness. For example, in poor or uncertain environments, animals that 

continue investing on the current litter are seriously penalized if doing it reduces their 

chances of survival. On the contrary, those animals reducing the investment on the current 

litter would live longer to explore more reproductive events awaiting for better conditions 

(Hrdy, 1979; Stearns, 1992). It seems that this strategy could have been a proper bet of 

maternal lines to cope with that situation: females fed with AF did not live less than those fed 

with CS and they pay the lower survival rate during the first reproductive cycle with a higher 

one in subsequent cycles. 

Criteria at foundation and for selection of H females were focus on prolificacy. 

Rauw et al. (1999) showed that selection for prolificacy increased the amount of reserves of 

selected animals. In agreement, we proposed in the first work of this series (Paper III) that H 

females tend to store body reserves during lactation to cope with future reproduction. In a 

selection context where large litters in a short interval are demanded by farmers and 

breeders, females have little time for recovering fat between weaning and next parturition. In 

such context, this pattern of body reserves accretion could be an adaptive strategy of H 

females preventing them from poor body condition risks (Theilgaard et al., 2006; Sánchez et 

al., 2012). In this sense, despite females fed with CS stored more fat, we observed that they 

followed the same trajectory for body condition across lactation when fed with both diets 

(Paper III). However, as they tend to store as much reserves as they can, when fed with a diet 

promoting the restore of body reserves (CS), they could become overfat, increasing the risk 

of not getting pregnant (Figure 4.3) or death (Figure 4.5) due to metabolic or immunologic 

imbalances (Paper III; Penadés, 2017). Moreover, this situation could be especially risky if we 
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consider that H females presented some symptoms of aging of their immune system at 

second parturition that increased with age (Penadés, 2017). Therefore, despite the results 

from the first reproductive cycle, fitness traits of H females were globally more favoured 

when fed with AF compared to CS (Figure 4.3), not affecting mean productivity at sixth 

parturition. 

LP females have been selected for litter size at weaning during 7 generations. 

However, due to the criteria used at the foundation of the line, there are two important goals 

for these animals, productivity and survival in commercial farms. Commercial farms are 

characterized by a great variability of their environmental control, size, management or 

reproductive rhythm (Rosell and de la Fuente, 2009), leading to highly variable 

environments between and within farms. It has been proposed (Philippi and Seger, 1989; 

Olofsson et al., 2009) that, in highly variable and unpredictable environments, strategies 

addressed to reduce risks could be better strategies than adaptive ones (generalist instead of 

specialist). For example, amongst other reasons, mammals accumulate reserves to cope with 

the uncertainty of food in the future. However, the probability for a female of not finding food 

in a farm is close to zero so, the accumulation of too much body reserves for their later 

utilization, could not pay the risk of being too fat or too thin in the long term (Theilgaard et 

al., 2006). In other words, the uncertainty is not on food availability. 

By using a particular pattern for acquisition and allocation of resources (Paper III), 

LP animals could have adopted this generalist safety way to be productive and to cope with 

uncertainty of farms conditions (Savietto et al., 2015). We reported that LP females had a 

great acquisition capacity but they were able to adapt their energy intake and allocation of 

resources to their temporary requirements. In this way, they could safeguard body condition 

and reach critic points of their life trajectory in good metabolic or immunological status 

(Paper III; Penadés, 2017). For example, at second parturition, females are still growing, their 

acquisition capacity is not fully developed, but they are under highly productive conditions. 

Consequently, this point has been described as the moment with the highest risk for females 

to be removed from farms (Rosell and de la Fuente, 2009). However, at this point, LP females 

presented high values of blood glucose, low levels of NEFA and BOHB (Paper III) and higher 

counts of lymphocytes T and B (Penadés, 2017). Therefore, the main consequence of this 

low risk strategy would be the highest survival rate at second parturition of LP females 

(Figure 4.2). Moreover, this higher survival remained until the end of the experiment 

independently of the diet (Figure 4.5). The higher proportion of weight respect to AW (used 

as indicator of degree of maturity) and the lower incidence of diet or reproductive cycle on 

fertility would also have reduced the risk of death or culling under farm conditions (Rosell 

and de la Fuente, 2009). Therefore, from all the possible strategies allowing animals being 
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productive, LP animals seem to use the one minimizing risks, which allowed them to survive 

and being highly productive in the long term with little influence of energy source of the diet. 

Conclusions 

Genetic types differing greatly in their genetic background seem to prioritize 

different fitness components. Females from the paternal line (R females) were characterized 

by greater adult weight and little but heavier kits, although it seems they could be more 

immature. When R females were fed with a diet with animal fat as main energy source, they 

invested more on the current litter, whereas when fed with a diet with cereal starch as main 

energy source, it seems that they invested more in recovering for future reproduction. On the 

contrary, females from the maternal lines were smaller and had numerous but lighter kits, but 

each genetic type used different strategies. The strategy used by H females makes them 

more sensible to the energy source of the diet, triggering problems to ensure future 

reproduction when fed with cereal starch (low conception rate or higher mortality of females). 

However, the strategy used by LP females seems to be more generalist, allowing them to 

ensure high performance of the current litter without neglecting future reproduction and with 

less sensibility to the energy source than for the other genetic types. Therefore, energy 

source of the diet, which affected to energy acquisition and allocation, also affected to fitness 

components. Moreover, the response to energy source varied with genetic types. It seems 

that more specialized genetic types, that base reproduction on body reserves, were more 

sensible to energy source than the more generalist and robust type, that base reproduction 

on energy intake. 
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The main objective of this thesis was to fit nutrition to the genetic type in an overall 

sense. To do it, a long-term experiment with three highly different genetic types fed with two 

iso-energetic diets that differed in the main energy source was performed. To understand 

properly the results of the experiment it was necessary to use concepts and ideas from 

resource allocation and nutrient partitioning frameworks. However, these concepts and ideas 

implied considering the effect of time and the individual variation of animals. Both effects 

produced databases with particular structures that had to be considered adequately.  

Statistical approach 

Gibbons et al. (2010) reported some statistical problems inherit to longitudinal data. 

These problems were related to subjects clustered in centers (generating different sources of 

variation), heterogeneity of variance over time, correlations between errors or irregular 

distributions of measurements over time. From all the reviewed references for long-term 

experiments using reproductive rabbit females, many of them avoid some problems by 

considering observations within the reproductive cycle as different physiological states 

(defining different traits) and observations from the same physiological state as the same trait. 

However, analysing all the data coming from a trait together into a single longitudinal 

analysis presents some statistical and interpretation profits (Hedeker and Gibbons, 2006). As 

far as I know, this is the first time that all of these problems have been addressed directly 

with mixed models using data from long-term experiments with rabbit females. In this regard, 

we have proposed several structures of the (co)variance matrix to cope with the different 

aspects of data. Despite none of the proposed structures fitted best to data from all the traits, 

it seems that models in which (co)variance structure was modelled in blocks of (co)variances 

for each reproductive cycle [such as B-BD or B-BAR(1)], presented an overall suitable 

statistic performance (in terms of parsimony and fitting; Paper I) and biological interpretation 

(Paper II). Moreover, considering all the information coming to a single trait into an unique 

analysis has allowed the study of the complex interactions on acquisition and allocation 

traits observed in Paper III. Therefore, despite the higher complexity of the models, these 

models are useful to improve the efficiency of the statistical analysis, to provide information 

about individual variation of animals and to evaluate the effect of treatments (such as diet or 

genetics) over time. 

The role of the animal and the effect of energy source 

The structure where data was modelled in blocks of (co)variances for each 

reproductive cycle allowed us to consider individual variation in the trajectories over the 

reproductive cycle of the different traits involved in acquisition and allocation of energy. 

Moreover, one them could consider residual correlations at two levels [within the 

reproductive cycle and over reproductive cycles; B-BAR(1]. Variance components and 
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individual solution of random effects obtained from this structure and from a multi-trait mixed 

model which included all the traits, allowed us to find a parallelism between information 

provided by the random effects of mixed models and concepts involved in nutrient 

partitioning. In fact, results from Paper II revealed relevant variation between animals for all 

the traits (repeatability ranging from 0.15 to 0.78), a wide range of strategies between 

animals for acquisition and allocation of energy (permanent correlations between traits 

ranging from -0.05 to 0.92), but little variation in the individual trajectories of the traits over 

the reproductive cycle (permanent correlations over the reproductive cycle close to one). 

Despite little variation in the individual trajectories is in agreement with the ideas of Taylor 

(1985), there are evidences in rabbits that selection can modify the shape of the lactation 

trajectory of females (Savietto et al., 2014). In addition, in Paper III we have reported different 

trajectories over the reproductive cycle of milk yield, body reserves or feed intake for the 

different genetic types. However, it is important to point out that, given the uncertainty shown 

by the standard errors, permanent correlations could be lower than what we have estimated 

(we did not proof that correlations were equal to one). Moreover, correlations could be 

population dependent. We did not estimate genetic correlations, we estimated permanent 

correlations. All of these factors would explain the observed trajectories over the 

reproductive cycle for so different genetic types. 

On the other hand, residual correlations (Table 2.3) showed high environmental 

relation between feed intake and milk yield (0.76±0.021) but non-significant between feed 

intake and body weight or PFT. Moreover, a negative environmental correlation but low was 

observed between milk yield and PFT (-0.10±0.048). These results indicated that the main 

response to environmentally milk-yield variations were produced through proportional 

variations in feed intake, although with some antagonistic effects on body reserves. These 

residual correlations agree with the results previously reported for the effect of energy source 

(Pascual et al., 2003) and with those reported in Paper III. Diet AF (enriched with animal fat) 

promoted milk yield of females. Females fed with AF responded by increasing their energy 

intake, but not enough to avoid a reduction of body reserves. On the contrary, when females 

were fed with a diet enriched with cereal starch (Diet CS), they tend to accrete body reserves, 

but decreasing their milk yield.  

The large variation between animals in the strategies for acquisition and allocation 

of energy and the way animals responded to energy source and to environmental 

perturbations revealed a complex role of the animal, in which animals adjust acquisition and 

allocation of energy to meet their targeted trajectories, maintain homeostasis and safeguard 

body reserves (Friggens and Newbold, 2007; Friggens et al., 2013). This situation was 

illustrated in Paper III by the response during the first lactation of females from the maternal 
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lines (H and LP) fed with Diet AF (Figure 3.3). At this point, it is important recall that most of 

the females gave birth their first litter under winter conditions. In such environmental 

conditions, rather than increasing milk yield, Diet AF reduced the yield of those females. We 

suggested that females were not able to increase their energy intake enough to cope with all 

of the requirements in that moment and we argued that in that situation they gave priority to 

thermogenesis and to safeguard body condition. However, this situation was not observed in 

females from the paternal line. Consequently, it seems that varying the main energy source 

of the diet we can modulate allocation of females, but altering their normal homeostasis. To 

properly understand the way females acquire and allocate resources we had to consider the 

amount of acquired energy, how much of this energy was addressed to each function and 

also the way different animals responded to environmental perturbations (such as different 

diets). All of these factors allowed us to understand the priorities of different animals over 

their life trajectory and their allocation strategies according to their genetic background 

(Savietto et al., 2015). Moreover, in Paper IV we could observe the relation between 

acquisition and allocation of energy and productivity and fitness of the different genetic 

types. 

Optimizing resource allocation to the genetic type 

Several reproductive disorders have been reported for females of the paternal line R, 

such as lower ovulation frequency or higher implantation, foetal, gestational and perinatal 

losses (Vicente et al., 2012). Consequently, the number of born alive, weaned and finally the 

number of animals reaching to adulthood could be too low to perform an effective selection. 

Females from this line are bigger and fatter than females from maternal lines (Pascual et al., 

2015; Naturil-Alfonso et al., 2016). Cardinali et al. (2008) showed that extreme body 

condition (both very low and very high) was related with poor sexual receptivity and fertility. 

To improve the reproductive performance of R females, we hypothesized that they could be 

over-fat and animal-fat enriched diets, which do not promote body reserves accretion, could 

be beneficial to improve their fertility (Naturil-Alfonso et al., 2016). Moreover, as animal-fat 

enriched diets promote milk yield, we expected that Diet AF would improve survival of the 

offspring during lactation. However, in Paper III and Paper IV we have observed that the real 

situation was much more complex due to the particular priorities of R females. It seems that 

at the beginning of lactation these females tended to prioritize body reserves accretion rather 

than milk yield, which had a negative impact on survival of current litter. Moreover, this 

situation was inverted at the end of lactation. Savietto et al. (2015) related the evolution of 

energy addressed to milk yield and to body reserves accretion with the trade-off current vs 

future reproduction. In this sense, compared to females from the maternal lines, it seems that 

the priority for current reproduction of R females decrease more rapidly at the beginning of 
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lactation, but would persist more at the end of lactation. Consequently, when we fed R 

females with Diet AF, we force females to yield more milk which increased the priority for 

current reproduction. However, as the priority for current litter was especially increased at the 

end of lactation, it decreased considerably the priorities for future reproduction and 

maintenance, affecting negatively to future litter and accelerating senescence. This idea is 

schematized in Figure 5.1, where the priorities between current and future reproduction of R 

females compared to a non-selected female and a highly selected female for litter sized at 

weaning are presented. Unfortunately, we could not elucidate whether these priorities were 

the consequence of the experimental design or due to the genetic background of R females. 

 
Figure 5.1 Relative priorities between current and future litter. litter being nurse (dotted line) 
litter being gestate (solid line) of R females (black line), females highly selected for litter size 
at weaning (gray line) and non-selected female (parallel lines). To simplify the figure I have 

suppressed priority for current litter of Pn-1 and priority for future litter of Pn+1.  

H line was founded selecting hyper-prolific females. High productive performance 

has been associated with poor body condition (Xiccato, 1996). Poor body condition has 

been related to reproductive or health disorders (Cardinali et al., 2008; Sánchez et al., 2012), 

increasing the risk of culling of females (Theilgaard et al., 2006; Rosell and de la Fuente, 

2009). As the fast turnover between current and future reproduction let females with high 

reproductive effort little time to recover body reserves under current production systems, we 

hypothesized that Diet CS, which should promote body reserves accretion, could be 

beneficial for H females. However, recent studies have described none problem of longevity 

for this genetic type. In fact, it seems that selection for litter size at weaning is improving its 

longevity (EL Nagar, 2015). Similarly to highly selected mice (Rauw et al., 1999), our data 

suggests that H females could overcome high productive performances and cope with future 

reproduction by accreting body reserves whenever possible. Consequently, when we fed 
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with Diet CS, excessive promotion of body reserves accretion altered this equilibrium 

triggering reproductive disorders and increasing their risk of death. 

On the other hand, some authors have claimed for selecting females for feed intake 

to cope with problems related with negative energy balance (Xiccato et al., 1995; Castellini 

et al., 2010). In this sense, we have observed that animals with higher feed intake tend to 

have more PFT, to yield more milk and to have heavier litters (Table 2.3). Moreover, the 

moderate variation between animals (phenotypic variance and repeatability) suggests that 

theoretically it would be possible to select by appetite but likely associated with an increase 

on live weight of the animals and feed intake in non-productive periods. However, to avoid 

these or other non-expected side effects and, we have argued that the goal should not be to 

get animals with higher appetite. Considering the wide range of strategies for acquisition and 

allocation of resources (Figure 2.2), we have argued that the goal should be to obtain 

animals with a great acquisition capacity, but able to adapt their energy intake to their 

transitory requirements (e.g. great intake during lactation which allows increasing milk yield 

without conditioning body reserves and low intake out of lactation). Several studies have 

reported that LP females follow this strategy (Theilgaard et al., 2009; Savietto et al., 2015). 

Data reported in the present thesis also support this statement. In fact, it seems that LP 

females use body reserves as a safety factor rather than as a reproduction fuel (Savietto et al., 

2015). We have argued that it is a low risk strategy, which let LP females being highly 

productive and functional when fed with both diets and over a wide range of environmental 

conditions existing in commercial farms (Theilgaard et al., 2007; Ferrian et al., 2013; Savietto 

et al., 2013). In fact, independently of the energy source of the diet, these females presented 

the highest fitness at the end of the experiment (highest number of cumulated born alive and 

weaned). In this sense, the criterion of functional hyper-longevity could be considered as a 

criterion to search for females with high fitness merit under farm conditions. Moreover, 

making the parallelism between fitness and functionality LP females could be considered as 

highly functional females (high survival rate of females and their offspring, high conception 

rate, etc.). 

Despite I cannot prove it with the data from the present experiment, reported 

genetic correlations in previous experiments suggest that the cost of selection for 

productivity traits is very small in rabbits. For example, genetic correlations between growing 

traits and litter size are positive but low (García and Baselga, 2002; Mínguez et al., 2015). 

Moreover, litter size and interval between parturitions has been reported to be profitably 

correlated (Ragab and Baselga, 2011), but growth rate and fertility are moderately negatively 

correlated (Piles and Tusell, 2012). Respect to longevity of females, it has been reported low 

relation with litter size (Piles et al., 2006; Sánchez et al., 2006) or even a generalized positive 
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response in lines selected by different productive criteria (EL Nagar, 2015). In this sense, it 

seems that productivity do not trade-off very much with functionality in rabbits. However, the 

way that the different genetic types responded to energy sources used in the present study 

suggests a cost of specialization of females highly selected for productivity (H and R 

females). We should consider this situation and the priorities of each genetic type when 

formulating diets for reproductive rabbit females. 
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There was a parallelism between information provided by the random effects of 

mixed models and the concepts involved in nutrient partitioning. In this sense, it seems that 

there is variability between rabbit females in the way they acquire and allocate resources, but 

low variation in the individual trajectories over the reproductive cycle. These facts, jointly 

with the different ways females responded to diets and to environmental perturbations, 

suggest that the female (and its genetics) plays a key role in homeorhetic control and the 

homeostatic regulation.  

By changing the main energy source of the diet, it is possible to modulate 

acquisition and allocation of energy towards different functions. The diet enriched with 

animal fat promoted milk yield, increasing energy intake of females but not enough to avoid 

or even promoting a reduction of their body reserves. On the contrary, the diet enriched with 

cereal starch promoted body reserves accretion, but reducing milk yield. However, it seems 

that this modulation could alter the normal homeostasis status of females. The response to 

each diet on allocation and the consequences on productivity and fitness depended on the 

priorities and the acquisition capacity of each animal at each moment. 

It seems that hyper-prolific females tended to accrete body reserves whenever 

possible. However, when they were fed with cereal-starch enriched diets, this equilibrium 

was altered by an excessive promotion of body reserves accretion, triggering reproductive 

disorders and increasing their risk of death. R females prioritize accreting body reserves 

during early lactation. However, compared to females from the maternal lines, it seems that 

the priority for current reproduction of R females decrease more rapidly at the beginning of 

lactation, but would persist more at the end of lactation. In this sense, when R females were 

fed with AF, the priority for current reproduction was increased, especially at the end of 

lactation. It decreased considerably the priorities for future reproduction and maintenance, 

affecting negatively to future litter and accelerating senescence. On the other hand, LP 

females have a great acquisition capacity, but they are able to adapt acquisition and 

allocation of energy to their transitory requirements (e.g. great intake during lactation which 

allows increasing milk yield without conditioning body reserves and low intake out of 

lactation), using body reserves as a safety factor. This strategy could be considered as a low 

risk strategy, which let LP females being highly productive and functional when fed with 

both diets. In fact, they reached at the end of the experiment with the highest fitness. 

Therefore, the way three completely different genetic types responded to energy source of 

the diet suggests that rabbit females highly selected for productivity (H and R females) were 

more sensitive to energy source modulations. This situation and the priorities of each genetic 

type should be considered when formulating diets for reproductive rabbit females. 
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The results of the present thesis show that it was possible to modulate resource 

allocation of females. However, by changing main energy source of the diet, normal 

homeostasis was also altered and females responded in an unpredictable way according to 

their genetic background. Thus, it would be interesting to find out additional alternatives to 

optimize resource allocation to the genetic type. In this sense, digestive disorders of growing 

rabbits are one of the main handicaps of current rabbit meat production. It has been reported 

that milk plays a protective role in kits. Extended lactation would act reducing the risk of 

digestive disorders of current litters, but it could affect negatively to the recovery of females’ 

body reserves. Considering that there is genetic variation in the risk of digestive disorders 

and the ability to safeguard body reserves, the length of lactation could be another way to 

explore the change of priorities between current and future reproduction on different genetic 

types.  

The unpredictable response of different genetic types to different energy sources of 

the diet highlight our poor understanding of the mechanisms regulating energy balance 

(acquisition and allocation of energy) in rabbit females. Using existing information, 

mechanistic models of systems aim to model the mechanisms regulating a given system 

such energy balance of reproductive females. These models could be helpful to understand 

and to quantify the way individual animals acquire and allocate energy. Moreover, they could 

be used in a predictive way to find the gaps in current knowledge and to plan future 

experiments. 
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Table S3.1 P-Values for all the effects considered in the models used to analyse 
acquisition and allocation traits 

Effect Order1 
P-Value 

Feed 
intake Weight PFT Milk 

Litter 
weight 

Genetic Type (GT) 1 <.0001 <.0001 <.0001 <.0001 0.0003 
Energy source (ES) 1 0.0007 0.9904 0.0235 0.0001 0.0023 
Reproductive cycle (RC) 1 <.0001 <.0001 0.0972 <.0001 <.0001 
State within RC (SWRC) 1 <.0001 <.0001 <.0001 <.0001 <.0001 
OG 1 <.0001 <.0001 0.1614 0.0149 0.1486 
OL 1 0.0227 <.0001 0.3969 0.5118 0.7056 

GTxES 2 0.3084 0.6862 0.9964 0.0896 0.1844 
GTxRC 2 <.0001 0.0835 0.3493 0.0479 0.0605 
ESxRC 2 0.0348 0.1216 0.6842 <.0001 0.0153 
GTxSWRC 2 <.0001 <.0001 0.0087 <.0001 <.0001 
ESxSWRC 2 0.1870 0.9156 0.2949 0.0237 <.0001 
RCxSWRC 2 0.2445 <.0001 <.0001 <.0001 <.0001 
SWRCxOG 2 <.0001 0.0004 0.1651 0.7937 0.0034 
SWRCxOL 2 0.6298 <.0001 0.1638 0.2698 0.6771 
TemperaturexSWRC 2 <.0001 <.0001 <.0001 0.0002 <.0001 

GTxESxRC 3 0.0108 0.9075 0.6368 0.0035 0.0037 
GTxESxSWRC 3 0.4367 0.1899 0.1594 0.1083 0.3627 
GTxRCxSWRC 3 <.0001 0.0018 0.2304 0.2486 0.0326 
ESxRCxSWRC 3 0.4175 0.7731 0.0749 <.0001 <.0001 

GTxESxRCxSWRC 4 0.1229 0.0245 0.2818 0.0079 0.0251 
1 Order 1 for the main effects and higher values for the corresponding order of interactions among 
effects. 

 

 
Table S3.2 P-Values for all the effects considered in the models used 
to analyse blood plasma traits 

Effect Order1 P-Value 

Glucose BOHB NEFA's Leptin 

Genetic Type (GT) 1 0.0029 0.0371 0.9234 0.0934 
Energy source (ES) 1 0.3118 <.0001 0.1871 0.1778 
Time control (R) 1 <.0001 <.0001 <.0001 <.0001 
Temperature 1 0.0028 0.9517 0.9433 0.0363 

GTxES 2 0.7243 0.5934 0.3868 0.9236 
GTxR 2 0.0153 <.0001 <.0001 0.1174 
ESxR 2 0.2451 <.0001 0.6879 0.8061 

GTxESxR 3 0.4500 0.0073 0.7065 0.9684 
1 Order 1 for the main effects and higher values for the corresponding order of 
interactions among effects. 

  



 
Table S3.3 Effect of simultaneous gestation and lactation on main trait of 
resource acquisition and allocation (estimates and, between brackets, SE). 
 Feed intake Weight PFT Milk yield Litter weight 
 (gDM/day) (g) (mm) (g/day) (g) 

Previous lactation situation during current gestation: Contrast (Lactating - Non lactating) 
Average effect     
 14.3(2.3)*   -100(15)* -0.08(0.05)   8.7(3.4)*   53(37) 
Depending on record within RC    
 First (i) 27.1(3.4)* -144(19)* -0.05(0.07)   7.6(2.6)*     0(15) 
 Second (ii)   1.5(2.6)   -58(20)* -0.17(0.08)   9.5(4.2)*   19(6.7)* 
 Third (iii)      -98(22)*   0.01(0.08)   9.2(4.9)* 108(46)* 
 Fourth (iv)       88(99) 

Next gestation situation during current lactation: Contrast (Pregnant - Non Pregnant) 
Average effect     
   4.7(2.6)*  76(14)* -0.04(0.08) -2.1(3.2) -13(3.3) 
Depending on record within RC1    
 First (i)   5.6(3.1)    13(17) -0.14(0.07)   0.2(2.4)   -8(13) 
 Second (ii)   3.8(2.3)    44(17)*  0.01(0.07)  -3.7(3.7)    4(6) 
 Third (iii)     171(20)*  0.00(0.07)  -2.9(4.5) -23(41) 
 Fourth (iv)     -24(89) 

RC: Reproductive cycle. PFT: Perirenal Fat Thickness. 1 Record within RC according to the trait 
were: [For feed intake: early lactation (i) and weaning to parturition interval (ii)]; [For weight and 
PFT: parturition (i), day 18th of lactation (ii) and weaning (iii)]; [For milk yield: first week of 
lactation (i), second week (ii) and third week (iii)]; [For litter weight: total born (i), at 
standardization (ii), at day 18th of lactation (iii) and weaning (iv)]. * P<0.05. 

 
 
	 	



	
	

	

	

Figure S3.1 Evolution of litter weight within and among reproductive cycles 
(RC) depending on genetic type [GT(H,LP,R)] and energy source [ES: 
Animal Fat (AF, white bar); Cereal Starch (CS, black bar)]. * Means for 
different ES in a time control within a RC and GT differ significantly at 
P<0.05. A,B,C Means within GT, ES and record for different RC not sharing 
letter differ significantly at P<0.05. 
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Table S4.1 P-Values for all the effects considered in the models used to analyse female traits 

 

Genetic 
type 
(GT) 

Energy 
source 

(ES) 

Reproductive 
cycle 
(RC) 

GTxES GTxRC ESxRC GTxESxRC 

Weight at first AI <.0001 0.5449 - 0.8787 - - - 
Adult live 
weight1 <.0001 0.2869 - 0.9433 - - - 

Conception rate2 0.0039 0.8660 <.0001 0.7524 0.1031 0.8135 0.0414 
IBP3        
Productivity4 <.0001 0.7504 - 0.1320 - - - 
Survival rate5 <.0001 0.8608 - 0.0375 - - - 
1AW calculated as the average weight at fourth, fifth and sixth insemination for females reaching sixth parturition. 
2 Pregnant at first attempt. 3 IBP: Interval between parturitions. 4 Weaned per year. 5 Percentage of females 
reaching up to 6th parturition. – Effect not included in the model. 

 
 
 

Table S4.2 P-Values for all the effects considered in the models used to analyse litter traits	

	

Genetic 
type 
(GT)	

Energy 
source 

(ES)	

Reproductive 
cycle 
(RC)	

GTxES	 GTxRC	 ESxRC	 GTxESxRC	

Litter size	        
 Total born	 <.0001 0.0162 <.0001 0.6519 0.5778 0.0691 0.6050 
 Born alive	 <.0001 0.0606 0.0009 0.9902 0.1661 0.4707 0.3034 
 Stillborn	 0.0008 0.5536 0.0772 0.2230 0.5903 0.3155 0.7402 
 Standardized	 0.0239 0.9472 <.0001 0.8936 0.0404 0.8776 0.9568 
 Weaned	 0.0133 0.5766 <.0001 0.0481 0.0197 0.2386 0.0259 
Survival rate	        
 At parturition	 <.0001 0.9197 0.0023 0.7657 0.0002 0.0073 0.0006 
 During suckling	 0.0024 0.3933 <.0001 0.3320 <.0001 0.0591 <.0001 
Cumulated number at 5th weaning 
 Born alive	 <.0001 0.4776 - 0.4618 - - - 
 Weaned	 <.0001 0.7530 - 0.1776 - - - 
Individual weight	        
 Total born	 <.0001 0.0036 0.1606 0.3171 0.0299 0.0751 0.1454 
 Born alive	 <.0001 0.0003 0.0340 0.2036 0.0768 0.0340 0.3419 
 Stillborn	 0.0166 0.0215 0.9558 0.0408 0.0612 0.0150 0.1976 
 Standardized	 <.0001 0.0525 <.0001 0.5289 0.3522 0.3737 0.1475 
 Weaned	 <.0001 <.0001 0.0255 0.9973 0.4515 0.8540 0.8752 
Individual maturity1 	        
 Total born	 <.0001 0.8272 <.0001 0.6799 0.0059 0.3656 0.0376 
 Born alive	 <.0001 0.8797 0.1950 0.9027 <.0001 0.8139 0.3034 
 Stillborn	 0.1244 0.0423 0.5185 0.0380 0.0359 0.1105 0.2711 
 Standardized	 <.0001 0.8195 <.0001 0.9548 0.4348 0.6065 0.0097 
 Weaned	 <.0001 0.0094 0.2041 0.9565 0.7034 0.5802 0.6903 
3 Estimated exclusively with litters from females reaching the sixth parturition as the ratio 

	


