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ABSTRACT 

THE EFFECT OF ALTERNATIVE FEEDING STRATEGIES FOR BROILER BREEDER 

PULLETS THROUGHOUT THE PRODUCTION CYCLE 

Aitor Arrazola 

University of Guelph, 2018

Advisor: 

Dr. Stephanie Torrey 

Feeding management of broiler breeders is a controversial issue for the poultry industry. 

Feeding broiler breeders to satiety results in obesity-related problems and feed restriction 

is a welfare concern as feed-restricted broiler breeders show signs of chronic hunger, 

feeding frustration and lack of satiety. The development of alternative diets has focused 

on dietary dilution and the addition of an appetite suppressant. Furthermore, many 

producers in Canada use non-daily feeding schedules to feed-restrict broiler breeders, a 

practice banned in some countries due to the percieve threat toward welfare. Yet, there 

is little empirical data on the implications of alternative feeding strategies for the welfare 

of broiler breeders. The objective of this thesis was to determine the effect of alternative 

diets and non-daily feeding schedules on broiler breeder welfare and productivity. Results 

in this thesis indicated advantages and disadvantages to all feeding strategies, and 

pullets remained highly-feed motivated regardless of the feeding strategy. Those fed the 

control diet daily were more active, performed more stereotypic and abnormal behaviours, 

had worse feather coverage, and were more feed motivated than those on the alternative 

diet or fed non-daily during early rearing. Hens reared on the alternative feeding strategies 

showed a higher laying persistency than control hens, reflected in a higher cumulative 

egg production. Pullets fed non-daily may achieve a greater feeling of satiety during on-

feed days but displayed behavioural signs of hunger during off-feed days. The inclusion 

of soybean hulls alleviated stress and acted as an intestinal filler but resulted in a higher 

intestinal water content, wetter litter, foot lesions, and more intestinal lesions compared 

to the control diet. Our results indicate that non-daily feeding does not appear worse than 

daily feed restriction for broiler breeder welfare but off-feed days are an ethical concern. 

Alternative diets containing soybean hulls and calcium propionate reduced some signs of 

chronic hunger but raised other welfare concerns.  
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1 General introduction 

Global human population is estimated to reach 9.6 billion in 2050 (Alexandratos and 

Bruinsma, 2012), and during this period, broiler chicken production is expected to grow 

by 121% to satisfy the protein demand of the growing population (Alexandratos and 

Bruinsma, 2012). Despite improvements in artificial selection and feeding management, 

further development in broiler production systems is needed to meet this growing 

demand, including the management of the broiler breeding stock (Mottet and Tempio, 

2017). In conjunction with increasing overall production, the poultry meat sector is also 

facing increasing concerns about animal welfare (NFACC, 2016), food safety and public 

health (CHEQ, 2015).  

Research is focusing attention on broiler breeder management to improve broiler 

production systems and to address consumer and government concerns about food 

safety, public health, and welfare (NFACC, 2016). Broiler breeders are the parent stock 

of broiler chickens, and broiler breeders share the same genetic potential for fast growth 

and feed efficiency as broilers (Heck et al., 2004). However, feeding broiler breeders to 

satiety is associated with obesity-related problems such as high mortality, health 

problems, and low reproductive performance during lay (van Krimpen and de Jong, 2014). 

For this reason, broiler breeders are feed-restricted throughout the production cycle 

(Mench, 2002; Walzem and Chen, 2014). However, feed restriction of broiler breeders 

during rearing leads to chronic hunger and has been associated with elevated levels of 

stress indicators and behavioural signs of persistent hunger, lack of satiety and feeding 

frustration (D’Eath et al., 2009, de Jong and Guémené, 2011).  

The development of alternative feeding strategies for broiler breeders has focused on 

formulating diets and feeding frequencies that reduce feeding motivation (D’Eath et al., 

2009; de Jong and Guémené, 2011). The formulation of alternative diets aims to increase 

feed allotment by diluting calorie content and to reduce voluntary feed intake by reducing 

feed quality (Tolkamp and D’Eath, 2016). Qualitative restriction includes dietary diluents 

such as fibrous ingredients and appetite suppressants (van Krimpen and de Jong, 2014). 
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Small daily feed allotment, as is given for daily feed restriction, is associated with feeding 

competition due to high feeding motivation, resulting in high frequencies of aggressive 

behaviours and poor body weight uniformity (Zuidhof et al., 2015, Girard et al., 2017). To 

decrease feeding competition and to allow a more equal feed distribution, non-daily 

feeding schedules are common on-farm practices in North America (de Beer and Coon, 

2007, 2009; Zuidhof et al., 2015). Nevertheless, non-daily feeding schedules are 

considered a threat to broiler breeder welfare and some countries banned non-daily 

feeding practices due to ethical concerns regarding off-feed days (DEFRA, 2007). Scarce 

scientific evidence supports this decision, but the use of non-daily feed restriction 

programs for broiler breeders remains controversial in Canada (Morrissey et al., 2014a, 

2014b). 

The National Farm Animal Care Council encourages broiler breeder producers to utilize 

alternative feeding strategies that improve broiler breeder welfare (NFACC, 2016); 

however, there is a lack of scientific data on feeding management for broiler breeders. 

Qualitative restriction has been associated with a more normal feeding behaviour and 

lower feeding motivation compared to daily quantitative feed restriction (de Jong et al., 

2005, Sandilands et al., 2005, 2006). For this reason, alternative diets for broiler breeders 

are thought to improve broiler breeder welfare (Tolkamp and D’Eath, 2016). Yet, whether 

alternative diets alleviate hunger and promote satiety is unclear (D’Eath et al., 2009), and 

the long-term implications of alternative diets on the reproductive performance under 

commercial conditions are unknown (Tolkamp et al., 2005; Morrissey et al., 2014b; de los 

Mozos et al., 2017). In addition, non-daily feeding schedules are thought to reduce 

welfare compared to daily feeding strategies, although there is no clear scientific evidence 

(Morrissey et al., 2014a, 2014b). Therefore, more research is needed looking at the wide-

ranging effect of alternative diets and non-daily feeding programs compared to daily 

quantitative feed restriction on welfare indicators and productivity of broiler breeders over 

the entire production cycle. 

The objective of this thesis was to examine the effect of alternative feeding strategies 

(alternative diets and non-daily feeding programs) on welfare indicators, behaviour, health 
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outcomes, physiology and performance of broiler breeders. The daily feeding strategy 

that provided the highest daily feed allotment (the combination of the dietary diluent and 

the appetite suppressant in an alternative diet) was hypothesized to enhance broiler 

breeder welfare and performance outcomes compared to feeding strategies that provided 

smaller feed allotment on a daily basis, or on a non-daily basis (de Beer et al., 2007). 

1.1 Specific objectives 

In order to test the aforementioned hypothesis, this thesis is structured in two main 

research objectives including experiments under experimental and simulated commercial 

conditions.  

1.1.1 Objective 1: The effect of alternative feeding strategies for broiler breeder 

pullets during rearing 

Chapter 3: to examine the effect of alternative ingredients in alternative diets and a fixed 

non-daily feeding schedule on the feeding motivation of broiler breeders 

Chapter 4: to determine the effect of alternative ingredients in alternative diets and a fixed 

non-daily feeding schedule on the development and functioning of the gastrointestinal 

system of broiler breeders. 

Chapter 5: to examine the effect of alternative feeding strategies on the performance and 

welfare of broiler breeders.  

Chapter 6: to determine the effect of alternative feeding strategies on the behaviour of 

broiler breeders.  

1.1.2 Objective 2: The effect of rearing alternative feeding strategies for broiler 

breeder pullets during lay 

Chapter 7: to analyse the long-term effects of rearing feeding strategies on reproductive 

performance, feeding behaviour and welfare of broiler breeders during lay. 
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2 Feed Restriction and Broiler Breeders Welfare  

Abstract  

Modern meat chickens or broilers have been intensively selected for high feed intake, 

growth rate and feed efficiency. However, these traits are not compatible for long term 

livability and reproductive performance. Therefore, the parent stock of broilers (broiler 

breeders) are feed-restricted throughout the production circle to avoid obesity related 

problems and to achieve optimal performance. Broiler breeders show signs of chronic 

hunger, lack of satiety and feeding frustration during rearing, and for this reason feeding 

management in broiler breeders is a major welfare concern for the poultry industry. The 

concept of welfare is moving towards an integrative framework in which the experience 

of positive affective states may balance the negative ones. For this reason, the 

development of alternative feeding strategies focuses on approaches that promote satiety 

and reduce hunger to enhance broiler breeder welfare. The following manuscript reviews 

positive and negative effects of current on-farm practices and alternative feeding 

strategies for broiler breeders and makes recommendations for future research. 

2.1 Introduction 

Meat chickens are known as broilers, and broilers have been selected for fast growth, 

feed efficiency and high feed intake. Broiler breeders are the parent stock of broilers and 

broiler breeders share the same genetic predisposition and potential as broilers for fast 

growth. Broilers are processed once they achieve the desired market body weight, 

typically before six weeks of age, but broiler breeders can remain in production for sixty 

weeks or more. Traits that are used to in selection schemes to optimize broiler 

performance have negative consequences for modern broiler breeders under ad libitum 

feeding. For this reason, broiler breeders are feed-restricted through the entire production 

cycle to avoid obesity-related problems (Mench, 2002; D’Eath et al., 2009). 

A controlled growth rate is achieved by feed restriction throughout the entire productive 

cycle. Feed restriction in broiler breeders provides nutrients to meet metabolic demands 
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and optimal skeletal development to reduce obesity-related problems. Nevertheless, 

current commercial feeding strategies for broiler breeders control growth rate by 

restricting feed allotment up to 43% of ad libitum feed intake (i.e., meal size [g]) for the 

same body weight during rearing. This chronic feed restriction leads to hunger, lack of 

satiety and feeding frustration (D’Eath et al., 2009; Kyriazakis and Tolkamp, 2011). The 

experience of such negative affective states raises welfare concerns about broiler breeder 

management (de Jong and Guémené, 2011). Yet, feed restriction for conventional broiler 

breeders reduces obesity-related problems and associated pain and suffering. This trade-

off between satisfying feeding motivation and maintaining a healthy body is referred to as 

‘the broiler breeder paradox’ (van Krimpen and de Jong, 2014). The disparity between 

health and behavioural needs has raised welfare concerns since the early 1960s in the 

poultry meat sector (Standlee et al., 1962), especially as artificial selection accelerates 

the growth rate of broilers (Sahraei, 2012; Collins et al., 2014). Therefore, the 

development of feeding strategies has focused on alternatives that control growth rate 

without the negative consequences of feed restriction.  

The development of alternative feeding strategies has focused on decreasing feeding 

motivation by increasing feeding duration and reducing voluntary feed intake. Alternative 

feeding strategies include qualitative (rationed or ad libitum) or quantitative feed 

restriction. Qualitative restriction refers to dietary caloric dilution, the inclusion of appetite 

suppressants, and the combination of both. Quantitative feed restriction limits the access 

to feed, which may involve altering the feeding frequency. Both feeding strategies 

provides benefits and limitations for broiler breeder welfare. The objective of this review 

is to present an overview of feeding management of broiler breeders. The manuscript 

starts with putting feed restriction into the perspective of the biology of modern broilers 

(regulation of feeding motivation, health and reproduction). Next, the implications of 

chronic feed restriction on broiler breeder welfare are discussed considering current 

understanding of animal welfare (its implications for a life worth living and broiler breeder 

emotions). Afterwards, the effect of alternative feeding strategies on broiler breeder 

welfare is reviewed based on dietary manipulations (especially the inclusion of fibrous 
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ingredients and appetite suppressants in qualitative restriction) and non-daily feeding 

frequency (non-daily quantitative feed restriction). This review ends with future 

recommendations for feeding management for broiler breeders.  

2.2 Why do broiler breeders have to be feed-restricted? 

Intensive genetic selection in broilers and improvement in poultry nutrition has resulted in 

extremely fast growth rates. Modern broilers can achieve target body weight (around 2123 

g) by 35 days of age (Aviagen, 2016a), and this remarkable growth performance is 

attributed to high feed intake, better feed efficiency and altered metabolism (Sahraei, 

2012). Moreover, a better understanding of poultry digestion has enabled the production 

of broiler diets that have high caloric content, and are well-balanced, palatable, and highly 

digestible (Ravindran et al., 2014). Therefore, the interaction among fast growth, feed 

efficiency and feed management are the main drivers1 behind the success in fast growth 

rate of current broilers.  

However, conventional broilers can develop metabolic disorders and health problems 

associated with achieving a market body weight in such a short period (Julian, 2005; 

Sahraei, 2012). Pathologies and health problems commonly described in broilers include 

cardiovascular problems, skeletal disorders (dysplasia), leg weakness and 

pododermatitis, and low immunocompetence ultimately resulting in sudden death 

syndrome (Bokkers and Koene, 2003; Bessei, 2006; Scanes, 2016). Indeed, fast growth 

rate is associated with higher mortality of broiler breeders under ad libitum feeding than 

under feed restriction (Katanbaf et al., 1989; Sahraei, 2012). Research from Katanbaf et 

al. (1989) noted that ad libitum fed broiler breeders had an increase in mortality starting 

around 4 kg in body weight, with a 50% mortality rate by 1 year. Ad libitum feeding in 

broiler breeders decreases livability and leads to excessive adipose tissue, resulting in 

                                            

1Additional enhancements in poultry success include management practices such as improvements in biosecurity, 

health, water supply, chick quality, environment conditions (ventilation, lighting, temperature and air quality 

[ammonia, CO2, dustiness]) and housing (stocking density and feeder and drinker space) that are beyond the scope 

of this review. 
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poor reproductive performance in females and males. Bruggeman et al. (1999) noted that 

feed restriction prior to development of reproductive organs was necessary to achieve 

optimal reproductive performance during lay. Equivalent results were reported by de Beer 

et al. (2009), and the authors found excellent reproductive performance of broiler 

breeders provided ad libitum access to feed until 6 weeks of age, with restriction 

thereafter. These results indicate that a controlled body weight gain is critical starting at 

7 weeks of age and throughout the entire production cycle. For this reason, uniform and 

controlled growth rate is necessary in broiler breeders to achieve an optimal and profitable 

reproductive performance by limiting calorie intake before gonadal development. 

2.2.1 Artificial selection 

Artificial selection of broilers intensified starting in the late 1950s, mainly driven by 

consumer acceptability and demand for poultry meat (Bessei, 2018). Over time, meat 

chickens have become more efficient while growing faster to achieve a market body 

weight at younger ages. The selection of broilers has dramatically changed modern meat 

chickens compared to previous meat chicken lines of the 1960s (Havenstein et al., 2003). 

The grandparents of broilers are mainly selected based on the 20% heaviest birds of the 

flock and good skeletal development at 3-5 weeks of age (Aviagen, 2011a). This selection 

criterion has altered feeding motivation, mediated by satiety and hunger mechanisms 

(Mench, 2002; Bokkers and Koene, 2003; van Krimpen and de Jong, 2014). In this 

manuscript, hunger is defined as the negative affective state that increases the likelihood 

to initiate feeding motivation, and satiety as the positive affective state that increases the 

likelihood to terminate feeding motivation (Kyriazakis and Tolkamp, 2011). Previous 

research indicated that satiety mechanisms are major drivers of feeding motivation rather 

than hunger mechanisms, leading to a high feed intake that exceeds nutritional 

requirements of broilers (Ferket and Gernat, 2006). Selection for feed intake and breast 

yield has also resulted in broilers that spend a lower proportion of their time walking 

compared to previous generations (Bokkers and Koene, 2003). The next sections review 

the effect of artificial selection of modern broilers on high feed intake mediated by feeding 

motivation, and on broiler anatomy and metabolism. 
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2.2.2 Feed formulation and management 

A critical piece in the improvement of feed efficiency is the understanding of feed 

formulation and feed processing to enhance digestibility and nutrient absorption (Leeson, 

2012). The principal improvement in broiler feeding relates to the development of highly 

digestible and high caloric diets, and enhancement in feed processing to promote GIT 

development and functioning (Ravindran, 2014). Such enhancements in broiler feeding 

management have focused on improving gastrointestinal health, on satisfying nutritional 

demands, and on overcoming limiting factors in poultry digestion to maximize growth rate.  

Broiler chickens can digest their full feed intake in three hours (Hetland and Svihus, 2001; 

Denbow, 2015). Fast transit time has been associated with relative low grinding activity 

in the gizzard, short gastrointestinal tract and low ceca functioning (Hetland et al., 2003; 

Jimenez-Moreno et al., 2009; Mateos et al., 2012). In addition, highly digestible diets 

decrease retention time for the same nutritional input. For example, corn and soybean 

meal are main ingredients in poultry diets due to their high digestibility and good balance 

of amino acids (Leeson, 2012). Palatability and particle size are also considered in feed 

formulation to uniformly optimize feed intake (Herrera et al., 2018). Furthermore, feed 

management is another main improvement in poultry feeding management and factors 

such as temperature, pressure, moisture and particle size during feed processing can 

improve ingredient digestibility and reduce anti-nutritional compounds, the burden of 

pathogenic organisms, selective feeding, and feed wastage (Leeson and Summers, 

2009). For these reasons, poultry nutrition has played a key role in achieving the genetic 

potential of broilers. Broiler diets are formulated to promote feed intake by feeding diets 

that are high-caloric, palatable, highly-digestible and easily accessible for the birds.  

The combination of strong predisposition for feeding motivation and high feed efficiency 

under ad libitum access to high quality diet leads to overfeeding or hyperphagia in broilers 

(Ferket and Gernat, 2006; Sahraei, 2012; Denbow and Cline, 2015). Excessive feed 

intake results in the lack of body weight within an optimal threshold, and fast growth rate 



9 

 

 

 

in broilers often leads to metabolic disorders and pathologies related to obesity (Bokker 

and Koene, 2003; Bessei, 2006; Sahraei, 2012).  

2.2.3 Consequences on the reproductive performance  

Overweight is associated with adverse consequences for broiler breeder health (Tolkamp 

and D’Eath, 2016). Overfeeding can result in cardiorespiratory problems, reduced 

locomotor abilities, reproductive problems, and high mortality (Julian, 2005; D’Eath, 2009; 

Tolkamp and D’Eath, 2016), all of which can be associated with the experience of 

negative affective states such as discomfort, pain, sickness and weakness (Mellor, 2016). 

Katanbaf et al. (1999) reported that mortality was seven times higher for ad libitum fed 

compared to restricted fed breeders. However, the main driver of feed restriction in broiler 

breeder is the poor reproductive performance under ad libitum feeding.  

Intense selection for meat production, coupled with ad libitum feeding, can have an 

adverse effect on the reproductive performance in broiler breeders (van Krimpen and de 

Jong, 2014). For example, Heck and colleagues (2004) indicated that the laying rate of 

broiler breeders was 1.5-3.2 times lower under ad libitum feeding compared to feed 

restriction. Reproductive dysfunction due to obesity affects both sexes (de Jong and 

Guémené, 2011). A heavy body weight of hens at sexual maturity has been linked with 

the high number of mature (yellow) follicles in the ovary, leading to problems establishing 

follicle hierarchy (van Krimpen and de Jong, 2014). Problems establishing hierarchy of 

the follicles in the ovary can result in higher incidences of double-yolks eggs (van Krimpen 

and de Jong, 2014). Heck et al. (2004) indicated that poorer reproductive performance of 

broiler breeders fed ad libitum was explained in part due to higher number of follicular 

hierarchies, higher number of mature follicles, and heavier residual ovary compared to 

feed-restricted broiler breeders. Chen et al. (2006) found that excessive adipose tissue 

was responsible for the poor reproductive performance in hens. In the case of roosters, 

heavy body weight has been associated with limited mating success and copulation, 

leading to low rates of fertility, hatchability and hatched-of-fertile (Mench, 2002).  
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A controlled growth rate limiting body weight gain is associated with an improvement in 

the development and functioning of the reproductive system. Feed restriction in broiler 

breeders reduced multiple ovulations, regulated follicle hierarchy, and improved mating 

success (Mench, 2002; Hocking, 2004). However, feed restriction level during rearing can 

also have an adverse effect on egg production due to chronic stress related to feed 

restriction (Jones and Boissy, 2011). In laying hens, stressful experiences can 

compromise laying rate (Barnett et al., 1994). The long-term effect of chronic stress during 

early life events on the reproductive performance is not as well studied (Naguid et al., 

2006; Burton and Metcalfe, 2014). Although mechanisms are unknown, plasma 

corticosterone could directly impact gonad functioning (Deviche et al., 2017). Feed 

restriction is coupled with improvement in egg production compared to ad libitum fed 

broiler breeders, but too severe of feed restriction during rearing can result in the same 

negative effect. Odihambo Mumma et al. (2004) demonstrated that elevated activation of 

the stress response (by infusion of adrenocorticotropic hormone [ACTH]) resulted in 

atresia in all treated hens, inhibition of laying rate and lowered oviduct weight compared 

to control laying hens. For this reason, feed restriction in broiler breeders is a common 

practice to optimize reproductive performance k, but the stress attributed to feed 

restriction during the development of sexual organs can negatively impact the 

reproduction performance of broiler breeders.  

2.3 Feeding motivation 

Feeding behaviour is a motivated behaviour that aims to satisfy a primary biological need 

(Kyriazakis and Tolkamp, 2011). Feeding behaviour is goal driven, and feeding motivation 

impacts the likelihood and intensity of feeding behaviour, which decrease as the goal is 

achieved (Mason and Bateson, 2009). The initiation and termination of feeding 

behaviours are controlled by positive and negative feedback, and the performance of the 

motivated behaviour, apart from the goal, is also relevant for the animal (Mason and 

Bateson, 2009). Like other motivated behaviours, the pattern of feeding behaviour is 

characterized by an appetitive and a consummatory phase (Mason and Bateson, 2009). 

The appetitive phase refers to goal-seeking behaviours such as foraging, scratching and 
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ground pecking, whereas the consummatory phase includes the accomplishment of the 

goal, ingestion. Both appetitive and consummatory phases are triggered by motivation 

and the performance of both phases may constitute behavioural needs for the animal 

(Duncan, 1998). 

Feeding motivation impacts feeding behaviour regulated by emotional states (Kyriazakis 

and Tolkamp, 2011; Tolkamp and D’Eath, 2016; Mason and Bateson, 2009). The central 

nervous system integrates feedback from external and internal factors into affective states 

to modify the intensity and the likelihood to initiate or terminate feeding behaviours 

(Gribble, 2012; Dunn et al., 2013; Lees et al., 2017). Internal factors include sensory and 

hormonal cues from the circulatory and gastrointestinal system that deliver information 

about feed intake and nutritional status, respectively, to the nervous central system 

(Ferket and Gernat, 2006; van Krimpen and de Jong, 2014). Such sensory factors 

modulate feeding behaviour, and feed intake is known to be affected by feed recognition 

(external factors), feed intake feedback (internal factors), and post-ingestive feedback 

(i.e., digestion and absorption internal factors) (Ferket and Gernat, 2006). External factors 

relate to sensory stimuli that impact the likelihood to start feeding behaviour (Ferket and 

Gernat, 2006). Thus, the integration between internal and external factors drives feeding 

motivation, triggering the initiation or termination of feeding behaviour (Mason and 

Bateson, 2009). However, the main internal mechanisms underlying feeding motivation 

and initiating feeding behaviour are unknown in modern broilers (Kyriazakis and Tolkamp, 

2011). The following section reviews factors involved in feeding motivation in poultry. 

Affective states drive motivational states (Fraser, 2009), and motivational states are 

characterized by three main components: the affective component, also referred to as 

feelings or affective states (valence); the behavioural component; and the 

neurophysiological component (Jones and Boissy, 2011). The valence of the affective 

state refers to whether the affective component is positive or negative (Fraser, 2009; 

Jones and Boissy, 2011). In this case, hunger is defined as a negative affective state and 

satiety as a positive affective state (D’Eath et al., 2009; Kyriazakis and Tolkamp, 2011). 

The behavioural component of a motivational state refers to the behavioural response to 
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the affective component, feeding behaviour. In this case, affective states (hunger and 

satiety) regulate feeding motivation and influence feeding behaviour (Kyriazakis and 

Tolkamp, 2011). Hunger plays a key role in meeting primary needs related to animal’s 

nutritional status (Kyriazakis and Tolkamp, 2011; Tolkamp and D’Eath, 2016). The feed 

allotment of feed-restricted broiler breeders aim to meet their nutritional needs (Aviagen, 

2016b, 2016c), but signs of chronic hunger are still evident at commercial feed restriction 

level. Thus, overfeeding in broilers/broiler breeders exceeds their nutritional demands, 

and the affective states that regulate feeding motivation go beyond nutritional needs. 

Indeed, hunger was assumed to be linearly associated with feed restriction, but this was 

not the case in meat chickens (de Jong et al., 2003). de Jong and colleagues (2003) 

reported that physiological signs of stress such as plasma corticosterone increased 

sharply to feed restriction higher than 50% of ad libitum, but variation was not significant 

between 70% and 90% of ad libitum. Yet, feed restriction was negatively associated with 

the display of comfort behaviours (de Jong et al., 2003). The feeling of hunger or lack of 

satiety (as assumed with increasing feed restriction) has been associated with the 

performance of object pecking (Hocking et al., 1996), a behaviour that covaries with the 

heterophil to lymphocyte ratio. Thus, physiological and behavioural outcomes are 

interpreted as affective experience of negative emotions due to feed restriction in broiler 

breeders. Certainly, these measures are welfare indicators because of their implied 

emotional valence (Olsson et al., 2011). Bokkers and Koene (2003) indicated that feeding 

motivation in broilers and broiler breeders is mainly driven by the lack of satiety rather 

than hunger. Such conclusion supports that undernourishment mechanisms are irrelevant 

at driving feeding motivation in broilers but internal factors stimulating feeding satiety are 

poorly understood. The subsequent section discusses the proposed internal and external 

factors related to satiety in feeding emotional states.  

2.3.1 Internal regulation of feeding behaviour 

The communication between the central nervous system and the gastrointestinal system 

functioning is mediated by neural and hormonal regulation (Ferket and Gernat, 2006; 

Gribble, 2012). Innervation and neurohormonal signals in the gastrointestinal tract provide 



13 

 

 

 

feedback about its activity as well as information about lumen content (Gribble, 2012). In 

addition, the sensory system is critical for regulating hormonal secretion by accessory 

organs and specific sections within the gastrointestinal tract, and gastrointestinal motility 

(feed retention and intestinal transit). The central nervous system integrates sensory 

output and nutritional status of the animal (Ferket and Gernat, 2006). The integration of 

internal signals permits the regulation of feeding behaviour, such as the frequency and 

length of feeding bouts and the interval between feeding bouts (Bokkers and Koene, 

2003). Under ad libitum feeding, the feeding behaviour and meal pattern can pinpoint 

whether feeding motivation is caused by hunger, satiety or the interaction between the 

two (Kyriazakis and Tolkamp, 2011). Howie et al. (2009) explained that faster growing 

broilers had a higher feed intake per feeder visit (larger meal size) and were less likely to 

start feeding behaviour after the last feeding bout (less meals per day) than slower 

growing broilers, which indicated that faster growing broilers were highly feed motivated 

(high feeding rate) compared to slow growing broilers (Howie et al., 2009). In agreement 

with these results, Bokkers and Koene (2003) found that the time prior to feeding 

governed the length of the feeding bout (preprandial), but not the time since the last meal 

(postprandial), in broilers, indicating that feeding behaviour is regulated by a satiety 

mechanism. In contrast, the length of a feeding bout in laying hens was determined by 

both, the time after and prior to the next meal (Bokkers and Koene, 2003). Results from 

both studies indicate that artificial selection has intensified feeding motivation in broilers, 

being mediated by satiety mechanisms rather than by hunger (Howie et al., 2009; Bokkers 

and Koene, 2003).  

There is evidence that modern fast-growing broilers might be less sensitive to satiety 

signals than their predecessors (Dunn et al., 2013). After feed intake, the sensory system 

in the GIT system provides feedback about the physical (volume) and chemical (nutrients) 

content in the lumen. Neuropeptide release in the basal hypothalamus generates 

orexigenic (appetite stimulating) and anorexigenic (appetite suppressing) effects in 

poultry (Dunn et al., 2013; Denbow and Cline, 2015; Lees et al., 2017). Lees and 

colleagues (2017) examined the effect of quantitative feed restriction (daily and non-daily) 
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on the mRNA expression of hypothalamic neuropeptides involved in the regulation of feed 

intake in the Red Junglefowl. They noted that the determining factors in the genetic 

expression of neuropeptides regulating feed intake were indicators of feed retention in 

the upper part of the gastrointestinal tract (GIT) and calorie storage. Dunn et al. (2013) 

demonstrated that fast-growing broilers are less responsive than a relatively slow growing 

broilers to satiety signals (CCK infusion) due to a lower prevalence of receptors (less 

mRNA expression and fewer number of cells immune responsive to CCK receptors) in 

the hippocampus (CCK receptors).  

Previous studies indicated that feeding motivation in current broiler strains can also be 

driven by physical and nutritional factors (in review: Ferket and Gernat, 2006). Modern 

broilers and broiler breeders often display high feed intake independent of nutritional or 

calorie intake (Ferket and Gernat, 2006). Consequently, physical satiety mechanisms are 

hypothesized to have a higher impact than undernourishment in the initiation and 

termination of feeding behaviour (van Krimpen and de Jong, 2014), but gastrointestinal 

signaling during the postprandial period also determines the interval between feeding 

bouts. The gastrointestinal system provides feedback about the feed intake and nutrient 

content in the luminal content, and luminal content is sensed by mechanoreceptors, 

chemoreceptors, and osmoreceptors in the GIT system (Ferket and Gernat, 2006; van 

Krimpen and de Jong, 2014). The combination of both (nutrient and content) regulates 

the GIT motility involving communication with the central nervous system (Ferket and 

Gernat, 2006; Gibble, 2012). Additionally, the endocrine system provides feedback about 

the nutritional status including plasma glucose homoeostasis, fat content and amino 

acid/peptide absorption (Ferket and Gernat, 2006). For this reason, theories highlighting 

sensory information from mechanoreceptors in the gastrointestinal tract and hormonal 

feedback about nutritional status are the main candidates to modulate feeding motivation. 

2.3.1.1 GIT distension 

The sensory system in the GIT informs about the meal size to regulate the GIT functioning 

and feeding motivation (Ferket and Gernat, 2006; Gribble, 2012; van Krimpen and de 
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Jong, 2014). Muscular distension in the crop and the gastrointestinal system is thought 

to reduce feeding motivation by negative feedback (Ferket and Gernat, 2006; van 

Krimpen and de Jong, 2014). A large feed allotment activates sensory mechanoreceptors 

imbedded in the smooth muscle of the crop (also present in the gizzard and duodenum; 

Ferket and Gernat, 2006). Mechanoreceptors in the GIT system also regulate GIT motility 

and intestinal transit (Ferket and Gernat, 2006). Therefore, GIT filling is hypothesized to 

reduce feeding motivation by inducing feelings of fullness (van Krimpen and de Jong, 

2014). For example, previous research indicated that fast-growing broiler breeders fed a 

diluted diet ad libitum had a growth rate similar to feed-restricted broiler breeders 

(Sandilands et al., 2005, 2006; Tolkamp et al., 2005). However, slow growth rate under 

ad libitum feeding with alternative diets does not imply that feeding motivation is lessened. 

Indeed, pullets cannot eat beyond their physical ability and GIT capacity can be a limiting 

factor despite remaining feeding motivation. For example, compensatory feeding after 

feed restriction peaked during the two days of ad libitum feeding, followed by a decrease 

until the fourth day of ad libitum feeding (de Jong et al., 2003). This result indicated that 

GIT capacity can be a limiting factor in compensatory feeding while feeding motivation 

can remain unsatisfied, in agreement with results in Pinchasov et al. (1984). Just how 

GIT distension reduces feeding motivation is unclear, as well as the extent by which the 

feeling of fullness relates to lower feeding motivation by satiety mechanism or negative 

feedback. 

2.3.1.2 Nutrient intake and nutritional status 

Feeding motivation is also affected by endocrine feedback involved in the digestion and 

metabolism of plasma glucose, lipid accumulation and gastrointestinal amino acids or 

peptides (reviewed in: Ferket and Gernat, 2006). During digestion, the sensory system in 

the GIT system provides feedback about the nutrient content in the lumen (Denbow and 

Cline, 2015). Communication between the gastrointestinal tract and the central nervous 

system involves hormones with hypothalamic receptors such as cholecystokinin (CCK), 

glucagon-like peptide-1 (GLP-1), glucose-dependent insulinotropic peptide (GIP) and 

peptide YY (PYY) (Gribble, 2012). Indeed, nutrient intake and luminal content can trigger 
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sensory stimulation by osmoreceptors and chemoreceptors (Denbow, 2015). For 

example, protein and lipid in the luminal content induce the release of CCK, and 

carbohydrates stimulate secretion of GLP-1 and GIP (Gribble, 2012). Thus, feeding 

motivation can be driven by caloric consumption of specific fat, carbohydrates and amino 

acids/peptides related to daily nutritional demands (Ferket and Gernat, 2006).  

Sensory feedback in the hypothalamus can control feeding motivation (Dunn et al., 2013; 

Lees et al., 2017), and low concentration of carbohydrates, amino acids/peptides and fat 

can result in hunger (Mason and Bateson, 2009). For this reason, other authors indicated 

that previous metabolites (glucose, amino acids/peptides and fatty acids) are internal 

factors that regulate the feed intake in meat chickens (Ferket and Gernat, 2006). 

The glucostatic theory explains that high and low concentrations of plasma glucose can 

lower or stimulate feeding intake under hepatic regulation (Ferket and Gernat, 2006). The 

liver regulates plasma glucose by endocrine pathways such as glucagon and insulin (de 

Beer et al., 2008). Glucagon and insulin are synthesized by the pancreas (Gribble, 2012), 

and the surge of glucagon and insulin match with low and high plasma glucose 

concentration, respectively (de Beer et al., 2008). In poultry, plasma concentrations of 

glucose can remain constant up to 72 hours of fasting (Belo et al., 1976) but it is the 

hepatic glucose input that is the main determinant in feeding motivation, according to the 

glucostatic theory. For this reason, elevated concentrations of glucose entering the liver 

can reduce feeding motivation mediated by hepatic insulin release (and the opposite for 

low concentrations of glucose under glucagon regulation). Ferket and Gernat (2006) 

noted that the glucostatic theory may prevail over others at explaining feeding intake in 

broilers due to its main function of satisfying calorie requirements.  

The feed intake in chickens can be also driven by protein intake to meet amino acid 

requirements (Ferket and Gernat, 2006). Protein-dependent regulation of feed intake has 

been suggested to be mediated by CCK signaling. Enteric epithelium secrets CCK under 

stimulation of luminal lipids and amino acids, and CCK is a duodenal peptide with 

receptors in the hypothalamus (Denbow, 2015). Stimulation of CCK receptors in the 
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hypothalamus reduces feed intake (Dunn et al., 2013). For this reason, protein digestion 

in the small intestine can result in the secretion of CCK by the duodenum, decreasing 

feeding motivation under regulation by central nervous system (CNS). For example, 

Hocking et al. (2002a) found that cumulative feed intake was lower in broiler breeders fed 

a high protein diet ad libitum compared to a low protein diet through the entire production 

cycle. On the other side, Dunn et al. (2013) indicated that fast-growing chickens had lower 

number of CCK receptors in the basal hippocampus compared to slow-growing broilers. 

However, intraperitoneal administration of CCK decreased feed intake in the fast-growing 

broilers (Dunn et al., 2013). These results indicate that feeding motivation in broilers can 

be influenced by dietary protein content, although fast-growing chickens might be less 

responsive to CCK signaling than slow-growing chickens. Moreover, Ferket and Gernat 

(2006) indicated the role of protein intake in the feed intake of broilers may be secondary 

to the glucostatic theory. Nevertheless, the relative impact of one theory upon another on 

feeding motivation is unknown in modern broiler strains.  

The lipostatic theory postulates that feeding motivation in broilers is driven to achieve a 

target fat content (Ferket and Gernat, 2006). In this case, the compensatory feeding in 

feed-restricted broilers/broiler breeder aims to develop adipose tissue. Although the effect 

of leptin on feeding motivation in avian species is unclear, results in broilers point toward 

an anorexigenic effect under central administration (Denbow and Cline, 2015). Chen et 

al. (2006) demonstrated that broiler breeder hens fed ad libitum were prone to 

hyperleptinemia (elevated plasma leptin concentration) but only in obese hens (excessive 

abdominal fat). Therefore, adipose tissue and circulating concentration of lipids can play 

a role in feed intake and compensatory feeding in feed-restricted meat chickens.  

This section highlighted the relevance of internal factors on feeding motivation regulated 

by physical and nutritional factors during feed intake, digestion and absorption. 

Bidirectional communication between the central nervous system and the gastrointestinal 

system is governed by signaling about animal digestion and nutritional status, involving 

feedback from the cephalic, gastric and intestinal phase (Ferket and Gernat, 2006; 

Gribble, 2012; van Krimpen and de Jong, 2014). However, whether such signaling related 
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to the nutritional condition corresponds with affective experience of hunger and satiety is 

yet unknown in meat poultry (Kyriazakis and Tolkamp, 2011). 

2.3.2 External factors causing feeding motivation 

Beside internal stimulation, external factors are also drivers of feeding motivation. 

Motivational states are relative to each other and animal behaviour typically functions to 

satisfy the highest motivational state (Mason and Bateson, 2009). Under predisposition 

for feeding motivation, external stimulation can trigger feeding behaviour. Visual cues play 

an important role in feed identification and birds are highly attracted by coloured feed 

items with wavelengths related to orange and blue lights (Ferket and Gernat, 2006). 

Social facilitation is another important elicitor of feeding motivation in chickens and 

feeding behaviour has been reported to be synchronized in flocks of birds fed ad libitum 

(Ferket and Gernat, 2006). These external factors increase feeding motivation and elicit 

feeding behaviour. Furthermore, external stimuli can decrease feeding motivation 

depending on internal feeding motivation. Cornelius et al. (2010) described the arousal 

effect of a feed-restricted neighbour in corticosterone concentration and activity levels of 

a pen mate according to whether the pen mate was fed ad libitum or feed-restricted, using 

a song bird species as research model (red crossbill [Loxia curvirostra]). The authors 

indicated that exposure to a feed motivated neighbour had an arousal effect 

(physiologically and behaviourally) on the focal bird, but only if the focal bird was feed-

restricted too (Cornelius et al., 2010). For this reason, feeding motivation is impacted by 

external factors depending on internal factors.  

2.3.3 Regulation of feeding behaviour 

The initiation and maintenance of the feeding behaviours are positively reinforced by 

positive feedback, and there is evidence that the performance of feeding behaviour (both 

the appetitive and the consummatory phase) is rewarding in itself. In the case of the 

appetitive phase, Hocking et al. (1996) reported that broilers fed ad libitum were prone to 

engage in foraging-like behaviours even when birds had free access to feed. For 

example, modern broilers spend around 40% of their time feeding or performing oral-
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related behaviours, depending on whether they are fed ad libitum or restricted, 

correspondingly (Hocking et al., 1996). These results indicate that there is also a 

behavioural need beside the motivational goal, and behaviours are maintained until the 

behavioural need is satisfied, a theory referred as behavioural satiety (Andrews et al., 

2015). Thus, feeding behaviour can persist if the behavioural satiety is not met. For this 

reason, positive feedback is responsible for the initiation and maintenance of the feeding 

behaviours and negative feedback regulates the termination of feeding behaviour. This 

regulation by positive and negative feedback is independent of the accomplishment of the 

goal and highlights a behavioural need for feeding behaviours than can persist after 

satisfaction of the motivational goal (feed ingestion).  

The interaction between internal and external factors modulates feeding motivation by 

satiety and emotional states. Internal factors such as plasma metabolite concentration, 

specific nutrients, gastrointestinal capacity and adipose tissue together with feed 

properties (palatability, particle size) and social facilitation impact feeding motivation. As 

well, feeding behaviour is regulated by positive and negative feedback and the 

performance of feeding behaviour itself can constitute a behavioural need to be satisfied.  

2.4 Feed restriction  

Ad libitum feeding of broilers is associated with fast growth rate, heavy body weight, high 

breast yield, and high adipose tissue. While broiler breeders are still predisposed to the 

same metabolic disorders and health problems as broilers, their severity and incidence 

can be mitigated by feed restriction (Bessei, 2006). Feed restriction limits calorie intake 

to meet nutritional requirements to support a healthy growth rate, avoiding the negative 

consequences of ad libitum feeding on health and biological functioning. Researchers 

have been investigating the effect of feed restriction on chickens since the 1950s, 

comparing the effect of caloric restriction to ad libitum calorie intake under high quality 

diets (Isaacks et al., 1960). Isaacks et al. (1960) examined the effect of feed restriction at 

30% of ad libitum feeding of a control and diluted diets with 6% oat hulls or rice hulls on 

broiler breeders. The authors concluded that sexual maturity was delayed under feed 
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restriction, which lead to an improvement in hatchability, although feed restriction was 

associated with a higher mortality (Isaacks et al., 1960). However, others reported 

improvements in the reproductive performance and lower mortality with feed restriction 

(Standlee et al., 1962). Decades later, Katanbaf et al. (1989) reported that mortality was 

seven times lower in feed-restricted broiler breeders compared to ad libitum feeding 

throughout the production circle, and Leeson and Summers (1982) indicated that broiler 

breeders reared to a faster growth rate than suggested by breeding guidelines had a 

lower laying rate persistency, higher body weight gain and lighter settable eggs. With 

these studies showing advantages to delaying sexual maturity on reproductive 

performance, Bruggeman et al. (1999) looked for a critical period during rearing at which 

feed restriction would provide the greatest advantage during lay performance. They found 

that feed restriction during mid rearing (7-15 weeks of age) achieved the highest 

cumulative egg production, while ad libitum feeding during this period yielded the lowest 

egg production (Bruggeman et al., 1999). These results supported the hypothesis that 

body composition prior to the development of the reproductive system determines 

performance during lay. Certainly, research from Hocking et al. (2002a) highlighted the 

negative effect of ad libitum feeding during rearing and lay on the reproductive 

performance (i.e., laying rate, fertility, embryo mortality and relationship between hatching 

egg weight and chick weight at hatch) compared to feed-restricted broiler breeders. Chen 

et al. (2006) determined that the negative consequences related to the reproductive 

performance (laying rate and ovulation) of broiler breeders are associated with excessive 

adipose tissue per se. However, whether alternative feeding strategies during rearing can 

limit the negative consequences of obesity-related problems on the reproduction 

performance for broiler breeders is unknown.  

Previous research highlighted the need for caloric feed restriction to maintain health in 

modern broiler breeders, and the level of feed restriction in the parent stock intensifies as 

broilers are continuously artificially selected for feed efficiency, fast growth rate and high 

feed intake. Figure 2.1 illustrates the current commercial feed restriction level in broiler 

breeders relative to the ad libitum feed intake of broilers for the same body weight, 
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according to breeding company performance outcomes for Ross 308 females (Aviagen, 

2016a, 2016c). Feeding restriction often starts after the first week of age. The feed 

restriction curve divides rearing into early (until 6 weeks of age), mid (from 7 to 15 weeks 

of age) and late rearing (from 16 to photostimulation/transfer to adult house weeks of 

age).  

Feed restriction in broiler breeders aims to achieve a mature body weight and optimal 

frame size, with a mature body composition (enough protein content at a reduced 

proportion of fat content) at a mature age prior to sexual maturation/development of the 

reproductive system (Leeson and Summers, 1982; de Beer and Coon, 2007, 2009; 

Renema et al., 2001a, 2001b; Zuidhof et al., 2015; Vignale et al., 2016). Van der Klein et 

al. (2016) examined the effect of early feed restriction in broilers, and either feed 

restriction during the second or third weeks of life could shape the allometric growth of 

breast muscle, fat pad and heart compared to ad libitum feeding. Indeed, feed restriction 

at 70% of ad libitum feed intake only at 1 week of age (8 to 14 days of age) decreased fat 

pad weight until 35 days of age compared to broilers fed ad libitum throughout rearing 

(van der Klein et al., 2016). Furthermore, early rearing is a sensitive period for the 

development of frame size (de Beer and Coon, 2007, 2009). Indeed, poor frame size can 

compromise egg size due to physical limitations. For this reason, broiler breeder chicks 

are often fed ad libitum during the first weeks of age or at a low feed restriction level as 

illustrated in Figure 2.1B. Additionally, the same rationale applies to the onset of non-daily 

feeding programs. Frame size is indirectly measured by looking at the length of shank 

and keel bones as well as the proportion of ash content to dry body weight (Leeson and 

Summers, 1985; Bennet and Leeson, 1989; de Beer and Coon, 2007, 2009; Zuidhof et 

al., 2015). Although research looking directly at the effect of skeletal size on the 

reproductive performance is limited, Leeson and Summers (1985) noted that broiler 

breeders reared under skip-a-day feeding had shorter keels and shanks during rearing 

and laid eggs with a lower eggshell quality during lay compared to those reared on daily 

feeding. de Beer and Coon (2009) noted that broilers breeders reared ad libitum until 6 

weeks of age had larger keels and shanks and higher body ash content than pullets under 
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other weekly feed restriction strategies (daily and non-daily [skip-a-day] feed restriction), 

and this was associated with heavy settable eggs during lay. Thus, feed restriction 

management during early development can impact the growth rate, body composition and 

the development of skeletal size leading to long-term consequences during lay.  

Mid rearing is a critical period to control body weight gain (Bruggeman et al., 1999), and 

for this reason, feed restriction level is the highest during this phase (Figure 2.1B). 

Bruggeman et al. (1999) indicated that unknown factors during mid rearing can 

compromise future laying performance, and they proposed that such factors would 

modulate the communication between the pituitary and gonads. Indeed, excessive 

adipose tissue can interfere with the endocrine regulation of the hypothalamus-pituitary-

gonadal axis, with the reproductive organs less sensitive to pituitary-released sexual 

hormones (LH and FSH) in obese pullets. These results point toward the crucial role of 

feeding management during mid rearing to limit the development of adipose tissue.  

Late rearing is important for the development of the reproductive organs (ovary and 

oviduct) and (moderate) adipose tissue to support laying rate. Bruggeman et al. (1999) 

indicated that sexual maturation started during late rearing in broiler breeders, and feed 

restriction during this period can shape the development of the sexual organs. Indeed, 

feed restriction level can delay sexual maturation and the onset of laying according to 

growth rate (Bruggeman et al., 1999; Renema et al., 2001a; Heck et al., 2004). 

Furthermore, chronic stress during sexual maturation may have carry-over effects during 

lay (Odihambo Mumma et al., 2004; Deviche et al., 2017). Thus, the feed restriction level 

also lessens at the end of rearing phase to reduce stress related to feed restriction (Figure 

2.1B). Feeding management during late rearing can directly impact the development of 

the reproductive organs leading to long-lasting effect on the reproductive performance 

(Bruggeman et al., 1999), but the achievement of a lean body weight and the avoidance 

of excessive fat deposition prior to sexual maturation (and the development of the 

reproductive system) is the determinant to meet optimal performance during the laying 

phase. Overall, feeding management during the three phases of rearing opens the 
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window for independent long-term effects on performance (from ovulation to 

consequences for offspring).  

Feed restriction during the rearing phase of broiler breeder is a major concern from a 

welfare perspective. During the lay phase, feeding duration increases up to three hours 

during the peak of egg production and above two hours onwards until the end of 

production at 60 weeks of age (de Jong et al., 2005). However, broiler breeder hens and 

roosters remain feed-restricted during laying to maintain an optimal and profitable the 

reproductive performance (Hocking et al., 2002a), although the performance of 

behavioural signs of chronic feed restriction and feeding frustration generally decreases 

during lay under commercial feed restriction programs. For example, Sandilands et al. 

(2005) observed that hens performed a lower proportion of time in oral behaviours during 

lay than rearing, partly driven by a lower engagement in litter and object pecking. As well, 

van Emous et al. (2015b) reported a reduction of object pecking by 7 times from rearing 

to lay and feather pecking was barely observed through laying. Equivalent results are 

presented in de Jong et al. (2005). For this reason, welfare concerns in broiler breeder 

production mainly relates to the rearing phase.  

2.4.1 Behavioural signs of feed restriction 

Pullets under quantitative feeding restriction often display foraging-related behaviours 

after the consumption of their daily feed allotment, probably due to unfulfilled feeding 

motivation (Mench, 2002; Tolkamp and D’Eath, 2016). Unsatisfied feeding motivation 

leads to the performance of both appetitive phase (feed seeking behaviours) and 

consummatory feeding behaviours (ingestion). For example, Dixon et al. (2014) reported 

that feed-restricted pullets are highly motivated to perform feed seeking behaviours (the 

appetitive phase of feeding) and pullets crossed a water barrier (an aversive condition) to 

get access to an arena to perform scratching and foraging. Under commercial conditions, 

the consumption of water, feathers and litter may alleviate hunger in feed-restricted broiler 

breeders (Savory et al., 1992; Hocking et al., 2006; Roza et al., 2006). Overdrinking 

(polydipsia) is often observed in feed-restricted broiler breeders during the morning 



24 

 

 

 

(Savory et al., 1992), and Hocking et al. (2001) reported that increasing feed restriction 

level resulted in a non-linear increase in water intake and drinking behaviour. Feathers 

and bedding in the GIT act as a gut filler and previous research indicated the motivation 

of (layer) pullets for feather eating can enhance GIT functioning (Harlander-Matauschek 

et al., 2006a, 2006b; Harlander-Matauschek and Feise, 2009). Harlander-Matauschek 

and Bessei (2005) observed that feather eating enlarged crop size in laying hens. 

Although information about feather eating in broiler breeders is scarce, crop enlargement 

is related with an experience of satiety (van Krimpen and de Jong, 2014). As well, 

previous studies in feed-restricted broiler breeders reported higher activity and 

restlessness (Hocking et al., 2001). For this reason, hyperactivity, restlessness and an 

increase in foraging behaviours (appetitive and consummatory phase) are interpreted as 

unfulfilled feeding motivation (Savory and Maros, 1993; Savory et al., 1996; Sandilands 

et al., 2005). 

Broiler breeder pullets are motivated to engage in oral-related behaviours (appetitive and 

consummatory phase) either under ad libitum or feed-restriction (Hocking et al., 1996; 

2001; 2006). The constraint to perform foraging behaviours, either feed-seeking or 

feeding, can result in the performance of oral-redirected behaviour toward feeders, 

drinkers, feather and other objects (D’Eath et al., 2009; Tolkamp and D’Eath, 2016). Oral 

redirected behaviours refer to modified versions of normal feeding behaviour to 

behavioural restriction in the environment (Kyriazakis and Tolkamp, 2011). Moreover, 

frustration results in the performance of displacement behaviours such as aggressive 

behaviour and preening (Duncan and Wood-Gush, 1971, 1972; Duncan, 1998). 

Redirected feeding behaviours or displacement activities can become abnormal and 

stereotypic in their pattern resulting in abnormal repetitive behaviours (Kelley and Garcia, 

2010; Mason and Burn, 2011; Olsson et al., 2011). The development of abnormal and 

stereotypic behaviour arises under suboptimal conditions such as chronic feed restriction 

due to deprivation of motivational states (Mason and Bateson, 2009).  
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2.4.1.1 Oral-redirected behaviours 

Feed restriction can lead to the sensation of hunger and lack of satiety, triggering the 

display of oral-redirected behaviours (Mench, 2002). Feed-restricted broiler breeders 

often display pecking activity redirected toward objects such as empty feeders, drinkers, 

walls and feathers (Hocking et al., 2001). Broiler breeder pullets under commercial feed 

restriction can spend around half of their time in oral-redirected behaviours after feeding 

(de Jong et al., 2005). Both Savory et al. (1996) and Hocking et al. (2001, 2006) noted 

that rising levels of feed restriction were associated with increasing object (spot and 

empty feeder pecking) and litter pecking. Furthermore, the performance of oral-redirected 

behaviours increases prior to being fed or after feeding if feeding motivation remains 

unsatisfied (Kyriazakis and Tolkamp, 2011). In the case of broiler breeders, empty feeder 

pecking is observed after feeding (van Emous et al., 2015b). For this reason, the 

performance of oral-redirected is interpreted as sign of hunger and lack of satiety due to 

remaining feeding motivation.  

2.4.1.2 Frustration  

Restriction of highly motivated behaviours, such as feeding behaviour, leads to frustration 

(Mason and Bateson, 2009; D’Eath et al., 2009). Frustration is the negative affective state 

due to unfulfilled motivation, and frustration causes the performance of displacement 

behaviours (Duncan, 1998). Duncan and Wood-Gush (1971, 1972) examined the 

behaviour of pullets under feeding frustrated (pullets were highly feed motivated, but 

feeder was covered with an acrylic sheet), and the authors observed that pullets under 

feeding frustration performed more aggressive behaviours (mainly threats) and preening 

under long-term and short-term frustration, respectively. Reduced feed allotment in feed-

restricted broiler breeders has been linked with increased aggressive behaviour (Savory 

et al., 1992; Mench, 2002) and feeding competition (de Jong and Guémené, 2011; Girard 

et al., 2017). Elevated frequency of aggressive behaviours can develop into injurious 

pecking (Savory et al., 1992) and result in poor body weight uniformity (Zuidhof et al., 

2015). For this reason, feed restriction can trigger the performance of displacement 
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behaviours (including aggressive behaviours and displacement preening) due to feeding 

frustration, indicating poor welfare and resulting in negative consequences in flock 

performance.  

2.4.1.3 Abnormal repetitive behaviours 

Feed restriction in broiler breeders has been previously described to increase activity and 

restlessness and oral-redirected behaviours. The performance of oral-redirected 

behaviours can become repetitive and with a fixed pattern because of persistent and 

severe feed restriction (Mench, 2002; Mason and Burn, 2011; Tolkamp and D’Eath, 

2016). The display of behaviours with a repetitive and fixed pattern that appears 

functionless is referred as stereotypic behaviour (Mason, 2006; Kelley and Garcia, 2010). 

From a welfare perspective, the performance of stereotypic behaviour develops under 

chronic deprivation of motivational states and is often loaded with negative connotation 

(Olsson et al., 2011). As well, the display of these stereotypic behaviours often develops 

from the modified version of normal behaviours due to unsatisfied motivational states 

(Kelley and Garcia, 2010), and the term abnormal repetitive behaviour (ARB) may be 

more appropriate in applied ethology (Mason, 2006; Mason and Bateson, 2009; Mellor et 

al., 2017). Indeed, stereotypic pecking toward drinkers, feathers and litter can result in 

health problems such as foot lesions and hock burns (due to elevated litter moisture), 

injurious pecking and litter impaction in the GIT, respectively (Mench, 2002; Roza et al., 

2006), ultimately resulting in mortality in severe cases (Roza et al., 2006). The 

performance of ARBs may have de-arousal properties, and the proximate function of the 

performance of ARBs could be the release of endogenous opioids (Savory et al., 1993). 

Savory et al. (1993) found that administrating exogenous opioids reduced the 

performance of stereotypic pecking in a dose-dependent way. Therefore, the display of 

ARBs could induce the release of endogenous opioids followed by a decrease in the 

physiological stress response. Such positive reinforcement can result in a positive 

feedback that maintains the performance of the behaviour under suboptimal conditions, 

explaining the stereotypic pattern of the oral-redirected behaviour. For this reason, the 

performance of ARBs is an indicator of prolonged hunger in broiler breeders due to 
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chronic feed restriction during rearing, and performance of ARBs may have rewarding 

properties under suboptimal conditions (Valros and Hänninen, 2009). 

Previous studies described that broiler breeders under commercial feed restriction often 

engaged in ARBs, and the duration of ARBs has been positively correlated with feed 

restriction level (Savory et al., 1996; Hocking et al., 2001, 2006). Broiler breeders often 

display persistent pecking toward empty feeders, walls, drinkers, feathers and litter, 

although, physical limitations of the environment can shape the development of ARBs 

(Hocking et al., 2005). For example, Hocking et al. (2006) indicated that broiler breeder 

pullets spent 35% of their time in litter pecking, but broiler breeders reared on plastic 

slatted floors redirected a similar proportion of time toward feeders and conspecifics 

instead. The performance of ARBs in broiler breeders includes object pecking and feather 

pecking (gentle feather pecking and stereotypic preening). Increasing feed restriction 

levels in broiler breeders is associated with feather pecking, reflected in a loss of feather 

coverage (Morrissey et al., 2014a; 2014b; Campe et al., 2017; Girard et al., 2017). 

Feather pecking in broiler breeders refers to gentle feather pecking and stereotypic 

preening (Hocking et al., 2005). Gentle feather pecking and stereotypic preening may 

indicate a deviation from normal behaviours (Dixon et al., 2008). Gentle feather pecking 

is defined as acute pecking of feathers of another bird without the feather being removed 

or a reaction from the recipient bird (Hocking et al., 2005; Newberry et al., 2007; Dixon et 

al., 2008; de Jong et al., 2013). Using fixed action patterns in laying hens, Dixon et al. 

(2008) found that the performance of severe feather pecks was more closely related to 

foraging pecks (in duration, contact time and head fixation) compared to dustbathing 

pecks, novel object pecks and drinker pecks, whereas gentle feather pecks did not relate 

to any of these peck types. Dixon et al. (2008) proposed that gentle feather pecking in 

laying hens is associated with preening behaviour. The performance of stereotypic 

preening has been described as ‘self-pecking’ or ‘peck own tail’ (Nielsen et al., 2011). 

Preening involves three patterns (self-feather nipping, feather zipping and uropygial gland 

pecking) including different body areas in a preening bout, whereas stereotypic preening 

only refers to continuously self-pecking (only feather zipping) of a specific body area. 
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Stereotypic preening was observed in broiler breeder pullets under quantitative feed 

restriction in Nielsen et al. (2011). Feed restriction triggers the performance of feeding 

behaviours, oral-redirected behaviours and displacement behaviours that can become 

ARBs under persistent and severe feed restriction. Such behaviours are indicators of 

hunger, lack of satiety and frustration and denote poor welfare conditions. Indeed, the 

ontogeny of ARBs can last at least until optimal conditions are achieved2. Until then, 

continuous exposure to hunger and lack of satiety can be stressful for the individual. The 

next section examines the effect of feed restriction in broiler breeders on the stress 

response.   

2.4.2 Stress response 

Unfulfilled feeding motivation and frustration are threats to homeostasis due to unsatisfied 

internal stimulation that drive emotional states (Primrose et al., 2007). Unsatisfied 

accomplishment of the goal motivating feeding behaviour can be stressful and persistent 

stress can result in pathological consequences, known as distress. Such distress not only 

has deleterious effects on physical and psychological homeostasis of the animal, but also 

negatively affects the bird’s ability to cope with challenging situations (Keeling et al., 

2011). For this reason, indicators of the stress response can be used as animal welfare 

indicators under feed restriction and the following section considers the role of stress 

indicators in feed-restricted broiler breeders.   

The perception of a threating stimulus or failure to maintain internal homeostasis activates 

the stress response (Blas, 2015). The perception of the stressor activates a specific 

behavioural and physiological stress response (Veissier and Boissy, 2007), mediated by 

the hypothalamus-pituitary-adrenal (HPA) axis (Scanes, 2016). Indicators of the 

activation of the stress response include direct measures such as free plasma 

corticosterone (CORT) concentration or indirect measures such as haematological and 

                                            

2 However, the performance of ARBs can persist under a wider range of triggering stimuli and persist under 
optimal conditions, especially under chronic conditions during the ontogeny of ARBs (Olsson et al., 2011).  
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feather traits. The perception of negative experiences can stimulate the release of free 

CORT into the circulatory system (Mormède et al., 2007). The release of CORT by the 

adrenal glands can last from minutes to hours, and elevated plasma CORT concentration 

can persist after removal of the stressful stimulus (Blas, 2015). For this reason, CORT is 

considered a short-term welfare indicator and elevated concentrations of plasma CORT 

refer to poor welfare conditions (de Jong et al., 2003; Lynn et al., 2010). However, in the 

case of feed restriction, feed restriction at 50% of ad libitum feed intake may require 

metabolic arousal to maintain glucose homeostasis, and CORT concentration may co-

vary to regulate glucose concentration rather than representing an affective state 

attributed to feed restriction. Since CORT is a glucocorticoid hormone involved in the 

regulation of glucose and in the stress response (Scanes, 2016), the use of CORT as a 

welfare indicator for broiler breeders is criticized due to its dual role in psychological stress 

and metabolism (Scanes, 2016). For example, de Jong et al. (2003) reported that 

physiological signs of stress such as plasma corticosterone increased sharply when feed 

restriction was greater than 50% of ad libitum, but variation was not significant between 

70% to 90% restriction levels to ad libitum. de Jong et al. (2002) indicated that feed-

restricted broiler breeder had higher baseline CORT levels than those fed ad libitum. 

However, the authors also reported that CORT concentrations varied depending on age 

and time of day (based on the duration of feed restriction). For this reason, the value of 

plasma CORT concentration as welfare indicator is doubtful for broiler breeders. Another 

limitation of using plasma CORT as a welfare indicator is the poor sensitivity to the 

valence of stimulus (Mormède et al., 2007). Plasma CORT can increase under threating 

stimulus such as handling, but also during displacement of normal behaviours such as 

play or sexual behaviour. Therefore, care needs to be taken with the interpretation of 

CORT as a welfare indicator (de Jong et al., 2002; D’Eath et al., 2009; van Krimpen and 

de Jong, 2014).  

Haematological measures and feather traits are indirect measures of the stress response 

that can provide supplementary information about the perception of stressful conditions 

(Scanes, 2016; Jovani and Rohwer, 2017). The number of heterophils and basophils 
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relative to the number of lymphocytes are indirect measures of the stress response and 

considered long-term welfare indicators (Hocking et al., 1996; Gross and Siegel, 1983; 

Scanes, 2016). Haematological measures are often reported as the proportion of 

leucocytes as the heterophil/lymphocyte (H/L) ratio and as the basophil/lymphocyte (B/L) 

ratio. Under chronic stressful conditions, the H/L and B/L ratios increased due to higher 

frequencies of heterophils and basophils, and lower frequency of lymphocytes (Hocking 

et al., 1996; Savory et al., 1996; Hocking et al., 2001). For example, Odihambo Mumma 

et al. (2004) reported that activation of the physiological stress response by infusion of 

adrenocorticotropic hormone (ACTH) increased the H/L ratio from 0.34 to 1.35 in laying 

hens. Feed-restricted broiler breeders had a significantly higher H/L ratio (0.56-0.76) 

during mid rearing compared to ad libitum feeding (Hocking et al., 2001; Sandilands et 

al., 2006). As well, Hocking et al. (1996) indicated that CORT concentration matched an 

increase in the H/L ratio as feed restriction rose in broiler breeders. Furthermore, a high 

proportion of basophils (10%) is attributed to stressful conditions such as severe feed 

restriction in broiler breeders (Hocking et al., 2001; Savory et al., 1996).  

Feather traits (such as fault bars and feather growth) are potential indicators of 

psychological stressors under feed restriction (Whitmore and Marzluff, 1998; Strochlic 

and Romero, 2008). Feather fault bars are feather malformations attributed to stressful 

event as the feather grows, resulting in a translucent line perpendicular to rachis (King 

and Murphy, 1984; Jovani and Rohwer, 2017). For example, Murphy and colleague 

(1988) examined the effect of malnutrition on the development of fault bars by fasting 

white-crowned sparrows. The authors reported that around 40% of the individuals 

developed fault bars in their tail feathers, which may indicate individual susceptibility to 

fault bar-causing stressors (Murphy et al., 1988). Feather growth is also an indirect 

measure of stress response during feather development, and previous research 

highlighted that increasing endogenous and exogenous concentration of corticosterone 

increasingly compromised feather growth (Romero et al., 2005; Strochlic and Romero, 

2008; DesRoches et al., 2009). Compared to breeders fed ad libitum, those that are feed-

restricted have decreased wing feather development (length and weight) (Fisher, 2016). 
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Feather growth is also an indirect measure of body condition and nutritional status. 

Feathers are primarily synthesized from amino acids and therefore, feather weight is an 

indicator of protein availability as the feathers grow (Stilborn et al., 1997; Fisher et al., 

1999; Strochlic and Romero, 2008; DesRochers et al., 2009). Feather weight represents 

~5% of live broiler body weight (Stilborn et al., 1997; Fisher et al., 1999; Gous et al., 1999) 

at a different amino acid balance than the carcass (Stilborn et al., 1997). Broiler feather 

dry matter is 94% protein, and 50% of the amino acids in feather proteins are synthesized 

from essential amino acids (Stilborn et al., 1997). Therefore, lack of essential amino acids 

in the diet (or their metabolism) can be a limiting factor in feather growth (Leeson and 

Walsh, 2004). White-crowned sparrows fed a diet deficient in sulfur amino acids 

(methionine and cystine) or feed-restricted a control diet at 60% of ad libitum intake had 

lighter body feathers and wing feathers (primaries and secondaries) than sparrows fed a 

control diet ad libitum (Murphy et al., 1988). As well, Grubb and Cimprich (1990) observed 

a higher daily growth of tail feathers in birds that were feed supplemented compared to 

those without additional feed during winter, consistently across four species (Downy 

woodpecker, Carolina chickadee, Tufted titmouse and White-breasted nuthatch), even 

after accounting for initial feather growth and independent from previous records for the 

same follicle (in agreement with Grubb [1991] and Grubb and Vladimir [1994]). Other 

research indicated that exogenous and endogenous CORT can limit feather growth, 

probably due to proteolytic activity of CORT (Strochlic and Romero, 2008; DesRochers 

et al., 2009). For this reason, feather growth indirectly refers to amino acid bioavailability 

and amino acid utilization (referring to the proteolytic effect of stress hormones). 

Consequently, examining the effect on feather traits (the prevalence of fault bars and 

feather growth) can help to distinguish the role of plasma CORT as indicator of nutritional 

and psychological stress.   

2.5 Animal welfare and feed restriction 

Animal welfare science refers to the multidisciplinary study including physical and mental 

well-being (Gonyou, 1994). Animal welfare arose as an ethical concern about animal 

husbandry and management in agriculture some 200 years ago, although animal welfare 



32 

 

 

 

science is a relatively young scientific discipline (Duncan et al., 2006; Keeling et al., 2011; 

Broom, 2014). Public concern has focused on the experience of affective states by 

animals in artificial environments and whether management of animals is morally 

acceptable (Duncan et al., 2006; Keeling et al., 2011). In the case of broiler breeders, 

feed restriction is a main issue for animal welfare due to deprivation of feeding motivation 

resulting in hunger, lack of satiety and feeding frustration (Sandøe et al., 2014; van 

Krimpen and de Jong, 2014). On the other side, ad libitum feeding is associated with 

adverse consequences on broiler health. The impairment of broiler breeder welfare in 

relationship to feed access is referred as the broiler breeder paradox (de Jong and 

Guémené, 2011). Hence, ethical concerns arise in the feeding management whether 

birds are feed-restricted or not (de Jong and Guémené, 2011).  

The study of welfare has been always focused on assessing how animals experience 

their environment and management (Keeling et al., 2011). However, the concept of 

animal welfare has evolved from being primarily centred on the experience of negative 

states toward the idea that domestic animals deserve of a life worth living (Broom, 2014). 

The concept of welfare is described in the next section, and how the concept of animal 

welfare has moved from the idea that animals should be as free as possible of 

experiencing negative affective states toward a concept of quality of life (highlighting the 

experience of positive experiences).  

2.5.1 Affective states in animal welfare science 

The study of welfare science has been traditionally divided into three approaches: 

affective states, natural behaviour and biological functioning (Fraser, 2008), but some 

scientists propose that studies of animal welfare must provide evidence related to the 

animal’s affective state, independent of the approach (Gonyou, 1994; Duncan et al., 2006; 

Keeling et al., 2011).  

The affective state approach considers welfare to be the affective state of the animal 

under human management or under artificial husbandry (Duncan et al., 2006). This 

approach also takes into account the affective states in regard to animal’s physical and 
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psychological status (Duncan, 2005). In other words, welfare is about how the animal 

experiences a threat toward its homeostasis (either if its biological functioning is 

compromised or if the animal is unable to perform desired behaviours). Affective states 

have evolved to attain animals’ needs and improve evolutionary fitness (Duncan, 2005). 

Indeed, the experience of negative affective states can improve the short-term fitness of 

the animal by sustaining primary needs (survival-related), and positive affective states 

can enhance the long-term fitness of the animal by promoting secondary needs 

(maintenance and health-related) (Duncan, 2005; Mellor, 2016). Affective states cannot 

be directly assessed by current means, but the study of animal behaviour under human 

management (applied ethology) can instead provide insights about the affective states of 

animals (Gonyou, 1994; Duncan, 1998; Fraser, 2009). The study of applied animal 

behaviour in welfare aims to quantify the affective state, its intensity and its duration 

(Duncan, 2005).  

The natural behaviour approach examines if the animal is free to express a wide variety 

of behaviours that encompasses the ethogram of the species (Duncan et al., 2006; 

Keeling et al., 2011). As applied ethology gained relevance in welfare science and at 

solving behavioural problems in livestock management, the study of animal behaviour 

has focused on two main streams (complementary to each other): allowing the 

performance of normal behaviours, and behavioural needs (Gonyou, 1994). Artificial 

environments that enable the performance of natural behaviours are considered to 

alleviate distress and to promote welfare (Gonyou, 1994; Keeling et al., 2011). Further 

understanding of animal behaviour revealed that there are behaviours with an intrinsic 

value for the animal (Gonyou, 1994; Duncan, 1998). Indeed, there are goal driven 

behaviours for which the performance of the behaviour itself is imperative, in addition to 

the behaviour’s function (Gonyou, 1994). Thus, the performance of such behaviours has 

a value for the recipient and is referred to as a behavioural need (Gonyou, 1994; Duncan, 

1998). For example, chickens spent 35% of their time in foraging behaviour even under 

regular feeding (Dawkins, 1989). The concept of behavioural needs highlights the need 

to distance behaviours from their function because the performance of given behaviours 
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is reinforcing for the animal (Gonyou, 1994; Duncan, 1998; Broom, 2014). Inhibiting the 

performance of highly motivated behaviours compromises welfare and results in 

frustration (Duncan, 1998). For this reason, artificial housing and human management of 

animal should enable the performance of natural behaviours, but especially those 

behaviours that have an intrinsic value for the animal.  

The biological functioning approach focuses on whether the animal can meet its biological 

needs and maintain homeostasis, referring to whether the animal can grow, reproduce, 

survive, cope and maintain a healthy condition (Duncan et al., 2006). Coping strategies 

encompass a variety of behavioural, physiological, immunological, emotional and 

neurological components in order to maintain and achieve a proper biological functioning 

(Broom, 2014). For this reason, the stress response and the health condition are core 

components for the biological function of the animal. From an animal welfare perspective, 

the relevance of biological functioning relates to how the animal experiences a 

threatening stimulus or under unhealthy conditions (Veissier and Boissy, 2007). 

Welfare science has focused primarily on the effect of negative feelings, although positive 

feelings are now considered a key part of animal welfare. Positive emotions are highly 

reinforcing for the animal, and animals will actively engage behaviours that promote 

rewarding experiences (Duncan, 2005) and work to avoid negative ones (Mason and 

Bateson, 2009). For example, Buckley et al. (2012) reported that feed-restricted broiler 

breeders spent more time in the place conditioned with ad libitum feeding. These results 

provided scientific evidence that animal behaviours are more complex than instincts and 

highlighted the role of affective states (Broom, 2014).  

In the case of feed restriction, whether animals are hungry cannot be directly examined, 

but emotional states can be inferred through the animal’s behavioural response. Hunger 

initiates feeding behaviour until satiety is achieved, which then lowers feeding motivation 

(D’Eath et al., 2009). Thus, examining the likelihood and intensity of feeding behaviour 

allows for an estimate of feeding motivation and, thereby, the emotional states underlying 

the regulation of feeding motivation. In addition, unfulfilled feeding motivation increases 
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the likelihood to perform feeding behaviours and can result in redirected feeding 

behaviours and frustrated behaviours that ultimately could become abnormal repetitive 

behaviours.  

2.5.2 From ‘The Five Freedoms’ toward ‘Quality of Life’ 

In the 1960s, a committee put together a report outlining the five freedoms that are 

necessary for animal welfare: freedom from hunger and thirst; freedom from pain, injury 

and disease; freedom from discomfort; and freedom to express natural behaviour 

(Brambell Report, 1965). These ‘Five Freedoms’ and associated ‘Five Provisions’ are well 

established basic pillars in animal welfare and widely referenced in animal management 

guidelines (Mellor, 2016). The provisions indicate management guidelines to prevent the 

negative experiences in the Five Freedoms. However, complete ‘freedom’ from hunger, 

fear, and discomfort is attainable, as these negative states are sometimes necessary for 

biological functioning (i.e., hunger needed to ensure food is consumed). The 

misunderstanding related to the implementation of the Five Freedoms has led to the 

concept of Quality of Life being associated with animal welfare (Yeates, 2011). The 

Quality of Life concept explains that animals under human management should have a 

‘life worth living’, emphasizing that the positive experiences should outweigh the negative 

ones (Yeates, 2011). This framework for the assessment of animal welfare should be 

visualized as a threshold that ranges from ‘a good life’ to ‘a life not worth living’, with ‘a 

life worth living’, ‘point of balance’, and ‘a life not worth living’ in between (Yeates, 2011). 

The concept of Quality of Life highlights the relevance of both positive and negative 

affective states. The approach of promoting the experience of positive affective states is 

more practical than efforts just to avoid the experience of negative feelings (Mellor, 2016). 

Therefore, rather than neutralizing or abolishing negative experiences, efforts to promote 

animal welfare should focus on providing animals with opportunities to perform 

behaviours that allow the experience of positive affective states. 

One of the Five Provisions states that animals should be provided (as much as possible) 

with a diet that meets nutritional requirements and that promotes a healthy status of the 
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animal (Mellor, 2016). Another of the Five Provisions indicates that animals should be 

able to express natural behaviours. Both the Five Freedoms and the Five Provisions imply 

that nutritional and behavioural needs must be met to avoid hunger, lack of satiety and 

metabolic disorders (Kyriazakis and Tolkamp, 2011). However, there is a conflict between 

both freedoms (from hunger and from disease) in the case of broiler breeders (freedom 

from disease, in the case of metabolic diseases) (Keeling et al., 2011). The concept of 

quality of life emphasizes the relevance and promotion of positive affective states. 

However, constant hunger and lack of satiety in feed-restricted broiler breeders are not 

likely to be outweighed by the experience of positive affective states since hunger and 

lack of satiety are internal drivers of feeding motivation that refer to the primary needs of 

an animal (Duncan, 1998; Mellor, 2016). In line with this idea, Yeates (2011) suggested 

that welfare management decisions, such as breeding, should consider whether a specific 

breed is capable of having a life worth living (in relation with its environment). Thus, the 

improvement of the quality of life in modern broiler breeders has focused on the 

development of alternative feeding strategies to reduce feeding motivation by mitigating 

hunger and promoting satiety. 

2.6 Alternatives feeding strategies  

A controlled growth rate in broiler breeders is commonly achieved by restricting feed 

allotment to a small daily ration of high quality feed, referred as daily quantitative feed 

restriction. The development of alternative feeding strategies to daily quantitative feed 

restriction has focused on varying the feeding frequency of high quality diet or decreasing 

the quality of diets (Tolkamp and D’Eath, 2016). Alternative feeding strategies aim to 

increase feed allotment by using non-daily feeding schedules (non-daily quantitative feed 

restriction) or diluting dietary caloric content (qualitative restriction). Feeding strategies 

that increase feed allotment are suggested to increase GIT filling and feed retention 

compared to smaller feed allotments, and GIT content can reduce hunger and feeding 

frustration in broiler breeders due to muscle distension and nutrient intake (van Krimpen 

and de Jong, 2014). For this reason, an increase in feed allotment in non-daily feeding 

programs and qualitatively feed restriction are thought to promote welfare by reducing 
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hunger and promoting satiety. Controversially, off-feed time between on-feed days can 

last up to 48 hrs in non-daily feeding schedules (NFACC, 2016). From an animal welfare 

perspective and integrating the Quality of Life concept, the positive experience of on-feed 

days might outweigh the negative emotional states during off-feed days and this overall 

emotional balance ought to be relatively more positive than the emotional states induced 

by daily quantitative feed restriction. However, this hypothesis has not been tested. As 

well, the effect of non-daily quantitative feed restriction may be highly dependent on the 

bird’s perception of off-feed days, related to habituation and to predictability of feeding 

days. 

Dietary dilution in qualitative restriction can delay and reduce nutritional postprandial 

feedback, which might lead to metabolic hunger and lack of satiety (D’Eath et al., 2009). 

For this reason, the effect of qualitative restriction on broiler breeder welfare is 

controversial, in part due to the mechanisms driving satiety in modern broiler chickens. 

Alternatively, larger feed allotment under qualitatively feed restriction may satisfy the 

behavioural need for feeding behaviour better than daily quantitative feed restriction. 

Based on these considerations, both alternative feeding strategies are proposed to lower 

feeding motivation by independent mechanisms, with some limitations based on inducing 

a positive affective state.  

2.6.1 Quantitative feed restriction 

Quantitative feed restriction refers to the reduction in feed allotment of high quality diet 

(D’Eath et al., 2009). Restricted feed allotment in quantitative feed restriction includes 

daily and non-daily feeding programs. Non-daily feeding programs restrict daily feeding 

in exchange for feeding a larger feed allotment during on-feed days than daily feed 

restriction. Non-daily feeding programs start around one month of age, and off-feed time 

between on-feed days in current non-daily feeding schedules cannot exceed 48 hr in 

Canada (NFACC, 2016). This implies that off-feed days are non-consecutive. Quantitative 

feed restriction, daily and non-daily, often feeds high quality feed (~2.8 kcal/kg), with a 

set weekly feed allotment to reach target growth rate (de Beer and Coon, 2007; Zuidhof 
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et al., 2015). The feed allotment during on-feed days increases with the number of weekly 

off-feed days, and non-daily feeding programs vary based on the number of non-

consecutive weekly off-feed days. Higher feed allotment on on-feed days is thought to 

increase body weight uniformity due to more equal feed distribution in the feeder trough 

compared to daily quantitative feed restriction (Zuidhof et al., 2015). For this reason, non-

daily feed restriction is considered a common on-farm practice in North America to 

improve body weight uniformity. However, non-daily feed restriction is banned in EU 

countries (DEFRA, 2007) due to the perceived threat to animal welfare of not having a 

daily meal.  

2.6.1.1 Daily 

Daily quantitative feed restriction limits growth rate by providing a limited feed allotment 

(compared to ad libitum consumption) of high quality diet daily varying on pullets age 

(Figure 2.1). Frequently, pullets under daily quantitative feed restriction are observed 

performing oral-redirected behaviours, displacement behaviours and abnormal repetitive 

behaviours (Savory et al., 1992; Savory and Maros; 1993; Hocking et al., 1996; Savory 

et al., 1996; Sandilands et al., 2005), indicators of unsatisfied feeding motivation, feeding 

frustration and chronic feeding restriction. Previous research indicated that feed-restricted 

broiler breeders spent around a half their daily time budget engaged in oral-redirected 

behaviours (Hocking et al., 2001, 2006; de Jong et al., 2005; van Emous et al., 2015b). 

The performance of abnormal repetitive behaviours can also increase litter moisture and 

reduce feather coverage in the case drinker and feather pecking, respectively. Although 

daily feed allotment increases as pullets age (Figure 2.1B), modern broiler breeders 

receive such a limited feed allotment that they can consume their daily ration in less than 

20 minutes (Savory et al., 1993; Girard et al., 2016). Savory et al. (1993) indicated that 

feed-restricted broiler breeder pullets can consume their daily feed allotment in less than 

15 minutes after 4 weeks of age (at >75 g control feed/10 min), which is 2-3 times faster 

than broiler breeders fed ad libitum. Indeed, feeding competition spikes under conditions 

when feeder space is limited, and stocking densities are high (Ferket and Gernat, 2006). 

For this reason, a fast feeding rate is associated with low feed allotment and with feeding 
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competition. Feeding competition also results in elevated aggressive behaviours leading 

to negative consequences for the recipient and poor body weight uniformity (Zuidhof et 

al., 2015; Girard et al., 2017). Broiler breeders above the target body weight are likely to 

experience obesity-related problems (especially during lay) and broiler breeders below 

the recommended body weight may experience malnutrition. From a production 

standpoint, body weight uniformity is critical to ensure the flock simultaneously comes 

into lay, and produces broiler hatching eggs of similar weights, as desired by the broiler 

industry. At the flock level, poor body weight uniformity at the end of rearing has negative 

implications on the development of sex organs, for pullets either under or over target body 

weight. Zuidhof and colleagues (2015) looked at the effect of feeding management on 

body weight uniformity and segregating the flock by body weight (also referred to as 

grading) achieved a better body weight uniformity than scatter feeding (known as floor 

feeding of high quality pellets on the litter) or a control group, but scattering feeding 

improved body weight uniformity compared to the control by the end of rearing. Feed 

restriction level during the production cycle reduces as pullets approach to the onset of 

laying, and drops at the peak of egg production to satisfy nutritional demands for egg 

production (Figure 2.1). Thus, pullets above or below target body weight can differ in the 

mature body weight and body composition, leading to asynchronous laying rate and 

nutrient allowance. Therefore, the accomplishment of a good body weight uniformity 

(10%) is desirable to avoid welfare issues and to achieve an optimal performance during 

laying. Management practices such as grading, scattering feeding and pellet diets are 

common on-farm practices that aim to increase body weight uniformity (Hocking et al., 

2001; Ferket and Gernat, 2006; Sahraei, 2012; Zuidhof et al., 2015). Moreover, feeding 

strategies that increase feed allotment enable a more equal feed distribution and increase 

the chances of subordinate pullets/cockerels getting access to feeders. Thereby, non-

daily quantitative feed restriction is a common on-farm practice in North America to 

enhance body weight uniformity during rearing.   
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2.6.1.2 Non-daily feed restriction 

Non-daily quantitative feed restriction limits feed intake of a high quality diet by eliminating 

one or more non-consecutive feeding days per week in exchange for feeding larger feed 

allotments on on-feed days. Weekly feed allotment in quantitative feed restriction is 

similar between daily and non-daily feeding, but feed allotment is higher during on-feed 

days compared to daily feed restriction to compensate for off-feed days (de Beer and 

Coon, 2007, 2009). As well, non-daily feeding programs differ in their feeding frequency 

and on-farm non-daily feeding programs alter the number of on feed days depending on 

factors such as feed type, feeder space, strain of birds and growth rate, varying between 

5/2, 4/3 and skip-a-day schedules. The 5/2 schedule has five on-feed days and two non-

consecutive off-feed days per week, and feed allotment is 40% higher than daily 

quantitative feed restriction during on-feed days. The 4/3 schedule have four on-feed days 

per week and three non-consecutive off-feed days, and feed allotment increases to 75% 

extra feed during on-feed days compare with daily quantitative feed restriction. The skip-

a-day feeding schedule provides double recommended daily feed allotment every other 

day, with no feed provided on alternating days. In commercial broiler breeder houses, 

non-daily and daily feeding frequencies are commonly combined during the rearing phase 

based on flock age to achieve target growth rate and body weight uniformity. This feeding 

program is referred to as a graduated schedule. Under a graduated feeding schedule, the 

number of off-feed days increases during mid rearing before the development of 

reproductive system, followed by a decrease afterwards as pullets/cockerels approach to 

the sexual maturity. A graduated feeding schedule finishes with a daily feeding frequently 

at the end of the rearing phase. Non-daily quantitatively feed restriction is delayed until 

broiler breeder chicks are at least three weeks of age or older, depending on body weight 

uniformity (Bennett and Leeson, 1989; de Beer and Coon, 2007, 2009; Zuidhof et al., 

2015). In addition, non-daily feed restriction only applies to the rearing phase of broiler 

breeders due to negative impact of non-daily feeding during the laying phase of broiler 

breeders.  
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Compared to daily feed restriction, non-daily feed restriction is associated with lower 

feeding competition but lower feed efficiency (Leeson and Summers, 1985; Bennet and 

Leeson, 1989; de Beer and Coon, 2007, 2009; Zuidhof et al., 2015). Non-daily feed 

restriction is also associated with a leaner body, shorter keels (Leeson and Summers, 

1985) and shanks (de Beer and Coon, 2009), and lower body ash content (de Beer and 

Coon, 2007) compared to daily feed restriction. However, the effect of non-daily feeding 

schedules on the reproductive performance are unclear. de Beer and Coon (2009) reared 

broiler breeders on daily or non-daily feeding schedules to achieve similar body weights 

by the end of rearing. Broilers breeders reared ad libitum until 6 weeks of age had larger 

keels and shanks and higher body ash content than pullets that were feed-restricted (daily 

and non-daily [skip-a-day]), and had heavier settable eggs (de Beer and Coon, 2009). 

Similar results were reported in Leeson and Summers (1985); broiler breeders reared 

under skip-a-day feeding had shorter keels and shanks during rearing and laid eggs with 

a lower eggshell quality compared to those reared on a daily feeding. Moreover, non-daily 

feed restriction is well documented to be less feed efficient than daily (de Beer and Coon, 

2007, 2009; Zuidhof et al., 2015). However, feeding non-daily fed birds a larger weekly 

allotment to achieve a similar body weight as daily quantitative feed restriction reduces 

their reproductive performance (de Beer and Coon, 2007). This effect on reproductive 

performance was not observed when pullets were raised at the same weekly feed 

allotment between daily and non-daily feed restriction (de Beer and Coon, 2007). In 

addition, Zuidhof and colleagues (2015) noted that despite the slower growth rate in 

pullets fed non-daily, the body uniformity improved by the end of the rearing phase 

compared to pullets on the daily quantitative feed restriction. Similar numerical effects 

were reported by Bennett and Leeson (1989) and de Beer and Coon (2007, 2009). For 

this reason, non-daily quantitative feed restriction is frequently used by broiler breeder 

producers in North America, despite the practice being banned in the UK (DEFRA, 2007) 

and Denmark due to its perceived threat to animal welfare. While the practice is permitted 

in Canada (NFACC, 2016), the use of non-daily feeding programs is controversial and 

there is limited scientific data examining the effect of non-daily and daily feed restriction 

on broiler breeder welfare.  
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Morrissey and colleagues (2014a, 2014b) reported that non-daily feed restriction resulted 

in better feather coverage (an indirect measure of feather pecking) and similar 

behavioural indicators of feeding motivation to daily feed restriction. Looking at the 

expression of neuropeptides regulating feeding intake (orexigenic effect: AgRP and NPY, 

and anorexigenic: POMC), Lees et al. (2017) concluded that non-daily feeding (off-feed 

days every three days) did not increase feeding motivation compared to ad libitum feeding 

(while those fed daily did), but chickens were motived to feed during off-feed days. In line 

with these results and from a welfare perspective, novelty, suddenness and predictability 

are important parameters at evaluating the averseness of a threatening stimulus (Jones 

and Boissy, 2011). For this reason, predictability of feeding days under non-daily feeding 

is critical for feed-restricted broiler breeders. Previous research noted that pullets on an 

unpredictable feeding frequency performed more object pecking compared to pullets on 

a fixed feeding schedule throughout rearing (Girard et al., 2017). Thus, feeding 

predictability should be considered in feeding management of broiler breeders, especially 

when using non-daily feeding schedules (Lindholm et al., 2018).  

2.6.1.3 Limitations of quantitative feed restriction 

Behavioural and physiological indicators of chronic hunger highlight that feed restriction 

for broiler breeder pullets is considered severe during rearing (de Jong et al., 2005; Lees 

et al., 2017). Feeding motivation remains unsatisfied (as indicated by their high feed 

motivation and by behavioural signs of hunger) suggesting that pullets on a daily 

quantitative feed restriction program experience constant hunger, lack of satiety and 

frustration (Sandilands et al., 2005, 2006). Whilst non-daily fed broiler breeders can 

achieve a greater degree of satiety compared to daily feed-restricted pullets (Lees et al., 

2017), fasting up to 48 hrs is an ethical concern associated with non-daily feeding 

programs. On on-feed days, pullets may experience similar states of satiety as those fed 

ad libitum (according to the genetic expression of neuropeptides regulating feed intake), 

although feed motivation is high on off-feed days (Lees et al., 2017). For this reason, a 

larger feed allotment can promote broiler breeder welfare although non-daily feeding 

raises ethical concerns about feeding management for broiler breeders.   
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2.6.2 Qualitative restriction 

Qualitative restriction refers to a reduction in feed quality by diluting calorie content and 

by lowering palatability, and these diets are referred as alternative diets (D’Eath et al., 

2009). The formulation of alternative diets aims to reduce feeding motivation by 

increasing feed allotment, thereby increasing feeding duration and reducing voluntary 

feed intake (Tolkamp and D’Eath, 2016). For this reason, qualitative restriction is 

considered a more welfare-friendly alternative to quantitative feed restriction. Alternative 

diets can be fed ad libitum or rationed to control body weight gain (Sandilands et al., 2005, 

2006; Morrissey et al., 2014b). When provided ad libitum, alternative diets may not control 

growth rate to avoid obesity-related problems (Savory et al., 1996; Bruggeman et al., 

1999; Sandilands et al., 2005, 2006). For this reason, rationed feed allotment of 

alternative diets can ensure a lean body weight is achieved before the development of 

the reproductive organs (Morrissey et al., 2014b; Zuidhof et al., 2015; de los Mozos et al., 

2017).  

The effect of alternative diets for broiler breeder was first examined in the 1960s to 

improve the reproductive performance of the parent stock of broilers (Isaacks et al., 

1960). In two experiments, Isaacks et al. (1960) reported higher mortality with ad libitum 

feeding of a diet diluted at 20% with oatmeal as a fibrous source compared to restricted 

access to diets diluted with 6% fibrous ingredients (either oat hulls or rice hulls). A few 

decades later, feed restriction became an established on-farm feeding management 

practice (Katanbaf et al., 1989) and around 1990s, the development of alternative diets 

aimed to reduce the stressful consequences of feed restriction and hunger in broiler 

breeders (Savory et al., 1996; Hocking et al., 2001). Research from the 1990s examined 

the inclusion of caloric diluents such as fibrous ingredients (soluble and insoluble fibrous 

sources), appetite suppressants (monensin sodium and calcium propionate) and whole 

cereal. Savory et al. (1996) concluded that qualitative restriction could help to reduce 

rapid growth rate under ad libitum feeding, although excreta was greater and body weight 

uniformity was compromised. From a welfare perspective, the results were equivocal; 

Savory et al. (1996) reported that the performance of object pecking was reduced under 
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qualitative restriction, but pullets were still quite active and data on the stress response 

were inconclusive. For example, plasma CORT was higher for pullets on diets fed ad 

libitum with 40% soybean hulls and 50% sawdust and lower at 30% oat hulls (but not at 

60% oat hulls) compared to those that were quantitatively feed-restricted (Savory et al., 

1996). Therefore, qualitative restriction could alleviate chronic feed restriction, but pullets 

may still experience hunger even under ad libitum feeding of alternative diets.  

Beginning some 15 years ago, experimental alternative diets have been formulated to 

include dietary diluents and appetite suppressants (de Jong et al., 2005; Sandilands et 

al., 2005, 2006; Tolkamp et al., 2005) and the inclusion of dietary diluents has mainly 

centred on fibrous ingredients. The effect of dietary diluents on birds’ performance and 

welfare varies based on physical and chemical properties of the fibre and on the inclusion 

rate (Savory et al., 1996; Mateos et al., 2012). The inclusion of soluble fibres stimulates 

digesta viscosity, reduces GIT motility, and is thought to promote satiety due to high 

water-holding capacity (Taghipoor et al., 2014; van Krimpen and de Jong, 2014). 

However, high luminal viscosity can limit nutrient digestibility and absorption and can also 

result in wet litter, resulting in high prevalence and severity of pododermatitis and hock 

burns and poor air quality (Taghipoor et al., 2014). Insoluble fibres primarily promote 

gizzard activity and increase intestinal transit (Jimenez-Moreno et al., 2009; Taghipoor et 

al., 2014), but may increase excreta compared to quantitative feed restriction (Savory et 

al., 1996). Therefore, the overall implications for litter moisture should be considered. 

Previous research reported improvement in digestibility and nutrient utilization (Zuidhof 

et al., 2015), better water usage (lower water spillage, no overdrinking and higher excreta 

dry matter) (Sandilands et al., 2005), and enhancement of welfare indicators with feeding 

diets at a higher ratio of insoluble fibre to soluble fibre (Nielsen et al., 2011; Moradi et al., 

2013). For this reason, oat hulls have been the main fibrous ingredient in alternative diets 

for broiler breeders (Sandilands et al., 2005, 2006; Tolkamp et al., 2005; Zuidhof et al., 

2015), although the use of soybean hulls has increased recently (Morrissey et al., 2014a, 

2014b; de los Mozos et al., 2017). Within alternative diets, soybean hulls provide up to 

68% of the total dietary fibre, of which greater than 95% is insoluble (Bukhalter et al., 
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2001), and may aid GIT development (anatomically and promoting a healthy and stable 

microbiota) and GIT functioning (Leung et al., 2018). Despite these benefits, little scientific 

data is available about the implications of soybean hulls in poultry nutrition.  

The inclusion of appetite suppressants, such as calcium propionate, is often mixed with 

insoluble fibrous ingredients in alternative diets for broiler breeder pullets (Sandilands et 

al., 2006; Morrissey et al., 2014). The inclusion of calcium propionate has been proven to 

decrease feed intake in alternative diets feed ad libitum (Tolkamp et al., 2005, Sandilands 

et al., 2006) and calcium propionate is considered an appetite suppressant due to it 

inducing lower voluntary feed intake (Sandilands et al., 2005; Morrissey et al., 2014). 

Sandilands and colleagues (2006) showed that ad libitum feeding of a broiler breeder diet 

at increasing concentrations of calcium propionate can limit growth rate similar to 

quantitative feed restriction and Savory et al. (1996) reported that 5% calcium propionate 

in a control diet fed ad libitum was able to control body weight similar to target growth 

rate, although pullets avoided consuming feed with the calcium propionate diet if possible. 

Therefore, calcium propionate is suggested to decrease feeding motivation by lowering 

palatability (bitter taste), causing gastrointestinal discomfort or the combination of both 

(Savory et al., 1996; Nielsen et al., 2011). For this reason, the inclusion of appetite 

suppressant has been included in broiler breeder diets in combination with insoluble fibre 

ingredients, although the welfare consequences are unclear.  

D’Eath and colleagues (2009) reviewed the research comparing qualitative restriction 

versus daily quantitative feed restriction, and highlighted the benefits of alternative diets 

for the welfare of broiler breeders. Qualitative restriction allows broiler breeders to perform 

feeding behaviour for longer and to consume a larger feed allotment compared to daily 

quantitative feed restriction (Tolkamp et al., 2005; Sandilands et al., 2005, 2006; de los 

Mozos, et al., 2017). de Jong et al. (2005) reported that broiler breeders fed an alternative 

diet at 9% crude fibre showed a consistent lower feeding rate. As well, Nielsen et al. 

(2011) reported that inclusion of fibre decreased feeding rate and compensatory feed 

intake, but the inclusion of 20% alfalfa (an insoluble fibre) led to a greater compensatory 

feed intake than control and soluble fibre. Similarly, de los Mozos, et al. (2017) noted a 
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reduction in feeding rate and compensatory feeding with a 15% soybean hulls (insoluble 

fibre) diet compared to a control diet. Moreover, the effect of calcium propionate (itself 

and in combination with oat hulls) on reduced voluntary feed intake was observed in 

Tolkamp et al. (2005) and Sandilands et al. (2005, 2006). Overall, previous research 

points toward a reduction in feeding motivation under qualitative restriction, although 

differences among studies could be explained by the interaction between the 

insoluble/soluble ratio of ingredients and the inclusion rate. Longer feeding bouts can 

reduce the behavioural need for foraging behaviours and the intake of larger feed 

allotment is also likely to reduce feeding motivation. Alternative diets can alleviate the 

degree of feed restriction as well as feeding frustration and stress related to feed 

restriction (Tolkamp and D’Eath, 2016).  

As well, the performance of oral-redirected behaviours and abnormal repetitive 

behaviours decrease in birds fed alternative diets, either ad libitum or rationed, compared 

to control (Savory et al., 1996; de Jong et al., 2005; Sandilands et al., 2005; Nielsen et 

al., 2011). de Jong et al. (2005) noted that pullets fed a rationed alternative diet with high 

fibre content (90 g/kg) spent less time in object pecking than pullets on the control 

treatment, although moderate fibre content (65 g/kg) had no effect. Nielsen et al. (2011) 

reported that the performance of ARBs (stereotypic preening, gentle feather pecking and 

object pecking) was more frequent in pullets fed a control diet compared to pullets fed on 

two rationed alternative diets (at 42% and 37% dietary fibre). Others found that a rationed 

qualitative feed restriction program with 10% crude fibre delayed the performance of 

ARBs compared to a control diet (Tolkamp and D’Eath, 2016), which can be interpreted 

as the alternative diet decreasing feeding motivation and chronic stress, and 

subsequently improving welfare (Tolkamp and D’Eath, 2016). For this reason, qualitative 

restriction (either ad libitum [Sandilands et al., 2005, 2006] or restricted [de Jong et al., 

2005; Nielsen et al., 2011; Morrissey et al., 2014a]) is hypothesized to improve broiler 

breeder welfare without negative effect on growth rate or on body weight uniformity.  

The increase in daily feed allotment and the inclusion of fibrous ingredients can increase 

the development and functioning of the gastrointestinal system. For example, high feed 
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intake can lead to a temporary release of satiety hormones due to crop distention and 

high gizzard activity (van Krimpen and de Jong, 2014). Indeed, dietary inclusion of non-

digestible ingredients has been reported to have beneficial effects on gizzard functioning 

(Jimenez-Moreno et al., 2009; Mateos et al., 2012). As well, non-digestible components 

are a nutritional source for microbiota in the GIT, and alternative diets can promote and 

maintain a stable and healthy microbiotic ecosystem (Mench, 2002). For example, 

insoluble components of non-digestible ingredients are fermented in the caeca by GIT 

microbiota. A stable symbiotic microbiota and lower stress response positively promote 

GIT health by maintaining healthy microbiota and excluding pathogenic microbes via 

competitive exclusion. In addition, activation of the stress response by the host can induce 

the proliferation and release of pathogenic serotypes of Salmonella spp. (Freestone et 

al., 2007). Alleviation of chronic stress due to feed restriction can reduce the development 

of pathogenic microbes, and a stable host microbiota is a primary barrier against the 

colonization of the GIT by antigenic agents. Thus, alternative diets have been linked with 

improvement in birds’ welfare and benefits in the gastrointestinal system. 

Qualitative restriction is understood to promote broiler breeder welfare by reducing 

feeding motivation due to a larger feed allotment and longer feeding duration. Previous 

studies looking at the behaviour of broiler breeder indicated a mitigation of chronic hunger 

and feeding frustration under qualitative restriction. Nevertheless, physiological indicators 

might not be sensitive enough to assess the effect of alternative feeding strategies on the 

stress response (de Jong et al., 2005; Sandilands et al., 2005, 2006).  

2.6.2.1 Limitations of qualitative restriction 

The main concerns from a welfare perspective is whether alternative diets can satisfy 

internal factors underlying feeding motivation and whether the high inclusion rate of 

fibrous ingredients and appetite suppressants have a negative effect on the development 

of the gastrointestinal system. Bulky diets including fibrous ingredients may not fulfill 

nutrient and caloric requirements to satisfy feeding motivation, and pullets may still 

experience metabolic hunger even under alternative diets fed ad libitum (D’Eath et al., 
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2009; Dawkins and Layton, 2012). Thus, feeding motivation can persist until metabolic 

and caloric demands are met, even under alternative diets fed ad libitum (Savory et al., 

1996). de Jong et al. (2005) suggested that broiler breeders fed with an alternative diet 

might experience metabolic hunger due to the delay or lack of satiety signals because of 

the consumption of a low quality diet. As well, although alternative diets can be successful 

at reducing the proportion of time spent in oral-redirected behaviours and abnormal 

repetitive behaviours, qualitative restriction might not address the causal factors 

underlying feeding motivation in modern broiler breeders (de Jong and Guémené, 2011). 

Thus, feeding motivation may persist under ad libitum of alternative diets due to gut filling 

rather than satiety. In this case, feed intake can be constraint due to GIT capacity instead 

of tackling hunger mechanism, resulting in feeding frustration under ad libitum feeding. 

For this reason, the ability of the alternative diets to improve welfare is questionable if 

feeding motivation of broiler breeders is driven by the lack of satiety signals rather than 

gastrointestinal distension.  

Dietary diluents are fed up to 40% inclusion rate in alternative diet to alleviate chronic 

hunger of feed restriction (Savory et al., 1996; Sandilands et al., 2005, 2006; Morrissey 

et al., 2014b). However, high inclusion rate of dietary diluents and appetite suppressants 

can lead to pathological consequences (e.g.: intestinal impaction [Roza et al., 2006], 

abrasive effect [Mateos et al., 2012]), resulting in the experience of negative affective 

states such as malaise and gastrointestinal discomfort. High inclusion rates of dietary 

fibre ad libitum can result in intestinal perforation (Tolkamp et al., 2005). Moreover, 

appetite suppressants are often included in alternative diets to lower voluntary feed 

intake, and the inclusion of calcium propionate has been proposed to reduce voluntary 

feed intake partly by inducing a negative affective state post-digestion (Nielsen et al., 

2011). Indeed, Tolkamp et al. (2005) reported elevated prevalence of oral and gastric 

lesions, and crop thickening in broiler breeders fed a mash diet ad libitum at an increasing 

calcium propionate inclusion from 6% to 9% during rearing. For this reason, high inclusion 

rates of dietary diluents and appetite suppressants can result in negative consequences 

in the development and function of the GIT and welfare.  
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A larger feed allotment under qualitative restriction is thought to enable a more equal 

distribution of feed in feeder troughs, increasing the chances of subordinate birds to gain 

access to feed and resulting in a better body weight uniformity. However, the limited data 

available do not support this statement; Zuidhof et al. (2015) found that a larger feed 

allotment by qualitative restriction improved body weight uniformity. Certainly, individual 

responses toward diluent ingredients and appetite suppressants can compromise a 

uniform growth rate (Mench, 2002). Sandilands et al. (2006) indicated that increasing 

concentrations of oat hulls (at fixed and increasing inclusion rates of calcium propionate) 

are associated with poor body weight uniformity (>20%) under ad libitum feeding, 

probably due to individual variation in response to dietary diluents and the appetite 

suppressant. Buckley et al. (2011) indicated that feeding bout lasted for longer at 

increasing inclusion rates of calcium propionate compared to the control treatment, and 

individual variation was evident after inclusion rates higher than 5%. For this reason, the 

hypothesis that larger feed allotments would improve body weight uniformity may not hold 

true because of individual susceptibility to the inclusion of dietary diluents and appetite 

suppressants at high inclusion rate (Savory et al., 1996). 

Qualitative restriction is linked with an alleviation of hunger because of a reduction in the 

performance of oral-redirected behaviours and abnormal repetitive behaviours compared 

to daily quantitative feed restriction. These results are being interpreted as an 

improvement broiler breeder welfare due to lower feeding motivation. However, 

qualitative restriction may still result in metabolic hunger and elevated inclusion rates of 

dietary diluents and appetite suppressants may induce negative affective states. For this 

reason, the effect of qualitative restriction on welfare is ambiguous.  

2.7 Conclusion 

Feed restriction in broiler breeders is a significant welfare problem, as it causes chronic 

hunger. The development of alternative feeding strategies such as non-daily feed 

restriction and qualitative restriction may improve broiler breeder welfare by helping the 

breeders experience a greater feeling of satiety compared to daily quantitative feed 
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restriction. However, non-daily feeding raises ethical concerns related to off-feed days 

and whether qualitative restriction can mitigate the internal factors driving feeding 

motivation (metabolic hunger) is unclear. For this reason, future research examining 

whether pullets under qualitative restriction experience metabolic hunger and the effect 

of on- versus off-feed days on pullets under non-daily feed restriction can provide 

scientific information from which poultry industry can make recommendations to enhance 

broiler breeder welfare.  
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Figure 2.1 Commercial feed restriction level of Ross 308 broiler breeder females throughout the entire production cycle 
(A) and specifically during rearing (B). Feed restriction level was calculated based on feed allotment (g) for broiler breeder 
pullets (Aviagen, 2016c) by feed intake (meal size [g]) of female broilers for the same body weight (Aviagen, 2016a). 
Vertical red line separates rearing from laying phase at 23 weeks of age (A), and vertical dashed lines divided rearing 
phase in early, mid and late rearing at 7 and 15 weeks of age (B). 
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Preface 

Feed-restricted broiler breeders are known to be highly feed motivated, although the 

inclusion of dietary diluent (with and without appetite suppressants) has been reported to 

reduce feeding motivation. Yet, the mechanisms underlying the reduction in feeding 

motivation in broiler breeders under alternative feeding strategies is largely unknown. The 

following experimental design aimed to determine the role of alternative ingredients in 

alternative diets on feeding motivation of broiler breeders, and to identify whether feeding 

motivation is reduced because of post-ingestive mechanisms.  

In addition, feed-restricted broiler breeders often engage in foraging behaviour and 

feather pecking behaviour, especially gentle feather pecking, after feeding bouts. The 

function of gentle feather pecking is unclear, although the display of oral redirected 

behaviours is interpreted as a sign of chronic hunger and unsatisfied feeding motivation. 

Feed-restricted broiler breeders might consume feathers as an intestinal filler, although 

this hypothesis has not been examined. For this reason, the following experiment was 

designed to answer this question by looking at the motivation to consume feathers 

depending on feeding day in pullets fed non-daily and those under the inclusion of 

soybean hulls as insoluble dietary fibre. 

In order to interpret the welfare implications of alternative feeding strategies and to 

develop feeding management for broiler breeders that promote satiety, we must first 

understand the mechanisms involved in feeding motivation. For this reason, the following 

experiment was designed to answer this research question. 

Finally, a part of this project consisted of examining the effect of alternative feeding 

strategies on the prevalence and colonization of Salmonella spp., and for this reason, this 

research was done in cages (Chapters 3 and 4). However, the bacteriology analyses were 

negative, and these data were removed from the thesis. 
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3 The effect of alternative feeding strategies during rearing 
(from 3 to 12 weeks of age) on feeding motivation of 
broiler breeder pullets 

Abstract 

Broiler breeders, like their broiler progeny, are genetically predisposed for fast growth rate 

and high feed intake. Feeding broiler breeders ad libitum compromises their health and 

reproductive performance and broiler breeders are chronically feed-restricted throughout 

rearing to maintain health and performance. The development of alternative feeding 

strategies has been focused on reducing feeding motivation through the inclusion of 

dietary diluents and appetite suppressants, or non-daily feeding schedules that increase 

feeding duration. However, little is known about their synergistic effect of dietary diluents 

and appetite suppressant as well as the effect of non-daily feeding on feeding motivation 

compared to daily feeding. The objective of this study was to examine the effect of 

alternative ingredients (including a dietary diluent, appetite suppressant or both) in 

alternative diets and a fixed non-daily feeding frequency on the feeding motivation of 

broiler breeders. At 3 weeks of age, 180 Ross 308 pullets were allocated in pairs to 90 

cages fed with one of five isocaloric treatments: 1) daily control diet (control); 2) daily 

calcium propionate diet (CaP); 3) daily soybean hulls diet (SBH); 4) daily alternative diet 

(alternative) and 5) 4/3 control diet (four on-feed days; three non-consecutive off-feed 

days). The alternative diet included 40% soybean hulls and 1.4-3.2% calcium propionate, 

increasing as pullets aged. The same inclusion rate of calcium and soybean hulls was fed 

in the CaP and the SBH diets, respectively. Pullets were weighed and scored for feather 

coverage every week. The feed intake in 10 minutes was measured at 2, 3, 4, 8, 10 and 

11 weeks of age. Data were analysed using a linear mixed regression model, with cage 

nested in the model and age as a repeated measure. When pullets were naïve to the 

alternative diets, feed intake was the lowest with the combination of calcium propionate 

and soybean hulls at 3 (P<0.0001) but not at 8 weeks of age (P=0.37). However, only the 

inclusion of soybean hulls (alternative and SBH diet) and the 4/3 schedule resulted in a 

lower feed intake one week after habituation to dietary treatments compared to the daily 
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control diet (P=0.02). Our results looking at feeding motivation indicate that the inclusion 

of soybean hulls (in combination with calcium propionate) and the 4/3 schedule can 

reduce feeding motivation during early rearing compared to daily control diet, mediated 

in part, by post-ingestive feedback other than body condition. 

3.1 Introduction  

Broiler breeders are the parent stock of meat chickens, and both share the same 

predisposition for fast growth rate and high feed intake under ad libitum feeding (Bokkers 

and Koene, 2003; Sahraei, 2012). However, feeding modern broiler breeders to satiety 

can lead to obesity-related problems (Mench, 2002, D’Eath et al., 2009; van Krimpen and 

de Jong, 2014), and modern broiler breeders are feed-restricted during their rearing to 

control growth rate to avoid these obesity-related problems (Bessei, 2006). During 

rearing, broiler breeders often display behavioural signs of chronic hunger, lack of satiety 

and frustration (de Jong and Guémené, 2011) and pullets remain highly feed motivated 

(van Emous et al., 2015b). For example, broiler breeders can intake their daily feed 

allotment in less than 30 minutes after being fed (Savory and Maros, 1993; Girard et al., 

2017a). For this reason, the development of alternative feeding strategies has focused 

on decreasing the feeding motivation of broiler breeders by altering dietary components 

and feeding frequency.  

The formulation of alternative diets often includes dietary diluents, appetite suppressants, 

or the combination of both (Sandilands et al., 2005; Tolkamp et al., 2005; Sandilands et 

al., 2006; Morrissey et al., 2014). Dietary dilution with fibrous ingredients decreases 

nutrient and calorie density, and allows a higher feed allotment for the same daily caloric 

intake. One study found that inclusion of 10% cellulose (insoluble fibre) in a broiler 

breeder diet significantly increased the duration of feeding bouts compared to those fed 

a control diet (Moradi et al., 2013). de Jong et al. (2005) indicated that broiler breeders 

under rationed alternative diets had a lower compensatory feed intake compared to daily 

quantitative feed restriction, but still higher than pullets fed the control diet ad libitum. 

These results indicate that diluted diets can reduce feeding motivation compared to daily 
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quantitative feed restriction with a control diet, but that pullets are still feed motivated. In 

addition, the inclusion of appetite suppressants in alternative diets for broiler breeders 

can also be used to reduce feeding motivation by lowering voluntary feed intake (Tolkamp 

et al., 2005). Tolkamp et al. (2005) and Sandilands et al. (2006) reported that the inclusion 

of calcium propionate decreased voluntary feed intake (and body weight gain) in 

alternative diets for broiler breeders fed ad libitum. However, the mechanisms underlying 

the anorexic effect of calcium propionate have not been fully elucidated (Pinchasov and 

Elmaliah, 1993; Buckley et al., 2012).  

The combined effect of appetite suppressants (calcium propionate) and diet diluents 

(insoluble fibre: oat and soybean hulls) has been previously examined without negative 

impacts on the performance (body growth rate and body weight uniformity) of broiler 

breeders (Sandilands et al., 2005, 2006; Tolkamp et al., 2005; Morrissey et al., 2014a; 

2014b). However, there is a lack of empirical evidence on the synergistic effect of fibrous 

ingredients and appetite suppressants on feeding motivation and their implications for 

broiler breeder welfare. For example, Nielsen et al. (2011) suggested that calcium 

propionate can reduce voluntary feed intake via low palatability, intestinal discomfort or 

both rather than through promoting satiety. Alternatively, calcium propionate is an organic 

acid with growth promoter properties due to improvement in nutrient digestibility and 

absorption (Bonos et al. 2010; Khan and Iqbal, 2016). In this case, the reduction in 

voluntary feed intake might relate to an improvement in body condition and post-ingestive 

feedback, such as nutrient utilization. Certainly, feather growth is an indirect indicator of 

bird’s nutritional status and body condition, especially because amino acid bioavailability 

is a limiting factor in feather development (Leeson and Walsh, 2004). Feather traits can 

also provide information about the individual’s susceptibility to stress by looking at the 

presence of fault bars (Jovani and Rohwer, 2017). Fault bars are feather malformations 

characterized by translucent lines perpendicular to the rachis of the feather that develop 

due to experience of stress as the feather grows (King and Murphy, 1984; Jovani and 

Rohwer, 2017). For this reason, feather traits (such as feather development and fault 
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bars) can provide useful information to assess the effect of feeding strategies on feeding 

motivation regarding body condition and the stress response.  

Research into the effect of non-daily feeding schedule on the feeding motivation of broiler 

breeders is limited. However, previous research indicated that pullets on the non-daily 

feeding schedule (skip-a-day feeding) spent around 25% of their time in feeder pecking 

suggesting that pullets are still feed motivated regardless of the larger feed allotment 

during on-feed days (Morrissey et al., 2014b). In addition, pullets fed non-daily have been 

reported to consume litter substrate as an intestinal filler (Roza et al., 2006). In addition, 

unsatisfied feed motivation results in frustration, leading to a high frequency of aggressive 

behaviours toward other pullets and equipment (Kostal et al. 1992; Savory et al. 1996).    

The objective of this study was to examine the effect of alternative ingredients in 

alternative diets (including: soybean hulls [SBH] as a dietary diluent, calcium propionate 

[CaP] as an appetite suppressant, or both) and a fixed non-daily feeding frequency on the 

feeding motivation of broiler breeder pullets. Feeding motivation was assessed using a 

feed intake test (before and after habituation to dietary treatments), and a feather eating 

test was performed to assess whether pullets remained feed motivated after being fed. 

The combination of the dietary diluent and the appetite suppressant was hypothesized to 

decrease feed intake during feeding bouts compared to a control diet, fed daily or non-

daily. The feeding strategies that decrease feeding motivation were expected to reduce 

indicators of stress (lower number of fault bars) and frustration (better feather coverage 

and lower feeder damage), and to promote nutritional condition (higher growth rate and 

feather growth).  

3.2 Materials and Methods 

A total of 240 Ross 308 broiler breeder pullets were donated, courtesy of Aviagen (via 

Horizon Poultry, Hanover, Ontario, Canada), for this experiment and pullets were reared 

at the Arkell Poultry Research Station (Guelph, ON, Canada) from February 2017 to May 

2017. All the procedures used in this experiment were approved by the University of 
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Guelph’s Animal Care Committee (AUP # 3141) and were in accordance with the 

guidelines outlined by the Canadian Council for Animal Care (NFACC, 2016). 

3.2.1 Housing and management 

Chicks were infrared beak treated at the hatchery and vaccinated based on local 

recommendations and the health program in the research facility. Upon arrival, 180 chicks 

were housed in 45 cages (four chicks/cage at 10.3 chicks/m2) leaving one empty cage in 

between full cages. Two chicks/cage of similar body weight to each other were moved to 

the adjacent cages at 18 days of age. Chicks were pair housed from 3 to 6 weeks of age, 

and one pullet per cage was removed at six weeks of age for analysis (see below). 

Afterwards, pullets were singly housed until 12 weeks of age. Cages (76 cm wide, 51 cm 

deep, and 56 cm high) provided water ad libitum from a nipple drinker line with two nipples 

per cage and an independent trough feeder per cage (70 cm long, 8.5 cm wide and 9 cm 

deep) with 11 cm high visual partitions on both sides. Beginning at 2 weeks of age, one 

aluminum foil pan per cage (22 cm long, 11.5 cm wide and 6 cm deep) was used as an 

alternative feeder inside the trough feeder. Thus, feeder space decreased from 19 to 11 

cm/pullet at 2 weeks of age and increased to 22 cm/pullet after depopulation of half the 

birds at 6 weeks of age. Cage floor was covered with chick paper until 18 days. The room 

had a total of 96 cages distributed in two tiers with cages at both sides of each tier, and 

each cage tier had independent lighting.  

Environmental conditions were adjusted based on management guidelines from Aviagen 

(2013a). Room temperature started at 32ºC and linearly decreased to 22ºC by 6 weeks 

of age. Relative humidity remained around 25% during rearing. Lighting schedule was 

23D:1D at 100 lux on day 1, 12L:12D at 30 lux on day 4 until 2 weeks of age, and 8L:16D 

at 30 lux thereafter. Lights came on at 7:30 and pullets were fed 30 minutes later. Light 

intensity was measured at pullets’ level with an LED light meter (LT40, Extech, USA). 

Chicks were fed ad libitum for the first week and daily feed restriction started at 1 week 

of age. Feed allotment was calculated to achieve target growth rate (Aviagen, 2016c) and 

feed allotment for each pen was adjusted for mortality as it occurred. From 3 to 12 weeks 
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of age, pullets were fed one of four feeding strategies (i.e., treatments): (1) control diet 

fed daily (control), (2) calcium propionate diet fed daily (CaP), (3) soybean hulls diet fed 

daily (SBH), (4) alternatively diet fed daily (alternative), and (5) control diet fed on a 4/3 

schedule (see section 3.2.2.). All diets were fed crumble pellets using a Starter diet (small 

crumble) from 0 to 6 weeks of age and a Grower 1 diet (medium crumble) from 7 to 12 

weeks of age (Table 3.1).  

Management practices were consistent across treatments, and pullets were managed 

based on breeding company guidelines (Aviagen, 2013a). Chicks were individually 

identified with wing tags at 1 week of age (Ketchum Mfg. Co. Inc., Lake Luzerne, NY, 

USA), and individually weighed weekly. Pullets were selected based on 15% target body 

weight to maintain the coefficient of variation (CV) of body weight as low as possible by 

3 weeks of age (5.3%). In addition, pullets heavier than 200 g and 300 g at 1 and 2 weeks 

of age, respectively, were replaced by spare pullets from the same hatch that were within 

10% of the target body weight for each week. Pullets were checked twice per day and 

mortality was recorded as it occurred. 

Thirty additional pullets were housed in six cages within the same room and reared under 

the same feeding management as the control group. These pullets used as replacements 

for mortalities up to 3 weeks of age, and for a feed intake test (24 pullets) at 8 weeks of 

age (see section 3.2.3.3.). The effect of these additional cages was balanced in the 

experimental design.  

3.2.2 Experimental design  

The experimental design was a randomized block design with five treatments (see section 

3.2.1.) and nine replicates per treatment. Treatments comprised a combination of two 

factors (diet and feeding frequency). Cages were distributed in eight blocks (in which all 

treatments were represented at least once), controlling for location within the room (tier, 

side of the tier, top and bottom and neighbour treatment). Average initial body weight (± 

SD) was 336.5 ± 17.8 g at 3 weeks of age. 
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The control diet was formulated to meet nutritional requirements according to breeding 

company guidelines (Aviagen, 2016b). The control diet was used as a baseline diet for 

the formulation of the CaP, the SBH and the alternative diets. The CaP diet had an 

increasing concentration of calcium propionate at 1.44% and 3.19% in Starter and Grower 

periods, respectively. The SBH diet was a dilution of the control diet at 40% soybean hulls 

(fixed inclusion). The alternative diet had a combination of CaP and SBH at the same 

inclusion than the CaP and SBH diets (Table 3.1). The 4/3 feeding schedule had four 

fixed on-feed days and three fixed non-consecutive off-feed days per week. Feed 

allotment (g) was calculated so all treatments provided the same apparent metabolizable 

energy per week as the control. Pullets fed the control and CaP diet had the same feed 

allotment, but pullets on the SBH and alternative had an increased feed allotment of 43% 

and 33% in Starter and Grower diet, respectively. During the four on-feed days, pullets 

on a 4/3 feeding frequency had an additional daily feed allotment of 75%. Diets were 

formulated to be iso-nutrient for the same caloric allowance, but overall the proportion of 

crude protein in Starter and Grower diet was 1.05% and 2.61% higher for the alternative 

and SBH diet, respectively, than the control diet throughout rearing (Table 3.1).  

3.2.3 Data collection 

3.2.3.1 Body weight and body weight uniformity 

Pullets were weighed weekly starting at 1 week of age. Body weight was measured on 

on-feed days after consumption of daily feed allotment. Body weight uniformity was 

determined as the coefficient of variation (CV) and calculated by dividing the standard 

deviation of the two adjacent cages that received the same treatment by the average 

body weight of both cages. Pullets were individually housed after depopulation at six 

weeks of age and the effect of the treatments on body weight uniformity was examined 

at the treatment level from 6 to 12 weeks of age.  

3.2.3.2 Feather coverage and feather traits 

All pullets were scored for feather coverage every week starting at 2 until 12 weeks of 

age by the same observer as described in Table 3.3. Six body areas were assessed 
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including head, neck, back, vent, wing and tail (Morrissey et al., 2014b), and results from 

the six areas were summed together to result in a total body feather coverage score from 

0 to 30, with 30 being the worst feather coverage. High scores indicate poor feather 

coverage and the presence of a skin lesion(s). Skin lesions refer to tissue damage, 

bleeding and coagulated injures and haematoma. Bleeding follicles fell within this 

definition. The presence of skin lesions was also recorded in a yes/no basis and reported 

as the percentage of pullets with skin lesions divided by the number of pullets assessed.  

One wing feather was collected per pullet at 6 and 12 weeks of age, and two tail feathers 

per pullet at 12 weeks of age. The left primary 8 (P8, the third outermost wing feather) 

and the rectrix 1 (R1, middle of the tail feathers) were selected as the representative of 

the wing and tail feathers, correspondently. As the wing feather grew, a line was drawn 

using a permanent marker on the rachis of the wing feather as a reference mark to 

quantify growth rate at 3 and 6 weeks of age. The wing feather was cut from the pullets 

after being depopulated at 6 weeks of age, and the complete wing and tail feathers were 

plucked post-mortem at 12 week of age. Feathers were blindly labelled with pullet’s wing 

tag number and were analysed for the presence of fault bars, and feather weight and 

length. Fault bars were viewed macroscopically against the light and categorized 

according to their length and severity as acute (<5 mm), moderate (≥ 5 mm), and severe 

(≥ 5 mm and broken barbules on the fault bar). A milligram scale (Ohaus E01140 nearest 

at 0.1 mg) was used to weigh feathers and a digital caliper (Mitutoyo Absolute Digimatic 

calipers nearest at 0.01 mm) used to determine feather length during the time period 

when treatments were fed. The number of fault bars was counted per feather and feather 

growth rate was estimated by dividing its length and weight by the number of days the 

feather grew. In chickens, wing feathers started to grow before hatch, and initial feather 

growth rate until treatments started was estimated for wing feathers. In addition, complete 

feather length and weight were recorded from wing and tail feathers collected at 12 week 

of age. Broken and very dirty feathers were excluded. 
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3.2.3.3 Behavioural tests 

The effect of diet and feeding frequency on feather eating motivation and feeding 

motivation was estimated in their home cage by a feather eating test and feed intake 

tests, respectively. Pullets were tested in a feather eating test and a feed intake test at 2 

weeks of age (before treatments began).   

3.2.3.3.1 Feed intake test: prior to previous experience 

The feed intake test was conducted at 3 weeks of age on the first day treatments began 

(i.e., pullets were naïve to the dietary treatments). Pullets in all treatments were tested in 

pairs at their respective feed allotment (see section 3.2.2.) and this test was performed 

on an on-feed day for pullets on the 4/3 control diet. Feed intake was measure 10 min 

after being fed. Results of the feed intake test are presented as the relative feed intake 

(%). The relative feed intake was calculated as feed intake in 10 min (g) divided by initial 

body weight (g).  

At 8 weeks of age, an additional subsample of 24 pullets (see section 3.2.1) naïve to the 

experimental diets were tested. Pullets were selected based on body weight to avoid 

confounding among treatments. The chosen pullets were individually located into new 

cages adjacent to the other experimental cages. Four pullets from the same home cage 

were simultaneously tested with one of the four diets. Cage location was considered in 

the design and the four diets were fed at different cage locations within the room. The 

same feed intake test protocol as above was followed but this time feed allotment was 

set at 100 g for all treatments. Data from the feed intake test was independently analysed 

for each subsample of pullets at 3 and 8 weeks of age.  

3.2.3.3.2 Feed intake test: after habituation  

The feed intake was estimated for 10 min at 2, 4, 8, 10 and 11 weeks of age on two non-

consecutive feeding days, including on- and off-feed days. Pullets in all treatments were 

tested at their respective feed allotment (see section 3.2.2.), and the order of feeding days 

alternated depending on the week to avoid predictability. Pullets were fed their home diet 
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at their daily feed allotment at regular feed provision time (8:00), and pullets on the 4/3 

schedule were not fed on off-feed days. Results of the feed intake test are shown as the 

relative feed intake (%), calculated by dividing feed intake in 10 min (g) by initial body 

weight (g). 

3.2.3.3.3 Feather eating test 

The feather eating test was performed at 2, 4, 7, 9 and 11 weeks of age on two non-

consecutive days, including on- and off-feed days. The order of feeding days alternated 

depending on the week to avoid predictability. The feather eating test was carried out for 

24-hour time window without a habituation period prior to testing. Neck feathers (hackles) 

from dead adult laying roosters were chosen for the feather eating test, and feathers were 

pasteurized at 80º C for 2 hours. Ten feathers were placed outside the cage in the 

aluminum foil pan feeders and remaining feathers were counted 24 hours after delivery. 

The proportion of feather consumption was determined by dividing the number of feathers 

that were eaten by the total number of feathers provided. Manure belts were checked for 

the presence of adult rooster feathers, and these feathers were not considered to be 

consumed.  

3.2.3.4 Feeder damage 

At 12 weeks of age, aluminum foil pan feeders were labelled with the cage number and 

collected for analysis. Feeders were observed against light to visualize feeder damage, 

and the number of holes were counted and classified based on their area as small (less 

than 1.5 cm2), medium (equal or larger than 1.5 cm2 but less than 4.8 cm2) and large 

(equal or larger than 4.8 cm2). Feeder damage was assessed in duplicate by two 

observers blind to treatment, and average values per cage were used for statistical 

analysis. Inter-observer reliability was 90.54% for the adjusted coefficient of determination 

(Adj R2; F1,359=3438.85, P<0.0001) and 0.95 for the Pearson coefficient of correlation 

(P<0.0001). 
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3.2.4 Statistical analyses 

The effect of diets and feeding frequency was statistically analysed using a generalized 

linear mixed model, with the independent experimental unit nested in the model (adjacent 

cages that received the same treatment). Statistical analyses were performed using SAS 

Ver. 9.4 (SAS Institute, Cary, NC, USA) with a glimmix procedure and the degree of 

significance was set for p-values lower than 0.05.  

Treatments, age and its interaction were included in each model as fixed effects. Feeding 

day and all its interaction combinations with age and treatment were also included as 

fixed factors for feather eating and feed intake tests. Cage and its location within the room 

(tier, side, and level) were included in the covariance structure as random effects. Age 

was fit into a repeated structure with the pair of adjacent cages that received the same 

treatment as the subject, and treatment as the group. Initial measures (i.e., before 

treatments started at 3 weeks of age) for body weight, body weight uniformity, feather 

consumption and feed intake tests was integrated in the model as a covariate. Covariate 

factors were assessed for collinearity and excluded from the model if the variance inflation 

factor was higher than (or equal to) 2.5. Contrast statements were used to compare the 

overall effect of diet and feeding frequency to the control group, and pairwise comparisons 

between treatments were adjusted for multiple comparisons using the Tukey test. 

Orthogonal regressions analysed the effect of age into a linear, quadratic, cubic, and lack 

of fit response (Appendix A.1). Model assumptions were assessed using a scatterplot of 

studentized residuals, linear predictor for linearity, and a Shapiro-Wilk test for normality 

(Appendix A.2). Outliers were defined as observations with absolute studentized residuals 

higher than 3.4 and excluded from the model. The Gaussian distribution was used as the 

default distribution, but data were transformed if the assumption for linearity was not met 

(Appendix A.4). 
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3.3 Results 

3.3.1 Body weight and body weight uniformity  

Feed allotment per treatment was calculated to provide the same metabolizable calories 

than nutritional requirements for broiler breeders and growth rate followed target body 

weight until 12 weeks of age. Nevertheless, the effect of feeding strategies on body weight 

depended on age (F36,405=6.87, P<0.0001). Pullets on the 4/3 schedule were significantly 

lighter than control and CaP pullets after 10 weeks of age, as illustrated in Figure 3.1. By 

12 weeks of age, pullets on the 4/3 schedule were 85.4 ± 12.0 g lighter than pullets on 

the control treatment (t405=7.14, P<0.0001). Pullets fed the CaP diet (1,323.8 ± 9.0 g) 

were heavier at 12 weeks of age compared to those fed the alternative diet (1,277.2 ± 9.2 

g; t405=4.05, P<0.05), and those fed the SBH diet (1,266.4 ± 9.3 g; t405=5.13, P=0.0004). 

The body weight uniformity was below 8.2 ± 0.7% from 4 to 6 weeks of age, and the initial 

body weight uniformity explained 53.62% of the variation during rearing (F1,80=63.69, 

P<0.0001). The CV for body weight from 4 to 6 weeks of age was not affected by feeding 

strategy (F4,80=0.34, P=0.85) or by age (F2,80=0.98, P=0.38). 

3.3.2 Feather coverage and feather traits 

Overall, neck and vent accounted for 69.4% and 28.8%, correspondently, of the feather 

coverage damage and tail damage was not observed. Feather coverage worsened with 

age depending on feeding strategy (F36,405=2.07, P=0.0004). Feather coverage 

decreased consistently in all treatments from 5 to 6 weeks of age when pullets were 

housed in pairs (t405=19.69, P<0.001), and remained constant afterwards for most 

treatments (when pullets were housed singly). However, feather coverage continued to 

worsen from 6 to 8 weeks of age for hens fed the alternative diet (t405=4.55, P<0.01) and 

plateaued afterwards. Average feather coverage was better for the 4/3 schedule 

compared to the combination of the other four daily treatments from 3 to 12 weeks of age 

(F1,405=2.03, P=0.04). The presence of skin lesions was 1.3 ± 0.2%, and skin lesions were 

most prevalent in the neck (52.6%) and vent (36.8%). 
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Tables 3.3 and 3.4 summarize the effect of treatment on feather development traits and 

biometrics (i.e., weight and length) of the developing feathers, respectively. Feeding 

strategy affected feather lengthening (F4,90=4.77, P=0.002) but not feather weight gain 

(F4,90=0.81, P=0.55). Pullets fed the CaP diet had a greater feather growth rate compared 

to pullets fed SBH and on the 4/3 schedule (Table 3.3). Wing feathers grew shorter for 

pullets fed diets with soybean hulls (i.e., combination of the SBH and alternative diets) 

compared to pullets on the CaP and control treatment (F1,90=12.26, P<0.001). Feeding 

strategy affected the total wing feather weight (F4,41=3.13, P=0.03), but not feather length. 

Pullets fed the CaP diet had heavier wing feathers than pullets on the alternative diet 

(t41=3.20, P=0.02). Feeding strategy affected tail feather weight (F4,42=4.92, P=0.002) and 

length (F1,44=3.73, P<0.05). Pullets on the 4/3 schedule grew heavier (t42=3.40, P=0.01) 

and longer (t44=2.93, P0.04) tail feathers than pullets fed the SBH diet (Table 3.3).  

Feeding strategy impacted the number of fault bars in tail feathers (F4,44=2.81, P=0.04) 

but not in wing feathers (F4,45=0.75, P=0.57; Table 3.4). Pullets fed the SBH diet had 

fewer fault bars in tail feathers than those fed the CaP diet (t44=2.85, P<0.05). Overall, 

pullets fed soybean hulls had fewer fault bars than pullets fed the control and the CaP 

treatment (F1,44=6.49, P=0.01).  

3.3.3 Behavioural tests 

Feed intake test: prior to previous experience 

Figure 3.2 shows that the feed intake relative to body weight declined from 9.9 ± 0.5% at 

3 weeks of age to 4.5 ± 0.3% at 8 weeks of age. Diet affected relative feed intake at 3 

weeks of age (F4,45=13.13, P<0.0001), but not at 8 weeks of age (F3,24=1.17, P=0.37). At 

3 weeks of age, the relative feed intake did not differ between the pullets on the 4/3 

schedule and the control (t45=1.24, P=0.75). The relative feed intake in 10 min was 1.4 ± 

0.4% lower for pullets fed calcium propionate (the alternative and the CaP diet combined) 

at 3 weeks of age compared to the combination of pullets fed the SBH diet and on the 

control treatment (F1,45=4.64, P=0.04). Moreover, the relative feed intake in 10 min was 

3.1 ± 0.6% lower for pullets fed diets with soybean hulls at 3 weeks of age compared to 
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the combination of pullets fed the CaP diet and on the control treatment (F1,45=23.12, 

P<0.0001).  

Feed intake test: after habituation 

Figure 3.3 illustrates the triple interaction of feeding strategy, age and feeding day on the 

relative feed intake (F9,360=2.30, P=0.02), despite only the 4/3 schedule not being fed on 

off-feed days. The relative feed intake in 10 min drastically decreased from 11.6 ± 0.3% 

at 4 weeks of age to 4.9 ± 0.3% at 8 weeks of age and remained steady thereafter, and 

the relative feed intake differed by feeding strategy and feeding day at 4 weeks of age 

but not afterwards. Pullets fed SBH ate slower relative to their body weight in 10 min (SBH 

diet: ∆=- 2.3 ± 0.3%; t360=6.96, P<0.0001, and alternative diet: ∆=- 2.4 ± 0.4%; t360=6.07, 

P<0.0001, respectively) during off-feed days compared to on-feed days at 4 weeks of age 

(Figure 3.3). Additionally, the relative feed intake in 10 min of pullets on the 4/3 schedule 

was 2.1 ± 0.4% lower at 4 weeks of age compared to pullets on the control treatment 

(t360=4.92, P<0.001). During on- and off-feed days at 4 weeks of age, control pullets had 

a higher relative feed intake in 10 min (13.2 ± 0.2%) compared to those fed soybean hulls 

(SBH diet: 9.4 ± 0.2%; t360=14.27, P<0.0001, and alternative diet: 10.5 ± 0.3%; t360=9.08, 

P<0.0001).  

Feather feeding test 

Feather consumption ranged from 5.7 ± 1.1% to 12.7 ± 2.1% of feathers offered during a 

24-hour time window. The effect of feeding day on percentage of consumed feathers 

depended on pullets’ age (F3,360=5.69, P<0.001). Pullets ate 1.3 times more feathers 

during on-feed days compared to off-feed days (t1,360=2.64, P<0.01), and during on-feed 

days, the percentage of feathers consumed was higher at 11 weeks of age (14.2 ± 1.7% 

of feathers offered) than at 4 weeks of age (8.7 ± 1.7% of feathers offered; t1,360=3.71, 

P=0.006).  
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3.3.4 Feeder damage 

On average, feeder pans had 4.0 ± 0.6 holes and 99.0% of the feeder damage was 

medium holes. Feeding treatment impacted the number of feeder holes (F4,45=2.82, 

P=0.04), and pullets on the 4/3 schedule had 1.8 ± 0.3 fewer holes compared to pullets 

fed the other four daily diets (F1,45=5.44, P=0.02).  

3.4 Discussion 

The purpose of this study was to assess the effect of alternative ingredients in alternative 

diets on the feeding motivation of broiler breeder pullets. Based on previous research, 

alternative diets including dietary diluents were hypothesized to lower feed intake after 

habituation by increasing gastrointestinal fill (Sandilands et al., 2005; Tolkamp et al., 

2005; Enting et al., 2007; Morrissey et al., 2014a, 2014b). Results from this research 

suggest that the inclusion of soybean hulls and calcium propionate, and the 4/3 feeding 

schedule lower feeding motivation during early rearing via different mechanisms.  

Feed intake was lower on the first day when pullets were fed with the different diets, and 

the combination of calcium propionate and soybean hulls was the least eaten compared 

to both ingredients individually and compared to the control diet. Similar results were 

reported by Torrey et al. (2013) in which pullets fed ad libitum ate less of the alternative 

diet compared to a control diet when both diets were provided simultaneously in their 

home pen. However, this effect on feeding motivation was only observed at 3 weeks but 

not at 8 weeks of age as feeding motivation. The level of restriction is much more severe 

at 8 weeks, when pullets are restricted to 47.5% of ad libitum feed intake of broilers for 

the same body weight, than at 3 weeks (with an allotment of 62.7%). In line with our 

results, de Jong et al. (2003) suggested that higher feed restriction might have been a 

major driver of feeding motivation, independent of dietary properties such as palatability. 

Alternatively, young pullets might be more neophobic than older pullets and our results at 

3 weeks of age can also be interpreted as a reduction of feed intake because of novelty. 

On the other side, the control diet was used as a baseline for the dietary treatments, with 

slight variations. Pullets were highly feed motivated at both ages and the effect of novelty 
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might be minor compared to the effect of the alternative ingredients at those feed 

restriction levesl. Therefore, dietary properties, such as low palatability, are suggested to 

reduce feeding motivation under low feed restriction levels. Indeed, the effect of the 

inclusion of calcium propionate and soybean hulls on feed intake after habituation also 

decreased with age, even at higher inclusion of calcium propionate, likely due to the 

elevated feed restriction level. 

The effect of calcium propionate has been reported to be dose dependent (Savory et al., 

1996), and the increasing concentration of appetite suppressant has been previously 

recommended to avoid tolerance and achieve a lower voluntary feed intake (Savory et 

al., 1996). In our experiment, the inclusion of calcium propionate increased from 1.44% 

in the Starter to 3.19% in Grower 1 diets without an effect on the relative feed intake. 

Likewise, the CaP diet did not reduce feeding motivation during rearing compared to 

control, indicating a quick tolerance to calcium propionate under a low inclusion rate. 

Similar results were reported in Bonos et al. (2010), and the authors suggested that 

supplementation of calcium propionate at 6% decreased voluntary feed intake during the 

first weeks of age but not afterwards. In contrast, the relative feed intake decreased with 

the inclusion of soybean hulls and on the 4/3 schedule compared to control during early 

rearing. de Jong et al. (2005) reported a consistent decrease in the compensatory feeding 

when pullets moved into lay in broiler breeders fed a rationed alternative diet at 9% crude 

fibre. Nielsen et al. (2011) examining the effect of soluble and insoluble fibre in broiler 

breeder diets on feeding motivation. The authors reported that the inclusion of fibre 

decreased the relative feed intake and compensatory feed intake during feeding 

motivation tests, but the inclusion of 20% alfalfa (insoluble) lead to a lower compensatory 

feed intake than control and soluble fibre. In line with these results, de los Mozos et al. 

(2017) noted a reduction in the relative feed intake and compensatory feeding during 

feeding motivation tests with inclusion of 15% soybean hulls (insoluble fibre)  compared 

to a control diet. These differences in the relative feed intake in pullets fed the alternative 

diets could be explained by the interaction between the insoluble/soluble ratio of diluent 

ingredient and the inclusion rate. In addition, our results indicate that feeding motivation 
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was lower in diets diluted with soybean hulls due to dietary properties and post-ingestive 

feedback, but only during early rearing.  

Pullets fed on the 4/3 schedule had better feather condition during rearing compared to 

control, and had lower feeder damage. Results in Morrissey et al. (2014a) indicate that 

feather coverage deteriorated slower in pullets fed an alternative diet (same formulation 

as our study) or on a 4/3 schedule compared to control pullets. The 4/3 schedule may 

have performed less redirected oral behaviour than control, resulting in a slower 

deterioration of feather coverage and less feeder damage, or may have spent less time 

at the feeder. For this reason, these results might indicate that pullets on the 4/3 schedule 

might have been less frustrated than control pullets. The feather coverage score is 

considered a cumulative indirect indicator of feather pecking activity (Morrissey et al., 

2014a; Girard et al., 2017), but it may also indicate use of environmental features (the 

feeder, in the case of our study). For example, van Emous and colleagues (2015b) 

reported that the vent area scored the highest in feather coverage loss in broiler breeders 

qualitatively feed-restricted, but our results indicate that the neck accounted for most of 

the feather coverage damage and the alternative diet led to a worse deterioration of 

feather coverage. Pullets were in cages in which the feeder trough was outside, and the 

decrease in feather coverage (especially in the neck) can be explained by the longer 

feeding duration in pullets fed the alternative diet compared to those on the other feeding 

strategies, thus requiring their direct contact with the cage bars. Object damage is also 

an indirect measure of activity and resource use, and has been used in previous research 

for assessing environment enrichment use (Voikar et al., 2005). Hocking et al. (1996) 

indicated that frustrated feeding motivation can trigger redirected pecking toward objects 

(i.e. feeders and drinkers), and feeder pecking was expected to be higher on the 4/3 

schedule due to feeding frustration during off-feed days. Alternatively, less feeder 

damage can also refer to less time at the feeder (due to off-feed days). We did not observe 

home pen behaviour in this study, so we cannot definitively conclude that pullets were 

differentially redirecting oral behaviour based on feeding strategy. Results in Morrissey et 

al. (2014b) indicated that objective and aggressive pecking was 10-times higher after 
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feeding bouts in pullets fed daily than those fed non-daily a control diet. In line with this 

result and based on lower feeding motivation, relatively better feather coverage and lower 

feeder damage, non-daily feeding restriction might have reduced feeding motivation and 

frustration compared to daily feed restriction. 

Our results indicate that the motivation to consume feathers in broiler breeders increased 

with age and during on-feed days. Feather eating and feather pecking have been 

previously linked as redirected foraging behaviour, but the causal factors might differ 

between both behaviours (Riber and Hinrichness, 2016). Whether feather eating 

underlies a nutritional dietary imbalance, inappropriate or lack of foraging material or is 

simply done for the sake of feather intake itself is unclear; but our results indicate that 

broiler breeders have a motivation for feather intake, in agreement with research with 

laying hens (Harlander-Matauschek et al., 2006a). Opposite to expected, the motivation 

to consume feathers was higher during on-feed days than during off-feed days. In the GIT 

system, feathers act like insoluble fibre (Meyer et al., 2012), and feather eating may 

benefit in GIT functioning by increasing intestinal transit and passage rate (Harlander-

Matauschek et al., 2006a). The 4/3 schedule had the largest feed allotment during on-

feed days, and feather eating is likely to enhance gizzard activity and gizzard emptying 

as suggested in Harlander-Matauschek et al. (2006b) (see Chapter 4 for more 

information). The effect of age suggests that the positive feedback of feather consumption 

requires a learning process to associate the behavioural response (feather eating) with 

the benefits of feather consumption. For example, in Chapters 4 and 7, a higher number 

of feathers in the intestine was associated with a lower number of intestinal lesions only 

at older ages, not at 6 weeks of age. In line with these results, McKeegan and Savory 

(1999) indicated that the prevalence of feathers in laying hen droppings linearly increased 

from 10 to 22 weeks of age, pointing toward a higher likelihood of feather eating as pullets 

age. For this reason, our feather eating results might be driven by the beneficial effects 

in the gastrointestinal tract (in a learning dependant fashion) rather than by feeding 

motivation. 
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The growth rate was similar among treatments with slight differences for the CaP diet and 

the 4/3 schedule, but no effect of soybean hull inclusion on live body weight. The 4/3 

schedule resulted in a slower growth rate compared to control whereas the CaP diet 

resulted in a faster growth rate compared to control. The lower feed efficiency in pullets 

fed non-daily has been previously reported (Bennet and Leeson, 1989; de Beer and 

Coon, 2007; Zuidhof et al., 2015), and the slower growth rate in the pullets fed non-daily 

suggests a lower feed efficiency nutrient utilization due to nutrient storage during on-feed 

days and nutrient mobilization during off-feed days. On the other side, calcium propionate 

is considered a growth promoter due to causing an increase in nutrient digestibility and 

changes in enteric epithelium morphology that suggest a greater absorption (reviewed in 

Khan and Iqbal, 2016). Indeed, this improvement in feed efficiency was reflected in a 

greater feather growth in pullets fed the CaP diet compared to the other three alternative 

diets. These results suggest that the inclusion of calcium propionate increased feed 

efficiency, yielding a heavier body weight and greater feather growth, but without an effect 

at reducing feeding motivation after habituation. Additionally, the inclusion of soybean 

hulls slowed feather development (growth and final feather weight) compared to diets fed 

daily without soybean hulls. These results can indicate a lower amino acid availability with 

the inclusion of soybean hulls, leading to a lower nutritional condition (via lower amino 

acid availability) and limiting feather growth. Similar results indicated a lower feed 

efficiency in broiler breeders feed-restricted with an inclusion of 15% soybean hulls 

compared to control pullets (de los Mozos et al., 2017).This conclusion is opposite to 

Zuidhof et al. (2015) who reported an improvement in crude protein utilization in pullets 

fed a rationed alternative diet with 25% oat hulls. The authors attributed this effect to an 

improvement in digestibility due to better gizzard functioning and a probiotic effect in the 

GIT. Nevertheless, the dietary dilution in alternative diets has been associated with 

metabolic hunger and a lower nutritional condition (D’Eath et al., 2009; Tolkamp and 

D’Eath, 2016), but whether the benefits in lower feeding motivation and larger feed 

allotment in diluted alternative diets outweigh the low nutritional condition and metabolic 

hunger is questionable. Indeed, our results looking at the number of fault bars (as an 

indicator of the stress response) suggests that the inclusion of soybean hulls can alleviate 



72 

 

 

 

some of the experience of stress during early rearing. These results suggest that the 

inclusion of soybean hulls might decrease the experience of stressful events regardless 

of the lower nutritional condition. 

3.5 Conclusion 

Our results suggest that feed intake prior to previous experience with dietary treatments 

was the lowest with the inclusion of soybean hulls and calcium propionate, and only the 

inclusion of soybean hulls and the 4/3 schedule lowered feeding motivation after 

habituation during early rearing. Lower feeding motivation and higher feed allotment in 

the diluted diets compared to control is likely to increase feeding duration and alleviate 

some of the stress of feed restriction. The longer feeding duration at the feeder can 

explain the decrease in feather coverage (especially in the neck) in the alternative diet 

compared to control. The inclusion of calcium propionate led to an increase in feed 

efficiency indicated by a greater body weight gain, and the higher feather growth might 

indicate a better body condition compared to control and the inclusion of soybean hulls 

diets. However, this improvement in body weight gain and nutritional condition was not 

associated with a lower feeding motivation and did not alleviate the stress of feed 

restriction compared to the inclusion of soybean hulls, as indicated by fault bars. The 

higher feather consumption during on-feed days compared to off-feed days suggests the 

positive association between feather eating and GIT functioning due to larger feed 

allotment during on-feed days.  
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Table 3.1 Composition of the control and the alternative diets in Starter (3 to 6 wks) and Grower (7 to 12 wks).  

Diet  Control  CaP  Alternative1  SBH1 

Ingredient  Starter Grower  Starter Grower  Starter Grower  Starter Grower 
Corn (%)  60.60 60.80  60.60 60.80  35.80 36.00  35.80 36.00 

Wheat shorts (%)  8.80 16.00  8.80 16.00  5.20 8.80  5.20 8.80 
Soybean meal (%)  24.00 16.50  24.00 16.50  14.20 9.80  14.20 9.80 

Limestone (%)  3.14 3.13  2.38 1.46  1.30 0.65  1.30 0.65 
Monocalcium phosphate (%)  2.00 2.10  2.00 2.10  1.20 1.20  1.20 1.20 

Salt (%)  0.34 0.36  0.34 0.36  0.20 0.21  0.20 0.21 
Vitamin-mineral premix (%)  1.00 1.00  1.00 1.00  0.59 0.59  0.59 0.59 

Methionine (%)  0.12 0.11  0.12 0.11  0.07 0.06  0.07 0.06 
Calcium propionate (%)  - -  1.44 3.19  1.44 3.19  - - 

Soybean hulls (%)  - -  - -  40.00 39.50  40.00 39.50 
Analysed feed composition2             

AME3 (Mkcal/kg)  2.44 2.48  2.59 2.46  1.74 1.84  1.68 1.88 
Ethanol soluble (%)  3.41 2.97  4.83 2.625  2.56 1.34  3.35 2.71 

Crude protein (%, N x 6.25)  18.69 15.66  17.48 15.86  14.34 12.43  14.75 13.78 
Ca:P ratio  2.20 1.78  2.02 1.97  2.42 2.28  2.04 1.35 

Calcium (%)  1.81 1.40  1.72 1.74  1.44 1.24  1.13 0.77 
Phosphorus (%)  0.82 0.78  0.85 0.88  0.59 0.54  0.55 0.57 

Sodium (%)  0.16 0.15  0.18 0.17  0.11 0.12  0.12 0.11 
Potassium (%)  0.88 0.74  0.815 0.73  0.93 0.81  1.00 0.88 

Magnesium (%)  0.22 0.21  0.21 0.22  0.23 0.21  0.23 0.22 
Crude fat (%)  1.90 2.39  2.46 2.45  1.65 1.76  1.52 1.98 

Starch (%)  37.38 40.42  39.98 39.84  25.01 29.97  22.64 28.31 
Crude fibre (%)  2.50 3.03  3.50 2.56  13.34 12.49  15.01 14.20 

Control: control diet; CaP: calcium propionate diet; Alternative: alternative diet; SBH: soybean hulls diet. 
1Feed allotment was 43% and 33% higher in Starter and Grower diets, respectively, than in the Control and CaP diets. 
2Analysed at Agri-Food Laboratories, Guelph, ON, Canada. 
3Apparent metabolizable energy. 
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Table 3.2 Feather coverage scoring system for each of the six body parts integrating the 

percentage of feather coverage loss and skin lesion of each body area1. Scores from 

the six areas were summed together to result in a total body feather coverage score 

from 0 to 30, with 30 being the worst feather coverage.  

Score  Feather coverage 

0  Completely covered 
1  >10% of feathers missing, wet or broken feathers 
2  10 to 50% of feathers missing, wet or broken feathers (no blood or tissue 

damage) 
3  >50 % of feathers missing, wet or broken feathers (no blood or tissue 

damage) 
4  10 to 50% of feathers missing, wet or broken feathers including tissue 

damage 
5  >50 % of feathers missing, wet or broken feathers including tissue 

damage 
1Morrissey et al., 2014b. 
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Table 3.3 The effect of feeding frequency and alternative ingredients in isocaloric feeding strategies on feather coverage 
and skin lesions, the growth rate of juvenile wing feathers (P8) and development of fault bars in feed-restricted broiler 
breeders (mean ± SE). 

  Control  CaP  Alternative  SBH  4/3 

Feather coverage score1  1.6±0.2   1.6±0.2   1.7±0.2   1.6±0.2   1.4±0.2 
Skin lesions (%)  2.8±0.9   2.4±0.8   1.2±0.6   0±0   0±0  
Feather growth2           

 (mg/day)  3.30±0.08  3.29±0.08  3.19±0.08  3.34±0.07  3.23±0.07 
(mm/day)  2.86±0.06ab  2.91±0.05a  2.76±0.06b  2.76±0.06b  2.76±0.05b 

Fault bars2  1.8±0.4  1.8±0.4  1.1±0.3  1.1±0.2  1.2±0.2 

Control: daily control diet; CaP: daily calcium propionate diet; Alternative: daily alternative diet; SBH: daily soybean hulls 
diet; 4/3: 4/3 schedule control diet. 
a-b Different superscripts within a row indicate significant mean differences (P<0.05). 
1Higher scores denote worse feather coverage, with 30 as the worst condition. 
2From 3 to 6 weeks of age (18 days). 
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Table 3.4 The effect of feeding frequency and alternative ingredients in isocaloric feeding strategies on the development 
of juvenile flight feathers and fault bars in feed-restricted broiler breeders during rearing (mean ± SE). 

  Control  CaP  Alternative  SBH  4/3 

Tail           
Mass (mg)  72.6±3.0ab  79.3±2.6ab  71.0±2.1b  69.2±2.6b  80.0±1.8a 

Length (mm)  127.18±2.70ab  128.65±2.31ab  126.84±2.42ab  124.2±2.61b  133.11±2.59a 
Fault bars1  15.2±1.7ab  17.5±2.0a  13.7±1.8ab  10.5±1.5b  12.3±1.6ab 

Wing           
Mass (mg)  179.8±3.9ab  183.8±3.3a  171.7±3.0b  178.3±3.4ab  182.5±3.9ab 

Length (mm)  160.05±1.42  160.91±1.34  162.01±1.34  161.78±1.30  158.35±1.34 
Fault bars1  2.5±0.5  3.2±0.7  1.9±0.4  1.7±0.1  1.4±0.3 

Control: daily control diet; CaP: daily calcium propionate diet; Alternative: daily alternative diet; SBH: daily soybean hulls 
diet; 4/3: 4/3 schedule control diet. 
a-bDifferent superscripts within a row indicate significant mean differences (P<0.05). 
1Total number. 
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Figure 3.1 The effect of feeding frequency and alternative ingredients in isocaloric 
feeding strategies on the growth rate of feed-restricted broiler breeder pullets during 
rearing (mean ± SE). Black line refers to Ross 308 broiler breeder performance 
objectives (Aviagen, 2016c). Pullets on the 4/3 feeding schedule (Blue line) were lighter 
after 10 weeks of age (inclusive) compared to those on the control (Green line) and the 
CaP diet (Pink line) (P<0.0001). 
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Figure 3.2 The effect of feed allotment and alternative ingredients on feed intake relative 
to body weight prior to previous experience with the dietary treatments in feed-restricted 
broiler breeder pullets at 3 and 8 weeks of age (mean ± SE). The relative feed intake is 
presented as the feed intake by body weight 10 minutes after being fed. The inclusion 
of alternative ingredients in broiler breeder diets impacted the relative feed intake of 
broiler breeder pullets at three weeks of age (P<0.0001), as indicated by *. Different 
letters indicate significant mean differences (P<0.05). 
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Figure 3.3 The effect of feeding frequency and alternative ingredients in isocaloric 
feeding strategies for feed-restricted broiler breeders on feed intake by body weight 
after habituation to dietary treatments (mean ± SE). The relative feed intake is 
presented as the relative feed intake 10 minutes after feeding. Solid lines represent the 
relative feed intake on-feed days and dashed lines off-feed days. Feeding day impacted 
the relative feed intake of broiler breeder pullets depending on their diet and age 
(P=0.02). The effect of feeding day of the pullets fed on the 4/3 schedule was significant 
for pullets fed the SBH and alternative diets but not for pullets on the control or CaP. 
During off-feed days, pullets on the 4/3 schedule were not fed but had received a larger 
feed allotment than other treatments on the previous day. Pullets fed the other 
treatments (control, alternative, SBH and CaP) were fed on both days, and feeding day 
indicates the indirect effect of pullets on the 4/3 schedule on pullets fed the other 
treatments. 
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Preface 

Alternative ingredients are used in alternative diets for broiler breeder to dilute the diet 

and to reduce voluntary feed intake. For example, the previous chapter indicated the 

positive effect of soybean hulls at reducing feeding motivation mediated by post-ingestive 

mechanisms. However, the effect of alternative ingredients in alternative diets on the 

development and functioning of the GIT of broiler breeders is unknown. 

In addition, results in Chapter 3 suggested that pullets fed on the 4/3 feeding schedule 

were more motivated to consume feathers after feeding bouts (on-feed days) compared 

to off-feed days. This result was opposite to the hypothesis that broiler breeders would 

consume indigestible elements as intestinal fillers due to feeling of hunger. Thus, 

understanding the role of the alternative feeding strategies on the GIT development and 

functioning is necessary to determine factors underlying feeding motivation and to 

understand the function of feather consumption in feed-restricted broiler breeders.  

For this reason, the same pullets used in Chapter 3 were studied to assess the effect of 

diet and feeding frequency on the gastrointestinal system in order to identify the 

underlying post-ingestive mechanisms involved with feeding motivation. 

  



81 

 

 

 

4 The effect of alternative feeding strategies in broiler 
breeders during rearing (from 3 to 12 weeks of age) on the 
GIT development and functioning of broiler breeder 
pullets  

Abstract 

The development of alternative diets for broiler breeders has focused on reducing feeding 

motivation through the inclusion of dietary diluents and appetite suppressants as larger 

feed allotment is thought to promote gizzard activity and intestinal distension. The 

objective of this study was to examine the effect of alternative diets (including a dietary 

diluent, an appetite suppressant or both) and a fixed non-daily feeding frequency on the 

development and functioning of the gastrointestinal tract (GIT) of broiler breeder pullets. 

At 3 weeks of age, 180 Ross 308 pullets were allocated to 90 cages and fed with one of 

five isocaloric treatments: daily control diet (control); daily calcium propionate diet (CaP); 

daily soybean hulls diet (SBH); daily alternative diet (alternative) and 4/3 schedule control 

diet (four on-feed days; three non-consecutive off-feed days). Pullets were euthanized 

and dissected at 6 and 12 weeks of age at 1.5, 6 and 24 hours after feeding, and 

anatomical measures of the digestive system were taken. Data were analysed using a 

linear mixed regression model, with cage nested in the model and age as a repeated 

measure. Compared to the control, the inclusion of soybean hulls and the 4/3 schedule 

increased the GIT content up to six hours after feeding at both ages (P<0.01). The diluted 

diets were the only treatments that resulted in a longer intestinal tract (P=0.01) and had 

a higher relative water content in the GIT compared to control treatment (P=0.04). These 

results indicate that feed restriction using diluted diets and the 4/3 schedule may promote 

feelings of satiety due to higher feed retention in the GIT, and also due to elevated water 

content and intestinal distension in the case of diluted diets with soybean hulls. 

4.1 Introduction 

Broiler breeders and broilers, their progeny, share the same genetic potential for high 

feed intake and feed efficacy (Bokkers and Koene, 2003; Sahraei, 2012). However, ad 
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libitum feeding of broiler breeders is related to metabolic disorders and poor reproductive 

performance (Nir et al., 1984; van Krimpen and de Jong, 2014). Commercial feed 

restriction in broiler breeders controls body weight gain by limiting daily feed intake 

resulting in hunger, lack of satiety and frustration, which raises welfare concerns about 

the rearing of broiler breeders (D’Eath et al., 2009; van Krimpen and de Jong, 2014). As 

an alternative to daily quantitative feed restriction, alternative diets and non-daily feeding 

frequencies have been developed to increase feed allotment and to reduce voluntary feed 

intake. Alternative diets include dietary diluents, appetite suppressants, or the 

combination of both (Sandilands et al., 2005; Tolkamp et al., 2005; Sandilands et al., 

2006; Morrissey et al., 2014). Non-daily feeding schedules are commonly used in North 

America to control for body weight uniformity in broiler breeder flocks.  

The development of alternative diets has emphasized the selection of fibre sources that 

promote broiler breeder welfare (Savory et al., 1996; de Jong et al., 2005; Nielsen et al., 

2011; Moradi et al., 2013; Leung et al., 2018). The inclusion of fibrous ingredients in 

alternative diets is thought to decrease feeding motivation due to an increase in 

gastrointestinal tract (GIT) distension and its content (Savory et al., 1996; de Jong et al., 

2005; Sandilands et al., 2006; van Emous et al., 2015b). For example, van Emous et al. 

(2015b) suggested that a crude fibre increase in a low protein diet lowered feeding rate 

and increase feeding duration because of lower passage rate due to stimulation of gizzard 

activity. However, GIT feed retention and passage rate depends upon the physiochemical 

properties of dietary fibre (Mateos et al., 2012). Insoluble fibres increase gastrointestinal 

transit time (Taghipoor et al., 2014) and stimulate upper gastrointestinal activity, 

especially gizzard activity (Jimenez-Moreno et al., 2009). Previous research reported 

improvements in digestibility and nutrient utilization (Zuidhof et al., 2015), better water 

usage (i.e., lower water spillage, no overdrinking and higher excreta dry matter) 

(Sandilands et al., 2005), and improved welfare indicators with the use of diets including 

a high ratio of insoluble to soluble fibre (Nielsen et al., 2011; Moradi et al., 2013). Thus, 

efforts to promote broiler breeder welfare by achieving feeding satiety has mainly focused 

on the inclusion of insoluble fibres such as oat hulls (Sandilands et al., 2005 and 2006) 
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and soybean hulls (Morrissey et al., 2014; de los Mozos et al., 2017). However, little 

scientific data is available about the implications of soybean hulls in poultry nutrition 

(Morrissey et al., 2014; de los Mozos et al., 2017; Leung et al., 2018).  

Appetite suppressants are often included in alternative diets for broiler breeders due to 

lower voluntary feed intake, although the mechanism are unknown. For example, Nielsen 

et al. (2011) suggested that calcium propionate reduces voluntary feed intake due to low 

palatability, intestinal discomfort or both, rather than promoting satiety. In addition, 

Tolkamp et al. (2005) described elevated prevalence of oral and gastric lesions and crop 

thickening in broiler breeders fed a mash diet ad libitum at an increasing CaP inclusion 

from 6% to 9% during rearing. These results indicate the possible toxic effect of calcium 

propionate at high inclusion rates, but its effect in combination with dietary diluents in 

alternative diets is unknown. In addition, high inclusion rates of dietary fibre ad libitum can 

result in intestinal perforation (Tolkamp et al., 2005). For this reason, alternative diets 

might improve the welfare of broiler breeders due to higher feed intake, but the effect on 

the GIT development and functioning can have negative consequences for welfare.  

The effect of non-daily feed restriction on the gastrointestinal system is poorly understood, 

and there is a lack of empirical evidence examining the effect of non-daily feed restriction 

on GIT development and functioning compared to qualitative and quantitative feed 

restriction. The objective of this study was to examine the effect of rationed alternative 

diets (including SBH as dietary diluent, calcium propionate as an appetite suppressant or 

both) and a fixed non-daily feeding frequency on the development and functioning of the 

GIT system of broiler breeders. The combination of dietary diluent and the appetite 

suppressant is hypothesized to promote the development of the GIT and to increase feed 

retention compared to the control. In addition, non-daily feeding is expected to increase 

feed retention at a lower relative water content compared to diets with the inclusion of 

fibrous components. 
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4.2 Materials and Methods 

A total of 180 Ross 308 broiler breeder pullets were donated for this experiment at 1 day 

of age, courtesy of Aviagen (via Horizon Poultry, Hanover, Ontario, Canada) and pullets 

were reared at the Arkell Poultry Research Station (Guelph, ON, Canada) from February 

2017 to May 2017. For this experiment, the same pullets described in Chapter 3 were 

used to assess the effect of alternative feeding strategies on the gastrointestinal (GIT) 

functioning and development of broiler breeder pullets. All the procedures used in this 

experiment were approved by the University of Guelph’s Animal Care Committee (AUP # 

3141) and were in accordance with the guidelines outlined by the Canadian Council for 

Animal Care (NFACC, 2016). Housing, management and experimental design were the 

same as described in Chapter 3.  

4.2.1 Data collection: Anatomical traits 

At 6 and 12 weeks of age, six random pullets per treatment were depopulated at 1.5 

hours, 6 hours, and 24 hours after being fed to assess the effect of diet and feeding 

frequency on organ development and gastrointestinal functioning. Pullets were 

euthanized via cervical dislocation, with order of cages being the same at both ages. 

Measures were taken by researchers blinded to treatments. 

4.2.1.1 GIT development 

Weight was recorded for heart, liver, abdominal fat and empty gizzard. The length and 

weight of the intestine was recorded for each section of the small (duodenum, jejunum 

and ileum) and the large intestine (ceca and colon) after content was removed. The 

number of intestinal lesions were recorded, and intestinal lesions were defined as 

hemorrhages or ulceration on the mucosa surface of the intestine. Empty body weight 

was calculated as body weight after removal of intestinal weight (small and large intestine) 

and gastrointestinal content (crop, gizzard and intestine).  
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4.2.1.2 GIT functioning 

Gastrointestinal content was collected for each section. Fresh content was weighed for 

crop, gizzard, duodenum, jejunum, ileum, ceca and colon, and samples were frozen at -

20º C (labelled by gastrointestinal section and bird’s wing tag). Proventiculus content was 

discarded due to its minimal content and caeca content was only collected at 6 hours 

after feeding because fecal swabs were taken at the other two times after being fed. Then, 

samples were dehydrated at 60º C for 7 days to determine water content and 

gastrointestinal dry matter. Water content in the gastrointestinal tract is presented as the 

relative water content, described as the percentage of weight due to water. The relative 

water content was calculated by subtracting the dry weight from the fresh weight of the 

GIT content and dividing by the fresh weight. 

Dry content was analysed for the presence of feathers in the gizzard and the intestinal 

tract, and the number of feathers were counted. Feathers in the gizzard or intestinal 

content were described as feathers if barbs were still attached to the rachis (complete or 

broken feathers). Pullets participated in a feather eating test (see Chapter 3), but no 

feathers were offered at least one week prior to dissection. Nevertheless, pullets were 

able to consume their own feathers or those from their neighbour as they started the 

juvenile moult at 5 weeks of age. The number of feathers was determined for gizzard, 

small intestinal and large intestine. Crop and ceca content was discarded due to 

limitations.  

4.2.2 Statistical analyses 

The effect of diet and feeding frequency on GIT development and functioning was 

analysed using a generalized linear mixed model with pen nested in the model as the 

independent experimental unit. Statistical analyses were performed using SAS Ver. 9.4 

(SAS Institute, Cary, NC, USA) with Proc Glimmix and the degree of significance was set 

for p-values lower than 0.05.  

Treatment, age, time after being fed and its multiple interactions were included as fixed 

effects for each model. Room, pen and pen location within the room were included in the 
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covariance structure as random effect. Age was fit into a repeated structure with pen as 

the subject and treatment as the group. Body weight was included as a covariate in the 

models. Covariate factors were assessed for collinearity and excluded from the model if 

the variance inflation factor was higher than (or equal to) 2.5. Contrast statements were 

used to compare the overall effect of diet and feeding frequency to the control group, and 

pairwise comparisons between treatments were adjusted for multiple comparisons using 

the Tukey test. Orthogonal regressions analysed the effect of age into a linear, quadratic, 

cubic, and lack of fit response (Appendix A.1). Model assumptions were assessed using 

a scatterplot of studentized residuals, linear predictor for linearity, and a Shapiro-Wilk test 

for normality (Appendix A.2). Outliers were defined as observations with absolute 

studentized residuals higher than 3.4 and excluded from the model. The Gaussian 

distribution was used as the default distribution, but data were transformed if the 

assumption for linearity was not met (Appendix A.4).  

4.3 Results 

4.3.1 GIT development 

Table 4.1 indicates the effect of treatment, time after being fed and age on body weight 

and empty body weight. Body weight was affected by treatment depending on age 

(F4,90=4.13, P<0.01), and by treatment depending on time after being fed (F8,90=2.55, 

P=0.01). At 12 weeks of age, pullets on the 4/3 schedule were lighter (1,313.5 ± 16.5 g) 

than pullets on the control treatment (1,387.8 ± 12.3 g; t90=3.7, P=0.01) and the CaP diet 

(1,409.1 ± 16.3 g; t90=3.7, P=0.01). On average across age, the body weight of control 

pullets was 71.94 ± 17.94 g (t90=3.88, P=0.01) and 73.95 ± 19.07 g (t90=4.01, P=0.01) 

heavier than pullets fed the SBH diet and the alternative diet, respectively, at 24 hr after 

feeding. As well, the effect of feeding strategy on the empty body weight was influenced 

by age (F8,90=6.18, P<0.001). The empty body weight of pullets fed the SBH diet was 

lighter at 6 (483.20 ± 13.59 g) and 12 weeks of age (1,194.81 ± 14.18 g) compared to 

pullets on the control treatment (6 weeks of age: 542.26 ± 14.07 g [t90=3.53, P=0.02], and 

12 weeks of age: 1,284.36 ± 14.41 g [t90=5.17, P<0.0001]). In addition, pullets fed the 

alternative diet had a lighter empty body weight at 12 weeks of age (1,181.6 ± 16.3 g.) 
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compared to pullets fed the CAP diet (1,292.1 ± 17.7 g; t90=5.06, P<0.0001) and the 

control treatment (1,284.4 ± 14.4 g.; t90=5.34, P<0.0001).  

Body weight was a predictor of liver and heart weight, and time after being fed affected 

the weight of liver, gizzard, duodenum and jejunum (Table 4.2). Liver weight was affected 

by treatment and age (F4,90=3.01, P=0.02) and by treatment and time after being fed 

(F8,90=4.13, P<0.001). Liver weight was 1.45 times heavier for pullets fed the 4/3 schedule 

(26.3 ± 0.6 g) compared to pullets fed the other four daily treatments (18.2 ± 0.6 g; 

F1,90=193.82, P<0.0001). Liver weight was affected by time after being fed only in pullets 

on the 4/3 schedule, and the liver of pullets on the 4/3 schedule was on average 24.8 ± 

4.5 g (t90=5.49, P<0.0001) and 29.3 ± 4.1 g (t90=7.15, P<0.0001) heavier at 6 and 24 hr 

after being fed, respectively, compared to 1.5 hr after feeding. The liver of pullets on the 

4/3 schedule was 3.0 ± 0.9 g, 7.4 ± 0.8 g and 10.6 ± 1.0 g heavier than control pullets 1.5 

(t90=3.39, P<0.05), 6 (t90=7.43, P<0.001) and 24 hr (t90=10.33, P<0.0001) after being fed, 

respectively. Moreover, pullets fed the SBH diet had a liver 14.5 ± 3.5% lighter at 12 

weeks of age compared to the liver of pullets fed the alternative diet (t90=4.16, P=0.003). 

The effect of feeding strategy on the (empty) gizzard weight depended on age and time 

after being fed (F8,90=2.30, P=0.03). At 12 weeks of age, pullets fed the alternative diet 

had a gizzard 25.3 ± 4.7 g heavier than control pullets (t90=5.38, P=0.0002) 24 hr after 

feeding (Table 4.3). At 12 weeks of age, pullets fed the SBH diet had gizzards 11.9 ± 2.8 

g heavier 1.5 hr after feeding compared to those of pullets on the control treatment 

(t90=4.21, P=0.02). Overall, gizzard was heavier in pullets fed diets with the inclusion of 

soybean hulls (F1,90=23.01, P<0.0001) and calcium propionate (F1,90=10.91, P=0.001) 

compared to birds fed the control diet daily. Heart weight was impacted by treatment 

(F4,90=5.60, P<0.001), and pullets fed diets containing soybean hulls had lighter hearts 

(3.78 ± 0.2 g) compared to pullets fed the CaP diet and on the control treatment (4.3 ± 

0.2 g; F1,90=14.13, P=0.0003) on average at both ages. In addition, the hearts of pullets 

on the 4/3 schedule (3.95 ± 0.12 g) tended to be lighter than pullets on the control (4.33 

± 0.11 g; t90=1.87, P=0.06).  
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The weight of the (empty) intestinal tract was affected by treatment and age (F4,90=3.43, 

P=0.01). The intestine was heavier in pullets fed CaP diet than control pullets (t90=2.61, 

P=0.01) at 12 but not at 6 weeks of age (Table 4.3). Table 4.3 indicates that pullets fed 

diets with soybean hulls had a heavier intestinal tract (29.65 ± 0.92 g) compared to pullets 

fed the CaP diet and on the control treatment (22.80 ± 0.92 g; F1,90=187.53, P<0.0001). 

This effect of soybean hulls was consistent on the small (F1,90=11.50, P<0.0001) and the 

large intestine (F1,90=16.77, P<0.0001) across age and time after being fed. Furthermore, 

pullets fed diets with calcium propionate had a heavier intestinal tract (26.79 ± 0.48 g) 

compared to the intestine of pullets fed the control treatment (25.66 ± 0.48 g; F1,90=5.27, 

P=0.02), but only in the small intestine (F1,90=10.98, P=0.001). Pullets on the 4/3 schedule 

had a lighter intestine (24.48 ± 0.93 g) than those fed the alternative diet (29.99 ± 0.92; 

t90=7.75, P<0.0001) and the SBH diet (29.31 ± 0.85 g; t90=6.25, P<0.0001), but heavier 

compared to those on the control (22.01 ± 0.69 g; t90=5.55, P<0.0001). Intestinal length 

was influenced by treatment (F4,90=3.60, P<0.01) and age (F1,90=18.81, P<0.0001). Total 

intestinal length was only affected by the inclusion of soybean hulls (F4,90=3.29, P=0.01), 

consistently for both the small (F1,90=56.15, P<0.0001) and large intestine (F1,90=129.66, 

P<0.0001). The intestinal tract was longer for pullets fed the SBH and the alternative diet 

compared to the other three feeding strategies (Table 4.4). 

All intestinal lesions were observed in the small intestine, and duodenum, jejunum and 

ileum accounted for 4.55%, 31.8% and 63.6% of the total intestinal lesions, respectively. 

Feeding strategy affected the number of intestinal lesions (F4,90=2.49, P<0.05). Pullets on 

the control treatment (0.0 ± 0.1 lesions) had fewer intestinal lesions than pullets fed the 

SBH diet (0.3 ± 0.1 lesions; t90=2.97, P=0.03), but not compared to pullets fed the 

alternative diet (0.2 ± 0.1 lesions; t90=1.60, P=0.50). 

4.3.2 GIT functioning 

Figure 4.1 illustrates the main effect of diet and feeding frequency on the total GIT content 

and its relative water weight, depending on time after being fed and age and by GIT 

section in Figures 4.2 and 4.3, respectively. Table 4.5 summarizes the significant 



89 

 

 

 

treatment differences of diet and feeding frequency on the retention of GIT content (Figure 

4.1 and 4.2) and its relative water weight (Figure 4.1 and 4.3), compared to pullets the 

control diet daily. 

4.3.2.1 GIT content retention 

The effect of feeding strategy on the total content of the gastrointestinal system (i.e., 

combination of crop, gizzard and intestine) was affected by time after being fed and age 

(F8,90=2.90, P<0.01). Consistently at 6 and 12 weeks of age, pullets fed the alternative 

diet had heavier GIT content 1.5 hr (150.15 ± 4.19 g) and 6 hr (129.26 ± 4.11 g) after 

being fed than control pullets (91.11 ± 2.53 g; t90=12.13, P<0.0001, and 77.18 ± 1.15 g; 

t90=12.36, P<0.0001; respectively). Similar, pullets on the SBH diet had heavier GIT 

content 1.5 hr (128.22 ± 7.84 g) and 6 hr after being fed (110.26 ± 9.71 g) at 6 weeks of 

age compared to control pullets (73.28 ± 3.56 g; t90=6.39, P<0.0001; and 59.07 ± 1.60 g; 

t90=5.21, P<0.001, respectively), and heavier only 1.5 hr after being fed at 12 weeks of 

age (187.22 ± 7.84 g) compared to control pullets (108.94 ± 3.56 g; t90=9.11, P<0.0001). 

In addition, the GIT content of pullets on the 4/3 schedule was heavier 1.5 hr (107.47 ± 

4.21 g) and 6 hr after feeding (97.74 ± 4.21 g) at 6 weeks of age than pullets on the control 

treatment (73.28 ± 3.56 g; t90=8.15, P<0.0001 and 59.07 ± 1.60 g; t90=8.62, P<0.0001, 

respectively). At 12 weeks of age, pullets on the 4/3 schedule had a GIT content 80.97 ± 

9.93 g (t90=8.15, P<0.0001), 72.24 ± 5.39 g (t90=13.41, P<0.0001) and 14.31 ± 2.14 g 

(t90=6.68, P<0.0001) heavier 1.5, 6 and 24 hr after being fed, respectively, than control 

pullets (Figure 4.1 and 4.2). The same difference was observed at 12 weeks of age 

between the GIT content of pullets on the 4/3 schedule and the CaP diet (Figures 4.1 and 

4.2). As well, the GIT content was 8.11 ± 2.01 g heavier 24 hr after being fed in pullets on 

the 4/3 compared to those fed the alternative diet (t90=4.04, P<0.01). Overall, pullets fed 

diets with soybean hulls had a heavier GIT content than those fed the CaP diet and the 

control, with the pullets on the 4/3 schedule being intermediate (Figure 4.1).  
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4.3.2.1.1 Crop 

On average, crop content decreased from 87.34 ± 1.96 g at 1.5 hr after feeding to 62.22 

± 2.08 g at 6 hr after being fed, and to 0.06 ± 2.04 g at 24 hr after being fed (Figure 4.2). 

The weight of the crop content varied depending on feeding strategy, age and time after 

being fed (F8,90=3.14, P<0.01). Pullets on the 4/3 schedule had a crop content that was 

significantly heavier (P<0.0001) compared to pullets on the control treatment at 6 and 12 

weeks, at least until 6 hr after being fed. Crop content was only heavier at 12 weeks of 

age in pullets on the 4/3 schedule 1.5 hr (115.37 ± 4.60 g) and 6 hr (93.42 ± 5.12 g) after 

feeding compared to pullets fed the CaP diet (66.65 ± 5.34 g; t90=7.31, P<0.0001, and 

54.91 ± 5.34 g; t90=4.83, P<0.01; respectively). In addition, crop content of pullets on the 

4/3 schedule was 68.26 ± 10.69 g and 39.69 ± 8.91 g heavier 6 hr after being fed at 12 

weeks of age compared to the crop content of pullets fed the SBH diet (t90=6.39, P<0.001) 

and the alternative diet (t90=4.45, P<0.01). Similarly, pullets fed soybean hulls had a crop 

content 35.40 ± 6.84 g and 52.82 ± 6.84 g heavier 1.5 hr after feeding at 6 (t90=5.18, 

P<0.001) and 12 weeks of age (t90=7.60, P<0.001), respectively, compared to control 

pullets. However, the inclusion of calcium propionate interacted with soybean hulls to 

affect the weight of crop content 6 hr after being fed depending on age (Figure 4.2). Six 

hr after being fed and compared to the crop content of pullets on the control treatment, 

the crop content of pullets fed the SBH diet was 28.61 ± 6.83 g heavier at 6 weeks of age 

(t90=4.19, P=0.02) but the crop content of pullets on the alternative diet was 29.08 ± 5.74 

g heavier at 12 weeks of age (t90=5.07, P<0.001). 

4.3.2.1.2 Gizzard 

As the crop emptied, gizzard content decreased from 10.43 ± 0.33 g 1.5 hr after being 

fed to 9.12 ± 0.36 g 6 hr after being fed, and to 2.65 ± 0.35 g 24 hr after being fed (Figure 

4.2). The weight of gizzard content was affected by feeding treatment, age and time after 

being fed (F8,90=7.64, P<0.05). At 12 weeks of age, pullets on the 4/3 schedule had a 

gizzard content heavier (15.36 ± 0.90 g) 1.5 hr after feeding than control pullets (9.86 ± 

0.54 g; t90=5.22, P<0.001). At 12 weeks of age, the gizzard content of pullets on the SBH 

diet was 5.70 ± 1.37 g and 8.23 ± 1.63 g heavier 1.5 hr (t90=4.17, P=0.02) and 6 hr after 
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being fed (t90=5.05, P<0.001), respectively, compared to the gizzard content of control 

pullets. This effect was not significant between the pullets fed the control treatment and 

fed the alternative diet, but pullets fed the alternative diet had a gizzard content heavier 

(13.72 ± 1.32 g) 6 hr after being fed at 12 weeks of age than pullets on the CaP diet (6.95 

± 0.98 g; t90=4.13, P=0.02).   

4.3.2.1.3 Intestine 

The small and large intestine represented 87.2% and 12.8% of the intestinal content, 

respectively, and the effect of feeding strategy on the total intestinal content depended 

on age and time after being fed (F8,90=2.05, P<0.05). Pullets fed the diets with soybean 

hulls had heavier intestinal content 1.5 and 6 hr after being fed at 6 and 12 weeks of age 

compared to that of pullets on the control, the CaP diet and on the 4/3 schedule (Figure 

4.2). Compared to control pullets, the intestinal content of pullets fed the SBH diet was 

heavier 1.5 hr (alternative diet: ∆=+ 12.56 ± 2.70 g; t90=4.64; P=0.004, and SBH diet: ∆=+ 

14.99 ± 2.77 g; t90=5.4; P<0.001) and 6 hr after being fed (alternative diet: ∆=+ 21.26 ± 

3.07 g; t90=6.92; P<0.0001, and SBH diet: ∆=+ 19.72 ± 2.77 g; t90=7.13; P<0.0001) at 6 

weeks of age and 1.5 hr (alternative diet: ∆=+ 21.14 ± 2.85 g; t90=7.42; P<0.0001, and 

SBH diet: ∆=+ 19.69 ± 2.77 g; t90=7.12; P<0.0001) and 6 hr after being fed (alternative 

diet: ∆=+ 30.29 ± 2.86 g; t90=10.59; P<0.001, and SBH diet: ∆=+ 30.16 ± 3.28 g; t90=9.2; 

P<0.0001) at 12 weeks of age (Figure 4.2). At 12 weeks of age, the intestinal content of 

pullets fed on the 4/3 schedule (31.79 ± 1.70 g) was heavier 24 hr after being fed than 

control pullets (18.39 ± 1.28 g; t90=6.89, P<0.0001). Overall, intestinal content was 

significantly heavier in pullets fed the diets with soybean hulls (38.42 ± 1.08 g), followed 

by the intestinal content of pullets on the 4/3 schedule (24.34 ± 0.66 g) and the intestinal 

content of pullets on the control treatment was the lightest (22.66 ± 0.58 g).  

4.3.2.2 Relative water content 

The relative water content varied according to the GIT section: the percentage of water 

content increased from 59.69 ± 0.83% and 63.98 ± 0.91% in the crop and gizzard, 

correspondingly, to 75.31 ± 0.45% in the intestine (Figures 4.1 and 4.3). The relative 
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water content of the GIT system (combination of crop, gizzard and intestine) was affected 

by treatment, time after being fed and age (F8,90=2.14, P=0.04). Pullets fed the SBH diet 

had a higher relative water content in the GIT at 1.5 hr after being fed at 6 (69.88 ± 3.16%) 

and 12 weeks of age (67.02 ± 3.16%) compared to the control pullets (57.92 ± 2.50%; 

t90=4.40 P<0.01 and 52.26 ± 2.30%; t90=4.88, P=0.001, respectively). The relative water 

content of the GIT in pullets fed the SBH diet was also higher 1.5 hr after feeding at 6 

weeks of age (69.88 ± 3.16%) and 6 hr after feeding at 12 weeks of age (71.49 ± 3.87%) 

compared to the content of pullets on the 4/3 schedule (58.94 ± 1.39%; t90=5.19, P<0.01, 

and 60.54 ± 1.54%; t90=4.38, P<0.01, respectively). At 6 weeks of age, the relative water 

content in the GIT was higher at 1.5 hr after being fed in pullets fed the SBH diet compared 

to pullets fed the CaP diet (∆=+ 15.34 ± 3.66%; t90=4.2, P=0.02). Overall, pullets on the 

control diet (64.54 ± 1.17%) had a lower relative water content in the GIT than pullets fed 

the SBH diet (69.60 ± 1.49%; t90=2.81; P<0.05) but similar compared to pullets fed the 

alternative diet (68.60 ± 1.49%; t90=2.27; P=0.17).  

4.3.2.2.1 Crop 

At 24 hr after being fed, the crop was empty at 6 weeks of age and crop content was 18.2 

± 1.0% water at 12 weeks of age (Figure 4.3). The effect of the feeding strategy on the 

relative water content in the crop depended on age and time after being fed (F4,90=3.79, 

P<0.01). At 6 weeks of age, the relative water content in the crop of control pullets was 

16.45 ± 3.06% lower at 1.5 hr after feeding compared to pullets fed the SBH diet (t90=5.38, 

P=0.0001). At 12 weeks of age, pullets on the control treatment had 14.48 ± 3.20% and 

11.82 ± 3.10% lower relative water content in the crop 1.5 hr after feeding than pullets on 

the 4/3 schedule (t90=3.81, P=0.03) and pullets fed the SBH diet (t90=4.57, P=0.002). 

Treatment had an overall effect (F4,90=5.20, P<0.001), and the relative water content was 

higher in the crop content of pullets fed the SBH diet (63.31 ± 1.42%) compared to control 

pullets (55.41 ± 1.55%; t90=4.28, P=0.004).  
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4.3.2.2.2 Gizzard 

The relative water content in the gizzard was affected by treatment and time after being 

fed (F8,90=3.79, P<0.001). At 1.5 hr after being fed, the relative water content in the 

gizzard of pullets fed the SBH diet and the alternative diet was 10.25 ± 0.97% (t90=10.61, 

P<0.001) and 9.12 ± 1.16% (t90=7.87, P<0.001), respectively, higher compared to control 

pullets. At 6 hr after being fed, the relative water content in the gizzard of pullets fed the 

SBH diet (64.08 ± 0.88%) was still higher compared to control pullets (68.55 ± 0.74%; 

t90=3.99, P=0.01), but not for pullets fed the alternative diet (67.53 ± 0.72%). Consistently 

at both 6 and 12 weeks of age, the relative water content in the gizzard of pullets fed the 

SBH diet was higher compared to pullets on the 4/3 schedule 1.5 hr (∆=+ 9.97 ± 0.85%; 

t90=11.76, P<0.001) and 6 hr (∆=+ 4.97 ± 1.24%; t90=8.2, P<0.001) after being fed.  

4.3.2.2.3 Intestine 

Figure 4.3 shows the variation in the relative water of the luminal content depending on 

the feeding strategy, time after being fed and age by intestinal section. The relative water 

content in the intestinal tract was impacted by feeding treatment and time after being fed 

(F8,90=3.27, P=0.003) and by age (F1,90=24.33; P<0.0001). The intestinal relative water 

content of pullets fed the SBH diet was 4.72 ± 1.45% higher than the intestinal content of 

pullets on the 4/3 schedule at 1.5 hr after feeding (t90=4.12, P=0.007), and 5.43 ± 1.41% 

higher than intestinal content of pullets fed the CaP diet at 6 hr after feeding (t90=3.86, 

P=0.02). On average, pullets on the 4/3 schedule (74.85 ± 0.51%) had a lower percentage 

of water in the intestinal content compared to pullets fed the SBH diet (78.36 ± 0.57%; 

t90=3.68, P<0.01) but not compared to the alternative diet (77.97 ± 0.55%; t90=0.87, 

P=0.91). In the large intestine, treatment impacted the relative water content (F4,90=2.61, 

P=0.04) and pullets fed soybean hulls had a higher relative water content in the large 

intestine (66.17 ± 4.9%) compared to pullets fed the control treatment and the CaP diet 

(56.41 ± 3.1%; F1,90=8.42, P=0.005). 



94 

 

 

 

4.3.2.3 Feathers in the intestinal tract 

The average number of feathers in the GIT was 8.7 ± 1.1, and most of feathers were 

observed in the gizzard (52.5%) and in the small intestine (35.0%). The number of 

feathers in the GIT depended on feeding strategy and time after being fed (F2,90=3.82, 

P<0.001). The number of feathers in the GIT for pullets on the 4/3 schedule increased 

from 1.5 hr (8.2 ± 2.2 feathers) to 24 hr after being fed (14.9 ± 2.2 feathers; t90=2.33, 

P=0.02). Twenty four hours after feeding, the number of feathers in the GIT was higher 

for pullets on the 4/3 schedule (14.9 ± 2.9 feather) than those fed the alternative diet (3.2 

± 2.4 feathers; t90=3.01, P<0.01). Similarly, pullets on the control treatment had a higher 

number of feathers in the GIT 1.5 hr after being fed (17.4 ± 3.2 feathers) than pullets fed 

the alternative diet (3.4 ± 2.2 feathers; t90=3.74, P=0.02). In the gizzard particularly, 

treatment affected the number of feathers (F4,90=3.08, P=0.02); there were more feathers 

in the gizzard content of pullets on the 4/3 schedule (5.6 ± 1.3 feathers) compared to 

pullets fed the alternative diet (1.9 ± 0.7 feathers; t90=2.69, P<0.01). Furthermore, the 

overall number of feathers in the intestinal tract was impacted by the interaction between 

the total number of intestinal lesions and age (F1,90=5.34, P=0.02). At 12 weeks of age, 

the number of feathers in the intestinal tract decreased following a logistic curvature as 

the total of intestinal lesions increased. In addition, results of the feather eating test (see 

Chapter 3) did not explain the number of feathers in the GIT (F1,90=0.01, P=0.98).  

4.4 Discussion 

The present experiment was designed to look at the effect of rationed alternative diets 

(including soybean hulls, calcium propionate and both) and non-daily feeding frequency 

on the development and functioning of the gastrointestinal tract (GIT) for broiler breeders. 

Our results indicate a heavier GIT content caused by diets including soybean hulls and 

non-daily feeding, resulting in a heavier GIT at the expense of carcass weight, although 

this effect was age dependant. The alternative feeding strategies differed in their effect 

on organs and on the mechanisms by which the GIT content was increased, including its 

interaction with water content.  
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The greater daily feed allotment for pullets fed diets including soybean hulls or fed non-

daily resulted in a heavier GIT (Enting et al., 2007; Zuidhof et al., 2015; Lindholm et al., 

2017b). However, such impact on the GIT was at the expense of carcass weight. Despite 

their live body weights being similar to those on the control diet fed daily, pullets fed non-

daily or the alternative diets had lighter carcass weight when GIT weight was subtracted 

from live body weight or when live body weight was recorded 24 hr after feeding. The 

relevance of time after being fed has been previously indicated in Bennett and Leeson 

(1989), and authors noted that difference in body weight of broiler breeders fed unequal 

rations corresponded with feed retention in the GIT. Indeed, the inclusion of soybean hulls 

did not impact body weight at 1.5 or 6 hours after feeding, but pullets fed the alternative 

and SBH diet were lighter than control 24 hours after feeding. Therefore, a heavier GIT 

and its content negated any differences in the carcass weight by the inclusion soybean 

hulls compared to control. Previous research assessing the effect of qualitative feed 

restriction for broiler breeders suggested that growth rate slowed with a 15% soybean 

hulls diet (de los Mozos et al., 2017) and a 15% sugar beet pulp diet (Enting et al., 2007) 

compared to control. The inclusion of soybean hulls resulted in a lighter carcass weight 

compared to control at both 6 and 12 weeks of age, although the inclusion of calcium 

propionate in the alternative diet yielded a carcass weight similar to control at 6 weeks of 

age. Khan and Iqbal (2016) reviewed the role of organic acids, such as calcium 

propionate, in poultry nutrition, and the authors highlighted the role of acidifiers as growth 

promoters in poultry diets. Although the research looking at the effect of the inclusion of 

calcium propionate with dietary fibre is limited, organic acids are associated with higher 

digestibility of poultry diets containing soybean meal (Omogbenigun et al., 2003). 

Accordingly, our results suggest an improvement in digestibility and absorption when 

calcium propionate is added in a diluted diet with soybean hulls as indicated by the similar 

carcass weight gain between the alternative and the control during early rearing. As well, 

the inclusion of calcium propionate and non-daily feeding increased the GIT weight 

without elongating the GIT. Previous studies indicated a stimulatory effect of organic acid 

salt on the enteric endothelium morphology (in review: Khan and Iqbal, 2016). Larger feed 

allotment and overfeeding has been indicated to increase the GIT as an anatomical 
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habituation to larger luminal content (Nir et al., 1974; Pinchasov et al., 1984), which 

agrees with our results of the inclusion of soybean hulls. For example, studies looking at 

the anatomical response of overfed broilers indicate that larger feed allotment per se lead 

to a heavier crop, gizzard and liver (Nir et al., 1974). Similarly, chickens under an 

intermittent feeding (ad libitum feeding every-other day) developed a heavier crop, 

gizzard and liver compared to control (Pinchasov et al., 1984; Lees et al., 2017), although 

the effect on gizzard was observed after 30 but not at 20 days of age. Our results from 

pullets on the 4/3 schedule point toward a regulation of feed allotment and intestinal transit 

during on-feed days without resulting in intestinal elongation. Lindholm et al. (2017b) 

reported a similar effect on the intestinal development in pullets on a 5/2 schedule at 12 

weeks of age when body weight was included as a covariate.  

The 4/3 feeding schedule resulted in a heavier liver, as has been previously reported for 

non-daily feeding schedules such as a 5/2 schedule (Lindholm et al., 2017b) and skip-a-

day (de Beer et al., 2007; Zuidhof et al., 2015). The liver is the main organ responsible 

for lipogenesis, and larger feed allotment during on-feed days allows pullets fed non-daily 

to synthesize and store fatty acids and glycogen required for the following off-feed day 

(de Beer et al., 2007; Lees et al., 2017). Zuidhof et al. (2015) indicated that the livers of 

pullets were heavier than those from pullets reared on the control and an alternative diet. 

Our results indicate that liver weight continued increasing up to 24 hr after feeding in 

pullets fed non-daily, and heavier livers in pullets fed non-daily were likely due to an 

increase in fat and glycogen as reported by de Beer et al. (2007). In agreement with de 

Beer et al., 2007, hepatic activity was stimulated in the 4/3 during nutrient absorption and 

lasted until 24 hours after feeding to meet daily caloric requirements during off-feed days. 

These results indicate that nutrients, mainly fatty acids, are mobilized in the 4/3 schedule 

between on- and off-feed days to a higher extent than in daily qualitative and quantitative 

feed restriction. The inclusion of calcium propionate with soybean hulls in the alternative 

diet also promoted greater liver weight compared to the SBH diet. This result aligns with 

the improvement in feed efficiency when calcium propionate is included with soybean 
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hulls in the alternative diet, potentially leading to improved enteric absorption, in contrast 

to the SBH diet. 

The inclusion of soybean hulls resulted in a heavier gizzard at 12 weeks of age and lighter 

hearts compared to control. A similar effect was observed in broilers fed a diet with an 

inclusion of oat hulls (Jimenez-Moreno et al., 2009), and in broiler breeders fed a diet with 

15% soybean hulls (de los Mozos et al., 2017). Previous research has investigated the 

link between the gizzard and the circulatory system (Patak and Baldwin, 1987; Enoki and 

Morimoto, 2000). The authors mentioned that the development of the gizzard might 

compete for oxygen bioavailability based on feeding habits. Indeed, flight-adapted avian 

species with feeding habits that stimulate gizzard activity (such as high consumption of 

fibrous ingredients) have high myoglobin content (Enoki and Morimoto, 2000). The 

authors concluded that this is a flight adaptation to support gizzard activity under limited 

oxygen supply, and our results can be interpreted as evidence of this trade-off between 

the gizzard and heart development. Contrary to this theory linking heart and gizzard 

weights, we found that inclusion of CaP resulted in a heavier gizzard, but had no 

significant effect on heart weight, and pullets on the 4/3 schedule tended to have a lighter 

heart than control, without a significant impact on the development of the gizzard. As 

discussed earlier, the 4/3 schedule and the inclusion of soybean hulls both resulted in 

heavier intestines at a lighter carcass weight compared to control, although the intestine 

of pullets on the 4/3 schedule was lighter than those fed soybean hulls. The enteric 

epithelium is a high calorically demanding tissue and represents a higher proportion of 

relative body weight than the gizzard. For this reason, a heavier intestinal tract rather than 

gizzard is hypothesized to limit the development of the heart in broiler breeders under 

qualitative feed restriction according to our results, although the effect of carcass weight 

should also be considered. The development of the heart displayed an allometric growth 

dependent on the fibre inclusion that can be explained by a greater gizzard weight gain, 

heavier development of the intestinal tract, lighter carcass weight or the interaction among 

previous factors. Further research assessing the implications of a slower heart 

development can help to understand the biological functioning and welfare of broilers and 
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broiler breeders under qualitative feed restriction (particularly for breeds susceptible to 

develop cardiac disorders).  

The inclusion of soybean hulls led to lengthening of the intestinal tract, but also a higher 

prevalence of intestinal lesions, especially in the small intestine, compared to quantitative 

feed restriction. In agreement with our results, the inclusion of insoluble dietary fibre is 

associated with a greater abrasive effect on the enteric epithelium (Mateos et al., 2012). 

For this reason, the inclusion of 40% soybean hulls might have resulted in this negative 

effect associated with an elongation of the small intestinal tract and higher intestinal 

transit. The addition of calcium propionate had been suggested to result in a higher 

prevalence of lesions in the GIT compared to the other feeding strategies (Tolkamp et al., 

2005). Nevertheless, there was no difference in the prevalence of haemorrhagic lesions 

between the alternative and control diet, probably because of the effect of calcium 

propionate promoting enteric integrity of the small intestine (Adil et al., 2010; Khan and 

Iqbal, 2016). Consequently, the inclusion of calcium propionate with soybean hulls can 

lead to a greater enteric integrity (i.e., more resilient to damage from intestinal distension). 

These results indicate a protective effect in the small intestine of calcium propionate when 

used in combination with soybean hulls, whereas the lack of intestinal enlargement by 

non-daily feeding can indicate a differential effect on GIT functioning compared to the 

inclusion of soybean hulls.  

Alternative feeding strategies have mainly focused on increasing feed allotment either by 

dietary dilution or non-daily feeding, to promote satiety by increasing feed retention time 

in the GIT. In line with conclusions from Enting et al. (2007), soybean hulls were 

hypothesized to increase luminal retention in the intestine, especially in the large 

intestine, compared to a control diet. Furthermore, non-daily feeding frequency was 

suggested to have a heavier GIT content by 24 hours after feeding as suggested in de 

Beer et al., 2008. Larger feed allotment in the crop and the GIT system is thought to 

reduce feeding motivation due to muscular distension (van Krimpen and de Jong, 2014). 

Although whether the effect of large feed allotments on low feeding motivation in broiler 

breeders is driven by satiety signals or by GIT constraint via negative feedback (fullness) 
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is unknown. Our results showed that the inclusion of soybean hulls and the 4/3 schedule 

led to a heavier GIT content up to 6 hours after feeding at both 6 and 12 weeks. However, 

the two different feeding strategies differentially affected GIT functioning. The inclusion of 

soybean hulls functioned as an intestinal filler as early as one and half hour after feeding 

and maintained up to six hours after feeding at 6 and 12 weeks of age. Similarly, inclusion 

of oat hulls and sugar beet pulp in broiler diets had a gizzard content 1.5 and 2 times 

heavier than control (reference?). Enting et al. (2007) described that dietary dilution with 

fibrous ingredients resulted in a heavier crop, ileal and colon content compared to control. 

The inclusion of soybean hulls additionally yielded a heavier crop than control at both 

ages, but primarily one and half hour after feeding. During this time, the relative water 

content in the GIT was higher in the crop with the addition of soybean hulls but not in the 

case of the alternative diet.  

The increased water content in the GIT has been previously described for the inclusion 

of dietary fibre in poultry diets (Mateo et al., 2012). Fibrous ingredients with a higher 

fraction of pectin showed a higher water-holding capacity, such as sugar beet pulp 

(soluble) versus oat hulls (insoluble). Interestingly, the addition of calcium propionate to 

soybean hulls lowered the relative water content in the GIT in contrast to soybean hulls 

without calcium propionate. However, limited research is available looking at the effect of 

calcium propionate on water content in the GIT system. Therefore, the combination of 

calcium propionate with soybean hulls was successful at maintaining intestinal content 

without a surge in water content compared to control. Both diets including soybean hulls 

slowed gastric emptying compared to the other three feeding strategies as soon as one 

and half hour after feeding. In the same line, Enting et al. (2007) noted that the inclusion 

of fibrous ingredients in broiler breeder diets reduced intestinal content retention time 

compared to control, especially in the small intestine. These results indicate that the 

inclusion of soybean hulls resulted in a greater water content in the GIT than control, but 

the interaction of soybean hulls with calcium propionate resulted in a similar relative water 

content as control. Moreover, the SBH and the alternative diet resulted in a greater 

gizzard activity that led to greater feed retention in the crop and also favoured intestinal 
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transit, in contrast to control. Jimenez-Moreno et al. (2009) observed a similar positive 

effect on gizzard activity with oat hulls (insoluble) inclusion in broiler diets compared to 

control. As well, Sacranie et al. (2012) observed an increase in retention time in gizzard 

content in broiler diets with 15% oat and barley hulls (insoluble) that led to a promotion of 

gizzard activity. Therefore, the inclusion of soybean hulls increased feed retention in the 

gizzard in the upper section of the GIT due to higher gizzard activity, and soybean hulls 

behaved as a filler in the intestine at least up to six hours after feeding at both ages.  

Compared to the control diet, pullets on a diet with soybean hulls had heavier gizzards at 

12 weeks of age, which may have enabled heavier gizzard content. Similarly, a heavier 

content in the gizzard was only observed at 12 weeks of age in pullets on the 4/3 schedule 

in contrast to control, but non-daily feeding did not increase gizzard weight. Instead, the 

4/3 schedule had a major effect on the crop until six hours after feeding at both ages. de 

Beer et al. (2008) reported that crop emptying rate was similar between daily and non-

daily feeding frequencies, but the crop emptied by 10 and 22 hr post feeding in pullets 

fed daily and non-daily, respectively. Our results agree with these observations; the crop 

was empty in pullets on the 4/3 schedule by 24 hrs after feeding at both ages. Heavy crop 

content without differences in the gizzard and intestinal content compared to control 

indicates that the emptying rate of the gizzard was similar to the control after feeding. 

Therefore, the extra feed allotment by non-daily feeding would have allowed a steadier 

and slower intestinal transit due to heavier crop content. Certainly, the 4/3 schedule 

increased intestinal content up to 24 hours after feeding at 12 weeks of age compared to 

control. The intestinal content of pullets on the 4/3 schedule was lighter than pullets fed 

soybean hulls but still heavier than pullets on the control treatment. This increase in GIT 

content was not associated with a higher relative water content. Savory et al. (1992) 

reported that feed restriction level resulted in an excessive feed intake, and overdrinking 

in broiler breeder has been previously associated with hunger and feeding frustration. 

Therefore, it was hypothesized to that pullets on the 4/3 schedule would have a higher 

water content at the onset of off-feed days compared to those pullets fed daily. Instead, 

the relative water content in the GIT was similar between pullets fed a control diet daily 
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and non-daily. These results may indicate constant nutrient absorption during on-feed 

days that lasted longer at 12 rather than 6 weeks of age. This is supported by the steady 

live weight gain after being fed. For this reason, our results indicate that the 4/3 schedule 

had slower gastric emptying leading to a greater feed retention in the crop and slower 

intestinal transit time compared to control. Gastric emptying and intestinal transit are 

regulated by the jejunal and ileal brake in the intestine, and the activation of both brakes 

can explain the higher feed retention in pullets fed the 4/3 schedule compared to control.  

After being fed, pullets on the 4/3 schedule actively consumed feathers (probably from a 

neighbor or themselves as juvenile moult started at 5 weeks of age) during on feed days, 

in agreement with results from a feather intake test in Chapter 3, and had a higher water 

content in the crop at 12 weeks of age. Both observations can be interpreted as a strategy 

to promote gastric emptying and intestinal transit. Feathers are indigestible by chickens 

and act like insoluble fibre in the GIT (Harlander-Matauschek et al., 2006b). Thus, the 

presence of feathers in the gizzard would stimulate gizzard grinding activity and intestinal 

transit time similar to the effect of soybean hulls on the GIT functioning. Harlander-

Matauschek et al. (2006b) demonstrated that pullets with higher feather consumption 

showed a higher feed passage over 48 hours than pullets with a low feather consumption. 

Compared to control pullets, the pullets on the 4/3 schedule had a relative higher water 

content in the crop 1.5 hr after being fed at 12 weeks of age that matched an increase in 

gizzard content. Digestion is a hydrolytic process that requires water to break down 

macromolecules into easily absorbed nutrients. In the case of chickens, water intake is 

the double amount than feed allotment (Ferket and Garnet, 2006). Results from the water 

content can suggest that, compared to control, slightly higher water content reduced 

retention time in the crop leading to a heavier content in the gizzard after feeding. 

However, our results suggest that the duodenal brake remained despite the high number 

of feathers in the gizzard and the GIT after feeding and higher relative water content in 

the crop at 12 weeks of age. Pullets on the 4/3 schedule may be more motivated to forage 

on fibrous ingredients to avoid a fullness-like state or to promote intestinal transit in 

agreement with Hocking et al. (2005) and Sacranie et al. (2012), although such foraging 
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was not possible in the current experiment as they were cage-housed. Further 

investigation into the motivation of broiler breeders to consume non-digestible ingredients 

would provide insights that may improve the welfare in feed-restricted broiler breeders 

under non-daily feeding management. 

The number of feathers in the GIT system is hypothesized to function similar to insoluble 

dietary fibre, as is the case of soybean hulls (Harlander-Matauschek et al., 2006b). Meyer 

et al. (2012) noted that feather meal affected the GIT functioning and development 

similarly to insoluble fibrous ingredients. Our results support this hypothesis, and the 

inclusion of soybean hulls in the alternative diet reduced the number of feathers in the 

GIT compared to the control and the 4/3 schedule based on time after being fed. Certainly, 

all treatments presented feathers in the intestinal tract and these results agree with the 

conclusion from Mateos et al. (2012) that poultry need a minimum inclusion of dietary 

fibre for proper functioning and development of the GIT system. As well, mechanical 

digestion in the gizzard can enhance digestibility in the anterior small intestine due to 

particle breakdown during grinding. Indeed, the number of feathers in the gizzard were 

consistently higher in the pullets on the 4/3 schedule than on the alternative diet. During 

off-feed days, feed passage is suggested to decline due to the lack of positive mechanical 

stimulation from the crop and gizzard. Therefore, pullets were hypothesized to consume 

more feathers 24 hours after feeding to increase intestinal transit. Results from the feather 

eating test point toward a proximate function of this behaviour to stimulate gizzard activity 

and gizzard emptying. Alternatively, these results can be interpreted as a behavioural 

response to feeding frustration since the control pullets had more feathers in the intestine 

one and half hour after feeding, perhaps due to small feed allotment and unfulfilled 

feeding motivation. Regardless, the prevalence of feathers in the GIT may serve a 

beneficial function in the GIT functioning in diets with low dietary fibre. Feather eating has 

been described as a protective behaviour toward aversive dietary components. Although 

information in poultry is scare, this effect has been intensively investigated in 

Podicipedidae spp. since the 1950s (Simmos, 1956; Storer, 1961; Piersma and van 

Eerden, 1989). Our results support these observations and highlight the preventive effect 
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of feather eating in enteric health. Indeed, a higher number of feathers in the intestinal 

tract was associated with a lower number of haemorrhagic intestinal lesions at 12 weeks 

of age.  

4.5 Conclusion 

Our results indicate that non-daily quantitative feed restriction and the inclusion of 

soybean hulls in alternative diets for broiler breeder can promote gastrointestinal (GIT) 

filling. The 4/3 schedule had lower gastric emptying, resulting in a larger crop filling for 

longer compared to control, probably associated to a longer feeling of fullness. The 

inclusion of soybean hulls stimulated gizzard activity and behaved as an intestinal filler 

leading to a higher water content compared to the control diet. But the inclusion of calcium 

propionate with soybean hulls reduced the GIT water content similar to control. In 

addition, large daily feed allotment with soybean hulls elongated the GIT, which was 

associated with a higher number of haemorrhagic lesions compared to control. However, 

the alternative diet promoted the development of the GIT without negative consequences 

on intestinal integrity. Therefore, this research suggests the beneficial effect of the 

inclusion of both soybean hulls and calcium propionate in alternative diets for broiler 

breeders, although the results from Chapter 3 suggest the lower palatability of the 

alternative diet over the control diet.  
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Table 4.1 The effect of feeding frequency and alternative diets in isocaloric and non-isovolumetric feeding strategies on the 
body weight and empty body weight depending on pullets age and time after being fed (mean ± SE).  

Age 
(wk) 

 

Time 
after 
being 
fed (h) 

 Control  CaP  Alternative  SBH  4/3 

Body weight (g) 

6 
 1.5  597.08±22.17  601.08±28.66  652.94±23.82  635.17±22.12  566.98±27.15 
 6  624.92±22.17  653.18±28.68  658.89±27.79  615.92±22.12  643.58±27.12 
 24  602.93±22.23  549.97±28.78  557.35±25.59  525.17±24.11  603.45±27.25 

             

12 
 1.5  1,396.33±22.17  1,448.67±28.66  1,383.67±25.54a  1,398.00±22.12a  1,334.48±27.15 
 6  1,428.00±22.17  1,431.18±28.68  1,382.33±25.54  1,362.53±26.69  1,348.75±32.84 
 24  1,337.02±22.23  1,347.13±28.78  1,239.00±30.83b  1,278.98±22.18b  1,257.83±29.61 

Empty body weight1 (g) 

6 
 1.5  506.63±22.14  506.59±28.98  502.94±22.36  482.49±20.59  442.74±24.13 
 6  548.51±22.14  567.72±29.01  533.93±26.07  481.70±20.59  525.42±24.10 
 24  571.63±22.19  523.29±29.10  519.69±24.02  485.40±22.44  564.35±24.24 

             

12 

 1.5  1,261.49±22.14  1,298.27±28.98  1,172.74±23.96  1,176.95±20.59  1,114.13±24.13 

 6  1,305.14±22.14  1,287.18±29.01  1,197.88±26.07  1,192.59±24.80  1,151.60±33.35 

 24  1,286.46±24.00  1,290.97±29.10  1,174.11±28.91  1,214.90±20.64  1,188.70±26.30 

Control: daily control diet; CaP: daily calcium propionate diet; Alternative: daily alternative diet; SBH: daily soybean hulls 
diet; 4/3: 4/3 schedule control diet. 
a-bDifferent superscripts indicate significant mean differences within age for body weight or empty body weight (P<0.05). 
1Empty body weight refers to body weight minus the GIT (crop, gizzard and intestines).  
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Table 4.2 The significant effect of body weight and time after being fed on the mass and 
or length of the gastrointestinal system and peripheral organs.  

  Body weight  Time after being fed 

O
rg

a
n
      

Liver  P<0.05  P<0.05 

Heart  P<0.05  ns  
Gizzard  ns   P<0.05 

      

In
te

s
ti
n

e
 

Small:     

Duodenum  ns   P<0.051  

Jejunum  ns   P<0.051  

Ileum  ns   ns/P<0.052  

Large:     

Ceca  P<0.05  ns/P<0.052  

Colon  ns   ns/P<0.052 

Ns: non-significant. 
1Both mass and length. 
2Length. 
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Table 4.3 The effect of feeding frequency and alternative diets on the development of the gastrointestinal system.  

  Control  CaP  Alternative  SBH  4/3 

6 weeks of age           

BW (g)  609.0±12.3  601.5±16.3  622.8±14.0  591.4±13.2  605.3±15.4 
Liver (g)  13.60±0.71b  13.58±1.05b  13.55±0.65b  11.96±0.75b  19.71±0.85a 
Heart (g)  3.25±0.14a  3.11±0.14ab  2.81±0.15ab  2.58±0.18b  2.76±0.16ab 
Gizzard  15.21±1.45  14.91±2.55  19.39±2.52  18.30±2.05  15.44±1.82 

Intestinal (g)  17.43±0.18c  17.02±0.34bc  24.54±0.23a  23.82±0.20a  19.09±0.23b 
Small (g)           

Duodenum  5.31±0.19b  5.38±0.31b  6.71±0.20a  6.09±0.42ab  5.84±0.21b 
Jejunum  4.35±0.20b  4.82±0.37ab  6.20±0.30a  5.71±0.21a  5.42±0.25a 

Ileum  3.64±0.21b  3.30±0.29b  5.84±0.24a  5.86±0.32a  3.91±0.35b 
Large (g)           

Ceca  3.13±0.27b  3.15±0.18b  4.30±0.24a  4.60±0.15a  3.01±0.14b 
Colon  1.12±0.14ab  1.14±0.08b  1.69±0.11a  1.62±0.09a  1.07±0.08b 

12 weeks of age           

BW (g)  1,387.8±12.3a  1,409.1±16.3a  1,335.0±15.0ab  1,346.8±14.1ab  1,313.6±16.5b 
Liver (g)  23.44±0.71bc  24.46±1.05bc  25.05±0.68b  21.56±0.78c  32.56±0.92a 
Heart (g)  5.40±0.14a  5.34±0.14ab  4.81±0.16b  5.05±0.19ab  5.14±0.17ab 

Gizzard  23.99±1.44b  32.71±2.55a  40.19±2.65a  33.12±2.11a  28.36±1.92ab 
Intestine (g)  26.87±0.22c  30.14±0.47b  36.53±0.31a  35.14±0.24a  31.42±0.28b 
Small (g)           

Duodenum  8.19±0.19b  9.41±0.31a  9.95±0.21a  9.13±0.44ab  9.58±0.24a 
Jejunum  6.78±0.21b  8.02±0.36ab  8.94±0.33a  8.46±0.22a  8.70±0.30a 

Ileum  4.99±0.21b  5.72±0.28b  8.57±0.26a  8.36±0.34a  6.37±0.39b 
Large (g)           

Ceca  5.10±0.31b  5.19±0.18b  6.78±0.26a  6.64±0.16a  4.94±0.15b 
Colon  2.08±0.14b  1.90±0.08b  2.75±0.12a  2.80±0.09a  1.96±0.08b 

Control: daily control diet; CaP: daily calcium propionate diet; Alternative: daily alternative diet; SBH: daily soybean 
hulls diet; 4/3: 4/3 schedule control diet. 
a-bDifferent superscripts within a row indicate significant mean differences, corrected for body weight (P<0.05). 



107 

 

 

 

Table 4.4 The effect of feeding frequency and alternative ingredients on the length of the intestinal tract of broiler breeder 
pullets (mean ± SE). 

  Control  CaP  Alternative  SBH  4/3 

6 weeks of age           

Intestine (cm):  137.19±0.78b  134.78±1.12b  151.92±0.94a  151.86±0.82a  134.28±0.97b 
Small (cm)                    

Duodenum  11.35±0.29   11.72±0.34   12.28±0.31   12.41±0.37   11.80±0.43 
Jejunum  49.87±1.92b   50.94±1.92ab   58.04±2.20a   57.06±1.96a   51.94±2.11ab 

Ileum  52.68±1.23ab   49.02±1.51b   59.52±1.24a   57.62±1.50a   50.74±1.26b 
Large (cm)                    

Ceca  13.55±0.28c   14.21±0.29bc   15.86±0.48ab   16.49±0.56a   13.68±0.21c 
Colon  8.11±0.23   8.15±0.25   8.83±0.27   8.60±0.24   8.42±0.30 

12 weeks of age                    

Intestine (cm):  164.00±0.77b  167.35±1.02b  193.31±0.93a  190.31±1.08a  159.93±3.15b 
Small (cm)                    

Duodenum  14.17±0.64   14.45±0.78   13.75±0.70   14.65±0.87   14.42±1.07 
Jejunum  60.80±2.42b   60.41±2.35b   70.19±2.95a   67.40±2.6ab   64.08±2.01ab 

Ileum  59.38±2.86c   62.82±3.13bc   74.79±2.80a   73.55±3.21a   63.67±3.06b 
Large (cm)                    

Ceca  17.41±0.63b   17.77±0.65b   21.45±0.77a   20.52±0.92a   17.17±0.49b 
Colon  10.86±0.52   11.19±0.60   11.97±0.60   11.85±0.56   11.04±0.68 

Control: daily control diet; CaP: daily calcium propionate diet; Alternative: daily alternative diet; SBH: daily soybean 
hulls diet; 4/3: 4/3 schedule control diet. 
a-bDifferent superscripts within a row indicate significant mean differences based on two-way interaction, corrected for 
body weight as a covariate (P<0.05). 
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Table 4.5 Total and gastrointestinal tract sections that significantly differed in their content 
(weight and water content) based on the alternative feeding strategies compared to 
control (P<0.05) according to pullets age and time after being fed.  

Age 
(wk) 

 

Time 
after 
being 
fed (h) 

 Alternative  SBH  4/3 

6 

 1.5  
Total: crop, 
intestine 

 
Total1: crop1, 
intestine 

 Total: crop 

 6  Total: intestine  
Total: crop, 
intestine 

 Total: crop 

 24  -  -  - 

12 

 1.5  
Total: crop, 
intestine 

 
Total1: crop1, 
gizzard1, intestine 

 
Total: crop1, 
gizzard 

 6  
Total: crop, 
gizzard, intestine 

 
Total: gizzard1, 
intestine 

 Total: crop 

 24  -  -  Total: intestine 

Alternative: daily alternative diet; SBH: daily soybean hulls diet; 4/3: 4/3 schedule 
control diet. 
1Significant increase in relative water content (P<0.05). 
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Age 

6 weeks of age 12 weeks of age 
A)  

 

 

B)  

 

 

Figure 4.1 The effect of feeding frequency and alternative diets in isocaloric and non-
isovolumetric feeding strategies on the total gastrointestinal content (A) and the relative 
water content (B) depending on time after being fed and age at 6 (left) and 12 weeks of 
age (right). The effect of feeding strategies on the gastrointestinal tract content (P<0.01) 
and relative water content (P=0.04) varied based on time after being fed and pullets’ 
age.  
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Figure 4.2 The effect of feeding frequency and alternative diets in isocaloric and non-
isovolumetric feeding strategies on the gastrointestinal content at 1.5 h (top), 6 h 
(middle) and 24 h (bottom) after being fed and with birds’ age at 6 (left) and 12 weeks 
of age (right) in feed-restricted broiler breeders pullets reared in cages (mean ± SE). 
The feeding strategies affected the content in the crop (P<0.01), gizzard (P<0.05) 
and intestine (P<0.05) depending on age and time after being fed. 
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Figure 4.3 The effect of feeding frequency and alternative diets in isocaloric and non-
isovolumetric feeding strategies on the water content relative to gastrointestinal 
content at 1.5 h (top), 6 h (middle) and 24 h (bottom) after being fed and with birds’ 
age at 6 (left) and 12 weeks of age (right) in feed-restricted broiler breeders pullets 
reared in cages (mean ± SE). The feeding strategies impacted the relative water 
content in the crop (P<0.01), gizzard (P<0.001) and intestine (P<0.0001) according 
to age and time after being fed. 
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Preface 

Chapters 3 and 4 noted the positive effect of the inclusion of soybean hulls and calcium 

propionate in the alternative diet for broiler breeders. Such benefits refer to the 

improvement in GIT development and functioning (without a negative effect attributed to 

the abrasive effect of insoluble dietary fibre), lower feed motivation (probably attributed to 

a larger intestinal content and lower palatability) and lower motivation to consume 

feathers compared to the control diet fed daily. 

Results in Chapters 3 and 4 agree with published literature highlighting the potential 

benefits of alternative diets for broiler breeders under experimental conditions. However, 

whether these benefits hold true under simulated commercial conditions is not straight 

forward. Under commercial conditions, high stocking densities and limited feeder space 

increases feeding competition resulting in poor body weight uniformity. As well, feeding 

frustration under on-farm conditions can result in wet litter and injurious pecking because 

of overdrinking, drinker pecking, and severe pecking. For this reason, the following 

chapter looks at the effect of alternative feeding strategies on welfare indicators and 

performance under simulated commercial conditions.   
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5 The effect of alternative feeding strategies during rearing 
(from 3 to 22 weeks of age) on welfare and productivity of 
broiler breeders  

Abstract 

Broiler breeders have impaired reproductive performance when fed to satiety. As a result, 

they are feed restricted, but this feed restriction is a welfare concern due to signs of 

hunger, lack of satiety and frustrated feeding motivation. The objective of this research 

was to examine the effect of a rationed alternative diet and non-daily feeding schedules 

on the performance and welfare of broiler breeder pullets reared under simulated 

commercial conditions. At 3 weeks of age, 1,680 Ross 308 pullets were allocated to 24 

pens fed with one of four treatments: 1) daily control diet (control); 2) daily alternative diet; 

3) 4/3 control diet (four on-feed days per week; three non-consecutive off-feed days per 

week); and 4) graduated control diet. Graduated treatment had a 5/2 schedule (five on-

feed days per week; two non-consecutive off-feed days per week) from weeks 3-4, 4/3 

schedule from weeks 5-11, 5/2 schedule from weeks 12-18, and daily from weeks 19-22. 

The alternative diet included 40% soybean hulls and 1-5% calcium propionate, increasing 

as pullets aged. A subsample of pullets was individually weighed at 3, 5, 7, 11, 17 and 21 

weeks of age. Pullets were scored for feather coverage, foot lesions and hock burns 

biweekly. Blood samples were collected at weeks 5, 11, 17 and 21 during on- and off-

feed days, and relative feed intake was measured during on- and off-feed days every four 

weeks from 4 to 20 weeks of age. Data were analysed using a linear mixed regression 

model, with pen nested in the model and age as a repeated measure. Compared to 

control, pullets under the three alternative feeding strategies had a lower feeding 

motivation during early rearing (P=0.03), better feather coverage throughout rearing 

(P=0.001), fewer feather fault bars  (P=0.006), and a delayed increase in the basophil to 

lymphocyte ratio (P=0.001). These results indicate that the three alternative feeding 

strategies (the alternative, the graduated and the 4/3 schedule) may decrease feeding 

motivation and alleviate stress compared to the control, suggesting an overall 
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improvement in broiler breeder welfare without negative consequences on their 

performance. 

5.1 Introduction 

Broiler breeders share the same genetic potential for fast growth and high feed intake as 

their progeny (Hocking et al., 1997; Bokkers and Koene, 2003; van Krimpen and de Jong, 

2014). However, feeding broiler breeders to satiety can lead to obesity-related problems 

(Hocking et al., 2002a; D’Eath et al., 2009; van Krimpen and de Jong, 2014). Therefore, 

broiler breeders are restricted during rearing to reduce health problems and to achieve 

an optimal reproductive performance during lay (Gous et al., 1999; D’Eath et al., 2009). 

A controlled and uniform growth rate ensures an optimal nutrient intake for skeletal 

development (Leeson and Summers, 1982; Gous et al., 1999; Hocking et al., 2002a) and 

synchronizes reproductive development and sexual maturation without the negative 

consequences of obesity (Gous et al., 1999; Renema et al., 2001a). Nevertheless, pullets 

are restricted to approximately 43% of ad libitum feed intake for the same body weight of 

broilers during rearing, and this chronic feed restriction results in hunger, lack of satiety 

and feeding frustration (D’Eath et al., 2009; van Krimpen and de Jong, 2014), as indicated 

by behavioural signs and remaining feeding motivation (Savory and Maros; 1993; Savory 

et al., 1996; Sandilands et al., 2005), and indicators of the stress response (de Jong et 

al., 2002, 2003; de Beer et al., 2007).  

Feather coverage score is considered a welfare indicator that is positively correlated with 

overall body feather weight (Leeson and Morrison, 1978) and relates to feather pecking 

activity (Girard et al., 2017), both gentle feather pecking and severe pecking (de Jong et 

al., 2013). Feed restriction in broiler breeders often leads to gentle feather pecking mostly 

redirected towards the tail and vent (Nielsen et al., 2011, van Emous et al., 2015b). In 

addition, feather growth can be used as an indirect measure of nutritional status and body 

condition (Riddle, 1908; Murphy et al., 1988), and stress (Romero et al., 2005; Strochlic 

and Romero, 2008; DesRoches et al., 2009). For example, Strochlic and Romero (2008) 

and DesRoches et al. (2009) indicated that the combination of the stress response and 
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feed restriction had a greater negative effect on feather growth (lighter) and feather 

integrity (weaker), respectively, compared to control. For this reason, feather coverage 

score and feather traits are useful indicators to assess the welfare of broiler breeders 

under alternative feeding strategies.  

The development of alternative feeding strategies has focused on promoting satiety and 

reducing hunger by increasing feed allotment (g) either by diluting caloric content 

(qualitative restriction) or by reducing feeding days per week in exchange of larger feed 

allotment during on-feed days (non-daily quantitative feed restriction). Alternative diets 

include dietary caloric diluents, appetite suppressants or the combination of both 

(Sandilands et al., 2005; Van Emous et al., 2015b). Previous research noted that 

alternative diets fed ad libitum may promote welfare by increasing feeding duration and 

feed allotment (Sandilands et al., 2005, 2006; Tolkamp et al., 2005; van Emous et al., 

2015b). However, alternative diets fed ad libitum could not limit body weight gain (Savory 

et al., 1996; Sandilands et al., 2006) and resulted in low body weight uniformity (Savory 

et al., 1996). Certainly, rationed alternative diets used under experimental conditions may 

improve broiler breeder welfare and achieve performance objectives, allowing a more 

equal feed distribution and longer feeding duration (Bennet and Leeson, 1989; Savory et 

al., 1993; Nielsen et al., 2011, Morrissey et al., 2014a, 2014b; Zuidhof et al., 2015). 

Nevertheless, whether the benefits for broiler breeder welfare hold true under commercial 

conditions remains unclear.  

Non-daily feeding schedules are commonly used in North America to allow a more even 

feed distribution, resulting in an improvement in body weight uniformity and lower feeding 

competition (Zuidhof et al., 2015). Non-daily feeding schedules eliminate one or more 

non-consecutive feeding days per week in exchange for feeding a larger feed allotment 

during on-feed days (de Beer and Coon, 2007; Morrissey et al., 2014b). However, non-

daily feeding schedules are banned in some countries because of the perceived insult to 

welfare of not having a daily meal (DEFRA, 2007). Nonetheless, there is yet a lack of 

scientific evidence that daily feed restriction promotes better broiler breeder welfare 

compared to non-daily feed restriction.  



116 

 

 

 

For this reason, the objective of this research is to examine the effect of rationed 

alternative diets and non-daily feed restriction on the performance (growth rate and body 

weight uniformity) and welfare indicators (health, stress indicators, and feeding 

motivation) of broiler breeder pullets under simulated commercial conditions. Based on 

previous studies (de Jong et al., 2005; Sandilands et al., 2005; Morrissey et al., 2014a; 

Zuidhof et al., 2015), the rationed alternative diet was hypothesized to improve body 

weight uniformity, decrease feeding motivation and lower the stress response compared 

to the control diet, either fed daily or non-daily. Non-daily feeding was predicted to slow 

growth rate, improve body weight uniformity and improve feather coverage compared to 

daily control diet as suggested in Morrissey et al. (2014a) and Zuidhof et al. (2015). 

5.2 Materials and Methods 

A total of 1,750 Ross 308 broiler breeder pullets housed at the Arkell Poultry Research 

Station (Guelph, ON, Canada) at 1 day of age from February 2015 to July 2015. All the 

procedures used in this experiment were approved by the University of Guelph’s Animal 

Care Committee (AUP # 3141) and were in accordance with the guidelines outlined by 

the Canadian Council for Animal Care (NFACC, 2016). 

5.2.1 Housing and management 

Chicks were donated courtesy of Aviagen (via Horizon Poultry, Hanover, Ontario, 

Canada) were vaccinated based on local recommendations and the health program in 

the research facility. At the hatchery, chicks were beak treated using infrared beam. 

Upon arrival, chicks were randomly allocated to 24 floor pens (16.9 chicks/m2) until 20 

days of age. Floor pens (2.36 m wide x 1.83 m deep) included nipple drinker lines 

providing water ad libitum. Room temperature started at 32 ºC at 1 day old and gradually 

decreasing to 29 ºC by 2 weeks of age. The relative humidity was 21±1% during the same 

period. Light program switched from 23L:1D at 70.2 lux starting at 1 day of age to 12L:12D 

at 21.3 lux by 4 days of age. Chicks were manually fed ad libitum with a control Starter 
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diet until 20 days of age (Table 5.1), and feed restriction started at 8 days of age following 

breed recommendations (Aviagen, 2011b)  

At 3 weeks of age, 1,680 pullets were selected based on body weight and housed in 24 

floor pens of 70 pullets per pen (7.7 pullets/m2) from 3 to 22 weeks of age. Floor pens 

(3.7 m wide x 2.5 m deep x 4 m high) were visually isolated from neighbour pens with 

plastic white walls to 1.2 m high. Pens were equipped with two drinker lines (14 nipples, 

1 nipple per 5 pullets), two feeders and two perches. Water was provided ad libitum, and 

trough feeders (13 cm wide × 152 cm long x 5 cm deep) with male exclusion grills were 

hung at 10 cm above the litter. Feeder space was fixed at 8.7 cm/pullet during rearing. 

Folded slats provided 3.3 m2 perching surface 0.45 m above substrate (3.7 m wide and 

0.6 m deep). Bedding was 5 cm deep pine wood shavings and litter was replaced at the 

end of the rearing phase.  

Pens were managed based on recommendations from the breeding company (Aviagen, 

2013a) and management practices were consistent across treatments. Room 

temperature was controlled by air and ground heating systems, and ground heaters were 

activated from 5 to 12 weeks of age in all rooms to maintain room temperature. Room 

temperature decreased from 27 ºC at 3 weeks of age to 21 ºC by 6 weeks of age. The 

relative humidity increased from 41% to 72% as pullets aged. Light program was 8L:16D 

at 21.3 lux, but light intensity was decreased to 14.8 lux at 7 weeks of age due to feather 

pecking. Light intensity increased to 53.9 lux at 21 weeks of age. Lights came on at 8:00 

am and pullets were fed approximately 30 minutes later. 

Pullets were feed-restricted according to feed allotment suggested by Aviagen (2011b), 

and feed allotment for each pen was adjusted for mortality twice per week. From 3 to 22 

weeks of age, pullets were fed one of four feeding strategies (i.e., treatments): (1) control 

diet fed daily (control), (2) alternative diet fed daily, (3) control diet fed on a 4/3 schedule, 

and (4) control diet fed on a graduated schedule (see section 5.2.2.). All diets were fed  

crumble pellets using a Starter diet (small crumble) from weeks 0 to 6, Grower 1 (medium 

crumble)  from 7 to 12 weeks of age and Grower 2 (medium crumble)  from 13 to 22 
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weeks of age (Table 5.1). Mortality was recorded as it occurred, and weak, lame and/or 

severely injured pullets were euthanized by cervical dislocation. Grading procedures (i.e., 

sorting into groups according to body weight: light, on target, and heavy) were not 

performed during rearing. 

5.2.2 Experimental design and dietary treatments 

The experimental design for the rearing phase was a randomized block design with two 

factors (diet and feeding frequency) resulting in four treatments (see section 5.2.1.) and 

six replicates per treatment. Pens were allocated to four rooms and all treatments were 

represented in each room. The experimental design controlled for location within room 

(side, location and neighbour treatment). 

Pullets in the daily control diet were fed a control diet that met nutritional specifications 

(Aviagen, 2013b). The alternative diet was a dilution of the control diet with 40% soybean 

hulls at a fixed inclusion rate and an addition of calcium propionate at 1.44%, 3.19% and 

5.05% in Starter, Grower 1 and Grower 2 diets, respectively (Table 5.1). The control diet 

was fed to pullets on the 4/3 schedule, in which there were four on-feed days and three 

non-consecutive off-feed days per week. The control diet was fed to pullets on the 

graduated schedule, in which the feeding frequency varied based on pullets age (Table 

5.2). Feed allotment (g) was calculated to ensure all treatments were fed the same 

apparent metabolizable energy per week. Therefore, pullets on the alternative diet 

received an increased daily feed allotment of 40% Starter, 50% Grower 1 and 54% 

Grower 2, and pullets on the 4/3 and 5/2 schedules received an increased in feed 

allotment of 75% and 40%, respectively, during on-feed days. Diets were formulated to 

be iso-nutrient for the same caloric allotment, but the proportion of crude protein and 

calcium were 4.46% and 0.56%, respectively, higher for the alternative diet than the 

control diet throughout rearing (Table 5.1).  
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5.2.3 Data collection  

5.2.3.1 Body weight and body weight uniformity 

A subsample of randomly selected 25 pullets per pen was weighed at 3, 6, 10, 14 and 17 

weeks of age to examine growth rate and body weight uniformity. Body weight was 

measured on on-feed days after consumption of their daily feed allotment. Body weight 

uniformity was determined based on the coefficient of variation (CV) and calculated by 

dividing the standard deviation per pen by the average body weight per pen.  

At 22 weeks of age, all pullets were weighed and assessed for sexual maturity by two 

trained observers using a visual yes/no score according to breeding company guidelines 

(Aviagen, 2013a). The sexual maturity score was based on the development of secondary 

sexual characteristics and sexual ornamentation, and pullets were considered mature if 

comb or wattles were redder than the rest of the caruncles. Inter-observer reliability was 

determined at 20 weeks of age for a subsample of 70 pullets, and each observer 

independently scored the same subsample of pullets. The percentage of agreement 

between observers was 98.6% (κ=0.94) for the maturity score.  

5.2.3.2 Foot lesions, hock burns and feather coverage 

A subsample of 10 pullets per pen was individually wing tagged (Ketchum Mfg. Co. Inc., 

Lake Luzerne, NY, USA) and dye-identified on wing plumage (concentrated pink gel 

colours, Wilton Industries, Woodridge, IL, USA). Biweekly (i.e., every other week), these 

pullets were weighed and scored for foot lesions, hock burns, and feather coverage. The 

presence of foot lesions and hock burns was recorded using a yes/no basis. Foot lesions 

and hock burns were defined as tissue damage, bleeding, coagulated injuries, 

inflammation, necrosis and/or haematoma of the foot pad(s) and hock(s), respectively. 

Both feet and legs were scored including foot and toe pad. The prevalence of foot lesions 

or hock burns was separately calculated per pen by dividing the number of pullets with 

lesions/hock burns by the number of pullets scored.  
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Body feather coverage was scored based on Morrissey et al. (2014), in Table 3.2. Six 

body parts (including head, neck, back, wing, vent and tail) were independently scored 

from zero to five. Individual scores for each body part were summed together to result in 

an overall maximum body feather coverage score of 30 per pullet. High scores indicate 

poor feather coverage and the presence of a skin lesion(s). Skin lesions refer to tissue 

damage, bleeding and coagulated injures and haematoma. Bleeding follicles fell within 

this definition. The presence of skin lesions was also recorded in a yes/no basis and 

reported as the percentage of pullets with skin lesions divided by the number of pullets 

assessed.  

Two observers scored pullets for the presence of foot lesion(s) and hock burn(s) and 

feather coverage condition, and each observer scored the same number of pullets per 

pen and week. Inter-observer reliability was determined at 12 weeks of age for a 

subsample of 60 pullets. Each observer independently scored the same subsample of 5 

randomly-selected pullets per pen and 12 pens (3 pens per treatment). The percentage 

of agreement was 98.2% (κ=0.79), 96.5% (κ=0.49) and 77.2% (κ=0.71) for the prevalence 

of foot lesions, hock burns and feather coverage score, respectively.  

5.2.3.3 Feather traits 

From the previous subsample of pullets scored for foot lesions, hock burns, feather 

coverage and blood collection, two wing feathers per pullet were collected from the same 

follicle at 15 (juvenile feather) and 21 weeks of age (adult feather). The primary 8 (P8, the 

third outmost wing feather) was selected as representative of the wing feathers. From the 

right wing, the wing feather was plucked at 15 weeks of age (juvenile feather) during the 

juvenile-to-adult moult. The removal of the juvenile feather induced the regrowth of a new 

feather in a synchronized manner to replace the previous one, referred to here as the 

induced feather. The induced feather started to regrow at 17 weeks of age. During 

regrowth, reference marks were drawn on the rachis of the feather using a permanent 

marker at 19 and 21 weeks of age to quantify biweekly growth rate. At 22 weeks of age, 

the induced feather was cut without damaging the growing follicle (between the mark at 



121 

 

 

 

21 weeks of age and above the feather sheath). The juvenile and induced feathers were 

labelled with pullet’s wing tag. Both feathers were analysed for the prevalence of fault 

bars, feather weight and length by an observer blind to treatments. Fault bars were 

macroscopically identified against light and categorized according to their length and 

severity as acute (<5 mm) and moderate (≥ 5 mm). A milligram scale (Ohaus E01140 

nearest at 0.1 mg) was used to weigh feathers and a digital caliper (Mitutoyo Absolute 

Digimatic calipers nearest at 0.01 mm) was used to measure feather length. The number 

of fault bars was counted per feather and feather growth was estimated for the induced 

feather by dividing its length and weight by the number of days between reference marks. 

Broken and very dirty feathers were excluded. 

5.2.3.4 Blood measures 

Six out of the ten pullets scored for foot, hocks and feather coverage condition were 

selected for repeated blood collection at weeks 5, 11, 18 and 21, three pullets on on-feed 

days and another three on off-feed days. The order of feeding day alternated depending 

on the week to avoid predictability of the blood collection. Blood samples were collected 

after pullets consumed their daily feed allotment and sampling time after being fed was 

recorded (between 9:00 to 14:00). Two ml of whole blood per pullet were collected within 

3 minutes of the pullet being caught (Morton et al., 1993). Whole blood was collected with 

syringes and transferred into EDTA vacutainers, and samples were placed in racks, 

avoiding direct contact with ice within a portable cooler. Before centrifugation, blood 

samples were carefully mixed for blood smears. Vacutainers remained in the cooler for a 

few hours after blood collection until centrifugation. Samples were centrifuged at 1747 g 

(2500 rpm) for 15 min at 4 °C. Blood smears and plasma samples were blindly coded with 

the individual wing tag and a random number for the collection day. Plasma samples were 

frozen at -20 ºC in duplicate and analysed after all plasma samples were collected at 21 

weeks of age.  
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5.2.3.4.1 Blood smears 

Blood smears were dried for 24 hours at room temperature in a smear box and smears 

were stained one week after using a modified Wright’s stain (Hematek stain PAK, 

Siemens, USA). The number of heterophils and basophils was counted per 100 

lymphocytes per sample at 100x magnification. Samples reporting values outside 

physiological cut-off values for broiler breeders given by Wakenell (2010) were repeated 

due to intra-smear variation (Lindholm et al., 2017b). Four observers were trained to 

identify the phenotype of six white blood cells for meat-type chickens (lymphocytes, 

heterophils, basophils, eosinophils, monocytes and thrombocyte) according to Wakenell 

(2010). Observer effect was considered to avoid confounding amongst week, feeding day 

and treatment, and data collection started once observers achieved ≥90% inter-observer 

reliability. The heterophil/lymphocyte and basophil/lymphocyte ratio were determined by 

dividing the number of heterophils and basophils, respectively, by the number of 

lymphocytes (100 approx.). The percentage of agreement between observers was 95.8% 

(κ=0.93) at identifying white blood cells (lymphocyte, thrombocyte, heterophil, basophil, 

monocyte and eosinophils). 

5.2.3.4.2 Plasma corticosterone 

Plasma samples were defrosted in a refrigerator one hour before corticosterone (CORT) 

extraction. Free plasma CORT was extracted following a cold ethanol plasma extraction 

(Graham et al., 2001), and free plasma CORT was estimated from plasma extracts using 

a corticosterone enzyme immunoassays chicken CORT ELISA Kit (MyBioSource, San 

Diego, USA). The CORT enzyme immunoassay had a detection range from 0.25 to 16 

ng/ml and 0.06 ng/ml sensitivity. Intra- and inter-assay variation was below 10%. Plasma 

CORT concentration was calculated from a standard curve. Samples were run in 

duplicate and readings were subtracted from the average optical density of blank and 

averaged for pullet and week.  
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5.2.3.4.3 Plasma glucose 

Samples were defrosted for six hours before plasma glucose concentration analysis. 

Plasma glucose concentration was determined using an enzymatic Glucose (GO) Assay 

Kit (Sigma-Aldrich, Oakville, Canada). Plasma samples were diluted 45 times with 

deionized water to achieve a final diluted volume of 1 ml per sample. Samples were 

loaded in duplicate into 96-well plates (Costar, New York, USA) and pairs of samples with 

a relative error higher than 5% were repeated. Absorbance was read at 540 nm with a 

PowerWave™ XS Microplate Spectrophotometer (BioTek, Winooski, USA) and plasma 

glucose concentration was calculated from a standard line calibrated at concentrations 

that ranged from 0 to 0.6 mmol/ml (r2=0.996). Readings were subtracted from the average 

optical density of blank and averaged for pullet and week. 

5.2.3.5 Feed intake test 

A subsample of 10 pullets per pen (differing from the subsample for lesion/feather scoring 

and blood collection) was individually wing-tagged and dye-identified (concentrated blue 

gel colours, Wilton Industries, Woodridge, IL, USA) to quantify feeding motivation by 

measuring the relative feed intake. The feeding motivation test was performed on two 

consecutive days (five pullets on on-feed days and a different five pullets on off-feed days) 

at 4, 8, 12, 16 and 20 weeks of age. Feeding day alternated depending on week of age 

to avoid predictability. The five pullets per pen were removed from their home pen before 

being fed at 8:00 am and placed into additional floor pens (80 cm deep x 80 cm wide x 

60 cm high). Floor pens remained beside their home pen, visually isolated with white walls 

and contained wood shavings and round feeders (16.3 cm per pullet during testing). Each 

testing week, the feeding motivation of the five pullets on each day were tested as a 

group. Feeders were filled with 1 kg the pullets’ home diet and pullets were fed ad libitum 

for 20 minutes. Meanwhile, the pullets’ home pen was fed simultaneously (feed allotment 

adjusted for the removal of the focal pullets) to ensure tested pullets could not access 

their daily feed allotment in the home pen after the test. During the feed intake test, pullets 

and feeders were weighed before and after 20 minutes to determine body weight gain 

and feed consumption, correspondingly. Pullets returned to their home pen afterwards. 
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The relative feed intake was calculated by dividing feed intake in 20 min (g) by initial body 

weight (g). 

5.2.3.6 Litter moisture 

Four random litter subsamples per pen were collected weekly at least 20 cm away from 

the wall and avoiding the area beneath drinkers. The four subsamples per pen were 

pooled together in a sample representative of the home pen that ranged from 100 to 150 

grams. Litter samples were kept in air tight plastic bags and one hour after collection, 

samples were dehydrated at 60 ºC for 24 hours to estimate litter moisture. Litter moisture 

was calculated by dividing sample weight loss (initial sample weight subtracted of final 

weight after dehydration) by initial sample weight.  

5.2.4 Statistical analyses 

The effect of rearing feeding strategies on the welfare and the productivity of broiler 

breeder hens was analysed using a generalized linear mixed model, with pen was nested 

in the model as the independent experimental unit. Statistical analyses were performed 

using SAS Ver. 9.4 (SAS Institute, Cary, NC, USA) with a glimmix procedure and the 

significance level was set at p-values lower than 0.05. 

Treatment, age and their interaction were included as fixed effects for each model. Room, 

pen and pen location within the room were included in the covariance structure as random 

effect. Feeding day, and all its interaction combinations, were also included as a fixed 

factor for blood/plasma data and the relative feed intake. Age was fit into a repeated 

structure with pen as the subject, and treatment as the group. Initial measures (i.e., when 

the experiment started at 3 weeks of age) for body weight, body weight uniformity and 

litter moisture were integrated in the model as a covariate. Covariate factors were 

assessed for collinearity and excluded from the model if the variance inflation factor was 

higher than (or equal to) 2.5. Contrast statements were used to compare the overall effect 

of diet and feeding frequency to the control group, and pairwise comparisons between 

treatments were adjusted for multiple comparisons using the Tukey test. Orthogonal 
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regressions analysed the effect of age into a linear, quadratic, cubic, and lack of fit 

response (Appendix A.1). Model assumptions were assessed using a scatterplot of 

studentized residuals, linear predictor for linearity, and a Shapiro-Wilk test for normality 

(Appendix A.2). Outliers were defined as observations with absolute studentized residuals 

higher than 3.4 and excluded from the model. The Gaussian distribution was used as the 

default distribution, but data were transformed if the assumption for linearity was not met 

(Appendix A.5).  

5.3 Result  

Pullets were fed in accordance with breeding company guidelines, and no adjustment in 

feed allotment was required during rearing to maintain target body weight, even when 

Starter, Grower 1 and Grower 2 included 10.7%, 12.9% and 12.9%, correspondently, less 

apparent metabolizable energy than nutrition specifications (Aviagen, 2013b). Data are 

presented using estimated mean values followed by the standard error of the mean. 

5.3.1 Body weight and body weight uniformity 

Pullets fed daily (combination of the control and the alternative diet) followed a similar 

growth rate throughout the rearing (Figure 5.1) but pullets fed non-daily had a slower 

growth rate depending on age (F12,77=6.73, P<0.0001). Pullets on the control treatment 

were heavier at 17 weeks of age (1,805.3 ± 28.8 g) compared to pullets on the graduated 

(1,680.9 ± 30.2 g; t77=5.16, P=0.0003) and on the 4/3 schedule (1,667.9 ± 32.4 g; t77=5.16, 

P=0.0008). Pullets on the 4/3 schedule remained 120.0 ± 28.4 g lighter than control 

pullets (t77=4.23, P=0.009) at 21 weeks of age, but the body weight of the pullets on the 

graduated schedule was similar to those on the control treatment after the feeding 

schedule switched to a daily feeding at 19 weeks of age (t77=3.26, P=0.15). Immature 

pullets (based on comb colour) were 20% below target body weight at 22 weeks of age, 

and the feeding strategy affected the percentage of mature pullets (F3,17=3.67, P=0.03). 

The percentage of mature pullets was higher for control (98.3 ± 0.8%) compared to pullets 

on the 4/3 schedule (93.0 ± 0.8 %; t17=2.32, P=0.03).  
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The body weight uniformity was above 10% of the CV throughout rearing, and the effect 

of feeding strategy on flock body weight uniformity depended on age (F12,78=2.55, 

P<0.007; Figure 5.2). The CV of body weight remained at approximately 13-14% during 

rearing for pullets fed the alternative diet and on the 4/3 schedule. However, the CV for 

body weight significantly increased from 6 weeks of age for pullets fed the control (∆=+ 

4.0 ± 0.8%; t78=4.81, P=0.001) and on the graduated schedule (∆=+ 3.5 ± 0.8%; t78=4.18, 

P=0.01). Afterwards, the CV for body weight remained constant until 22 weeks of age for 

control pullets (13.4 ± 0.8%) but the CV for body weight decreased for pullets on the 

graduated schedule from 14 (15.52 ± 0.81%) to 22 weeks of age (11.6 ± 0.8%; t78=4.66, 

P=0.002). 

5.3.2 Foot lesions, hock burns and feather coverage 

The average presence of foot lesions and hock burns during rearing was 7.2 ± 0.5% and 

4.6 ± 0.4%, respectively, (Table 5.3). Pullet’s age affected the presence of foot lesions 

(F9,193=5.09, P=0.0001) and hock burns (F9,193=10.73, P=0.0001). The prevalence of foot 

lesions peaked at 7 weeks of age (25.0 ± 0.7%) and decreasing afterwards, whereas the 

presence of hock burns rose until 13 weeks of age (7.5 ± 0.3%) and plateaued thereafter. 

Treatment influenced the prevalence of foot lesions (F3,193=10.73, P=0.001), and pullets 

fed the alternative diet had a higher prevalence of foot lesions than those on the control 

diet (Table 5.3; t193=3.55, P=0.003).  

Neck, vent and tail accounted for 34.3%, 33.6% and 29.9%, respectively, of the feather 

coverage score. Feather coverage score increased consistently as pullets aged 

(F9,240=3.67, P=0.001), influenced by feeding strategy (F3,240=16.66, P=0.0001; Figure 

5.3). Feather coverage deteriorated slower for the pullets on the three alternative feeding 

strategies (i.e., combination of the alternative diet, the 4/3 schedule and the graduated 

schedule) compared to the pullets on the control treatment (F1,240=47.99, P=0.001) and 

the three pairwise comparison were significant compared to the control (Figure 5.3).  
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5.3.3 Feather traits 

Table 5.4 summaries the effect of feeding strategies on feather traits. Pullets fed the 

alternative diet had wing feathers that were 4.51 ± 1.36 mg lighter than pullets fed the 

control diet, which is the combination of the daily and non-daily schedules (F1,24=4.36, 

P=0.04). Similarly, treatment affected the regrowth of the induced feather (weight: 

F3,24=3.43, P=0.03; and length: F3,24=3.25, P=0.04). Pullets fed non-daily (combination of 

the graduated and the 4/3 schedule) regrew the induced feather 0.16 ± 0.04 mg/day 

(F1,24=8.24, P<0.01) heavier and 0.21 ± 0.05 mm/day longer (F1,24=19.39, P<0.001) than 

pullets fed daily (combination of the alternative and the control treatment). From 19 to 21 

weeks of age, pullets on the graduated treatment regrew the induced feather 0.27 ± 0.07 

mm/day longer than control pullets (t24=3.89, P=0.004).  

The number of fault bars did not differ between feather types (F1,20=0.20, P=0.66; Table 

5.4), but the induced feathers had a higher proportion of moderate (73.8%; ≥ 5mm in 

length) than acute fault bars (26.2%;<5 mm in length). Treatment affected the number of 

fault bars (F3,48=4.66, P=0.006); the number of fault bars was higher in feathers from 

pullets on the control treatment (4.4 ± 0.4) compared to those from pullets fed the 

alternative diet (3.2 ± 0.3; F1,48=2.77, P=0.04) and on the graduated treatment (2.8 ± 0.3; 

F1,48=2.77, P=0.04). 

5.3.4 Physiological measures  

The effect of feeding strategy on the heterophil/lymphocyte (H/L) ratio depended on age 

and feeding day (F9,192=3.24, P=0.001; Figure 5.4). The H/L ratio followed a quadratic 

curvature as pullets aged (F1,115=21.80, P<0.0001) with a peak at week 11 (0.52 ± 0.01). 

The H/L ratio of pullets under the graduated schedule was higher at 11 weeks of age on 

on-feed days (0.59 ± 0.04) compared to off-feed days (0.37 ± 0.04; t192=4.31, P<0.01). 

The effect of feeding strategy on the basophil/lymphocyte (B/L) ratio was impacted by 

age (F9,192=3.21, P=0.001; Figure 5.5), but not feeding day (F1,192=1.31, P=0.25). The B/L 

ratio increased from 5 (0.03 ± 0.02) to 21 weeks of age (0.13 ± 0.01) following a quadratic 

curvature (F1,192=10.24, P=0.002). The B/L ratio increased the most between 5 and 11 

weeks of age (∆=+ 0.08 ± 0.01; t192=4.31, P=0.01) for control pullets. However, this 
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biggest change was delayed from 5 to 18 weeks of age in pullets fed the alternative diet 

(∆=+ 0.07 ± 0.02; t192=3.96, P=0.01), on the graduated (∆=+ 0.10 ± 0.02; t192=5.44, 

P<0.001), and on the 4/3 schedule (∆=+ 0.12 ± 0.02; t192=7.02, P<0.001).  

Figure 5.6 illustrates the effect of feeding day, age and treatment (F9,192=3.70, P<0.001) 

on plasma corticosterone (CORT). Plasma CORT concentration decreased from 5 (2.81 

± 0.38 ng/ml) to 21 weeks of age (0.82 ± 0.09 ng/ml) following a logistic distribution 

(F1,115=4.40, P=0.04). During off-feed days, pullets on the non-daily treatments were fed 

the previous day and pullets on the control and the alternative treatments were fed on 

both days. At 11 weeks of age, plasma CORT on the off-feed day was lower in control 

pullets (1.39 ± 0.14 ng/ml) compared to pullets on the graduated schedule (2.72 ± 0.30 

ng/ml; t192=4.08, P=0.02) and on the 4/3 schedule (2.60 ± 0.28 ng/ml; t192=4.02, P=0.03). 

At 18 weeks of age, plasma CORT was higher on off-feed days compared to on-feed 

days for pullets on the graduated schedule (∆=+ 1.29 ± 0.36 ng/ml; t192=3.95, P=0.02) 

and on the 4/3 schedule (∆=+ 1.09 ± 0.32 ng/ml; t192=4.31, P=0.01). The peak in plasma 

CORT on the off-feed day at 18 weeks of age was higher in pullets on the 4/3 schedule 

(2.43 ± 0.32 ng/ml) compared to control pullets (1.28 ± 0.35 ng/ml; t192=5.29, P=<0.001). 

 

Plasma glucose concentration was affected by treatment, feeding day and age 

(F9,192=6.20, P<0.001; Figure 5.7). At 5 weeks of age, pullets on the graduated schedule 

had lower plasma glucose on on-feed days (10.17 ± 1.09 mmol/L) compared to off-feed 

days (15.27 ± 1.03 mmol/L; t192=6.28, P<0.001), but plasma glucose concentration for 

pullets on 4/3 schedule remained similar regardless of feeding day (t192=2.66, P=0.69). 

At 11 weeks of age, plasma glucose for pullets on the graduated was higher during on-

feed days (14.52 ± 0.66 mmol/L) compared to off-feed days (11.95 ± 0.69 mmol/L). 

Plasma glucose was higher in pullets on the 4/3 schedule on on-feed days compared to 

on off-feed days at weeks 11 (∆=+ 4.99 ± 0.66 mmol/L; t192=7.48, P<0.0001) and 18 (∆=+ 

4.22 ± 0.66 mmol/L; t192=6.08, P<0.0001). The glucose concentration for pullets on the 

4/3 schedule during on-feed days (11 weeks of age: 2.80 ± 0.14 mmol/L and 18 weeks of 

age: 2.96 ± 0.13 mmol/L) was also higher than control pullets at 11 (2.20 ± 0.12 mmol/L; 
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t192=4.95, P<0.001) and 18 weeks of age (2.33 ± 0.11 mmol/L; t192=4.86, P=0.001), and 

higher than pullets fed the alternative diet at 18 weeks of age (2.23 ± 0.14 mmol/L; 

t192=5.1, P<0.001). Furthermore, plasma glucose concentration for pullets fed the 4/3 

during on-feed days was 3.27 ± 0.83 mmol/L and 3.16 ± 0.72 mmol/L higher at weeks 5 

(t192=4.31, P<0.01) and 18 (t192=3.87, P=0.04), respectively, than pullets on the graduated 

schedule. 

5.3.5 Feeding motivation: feed intake test 

Figure 5.8 shows that the effect of the feeding strategies on the relative feed intake was 

affected by feeding day and age (F12,178=1.95, P=0.03). At 4 weeks of age, pullets fed the 

alternative diet had a lower relative feed intake (3.66 ± 0.23%) compared to those on the 

control treatment (6.8 ± 0.22%; t178=11.16, P<0.001). Moreover, the relative feed intake 

of pullets fed the alternative diet was consistently lower on on-feed days (5.21 ± 0.20%) 

compared to off-feed days (5.95 ± 0.17%; t178=4.49, P<0.001). At 4 weeks of age, the 

relative feed intake of pullets on the 4/3 schedule was lower during the on-feed day (∆=- 

2.00 ± 0.42%; t178=4.78, P=0.002) and the off-feed day (∆=- 1.88 ± 0.38%; t178=5.00, 

P<0.001) compared to control pullets. Nevertheless, the relative feed intake of pullets on 

the graduated schedule was only lower at 4 weeks of age on the on-feed day, but not on 

off-feed days (t178=3.35, P=0.27), compared to control pullets (∆=- 2.68 ± 0.47%; 

t178=5.72, P<0.001). At 4 weeks of age, pullets fed the alternative diet had a lower relative 

feed intake (3.27 ± 0.34%) on on-feed days than pullets on the 4/3 schedule (5.24 ± 

0.34%; t178=4.33, P=0.01).  

5.3.6 Litter moisture 

Litter moisture ranged between 16.5% and 34.6% throughout rearing in pen with pullets 

fed the control diet, either daily or non-daily (Figure 5.9), but litter moisture was affected 

by diet and pullets’ age (F18,353=11.48, P=0.001). Litter moisture in pens with pullets fed 

the alternative diet increased from 4 (28.98 ± 2.45%) to 6 weeks of age (50.11 ± 3.45%; 

t353=5.66, P<0.0001). At 8 weeks of age, the difference in litter moisture was the highest 

between the control treatment (13.80 ± 2.69%) and the alternative diet (47.13 ± 3.45%; 
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t353=9.49, P<0.0001). Afterwards, the litter moisture in the pens with pullets fed the 

alternative diet declined gradually until 12 weeks of age (25.5 ± 3.4%) and remained 

around 18% across all treatments until the 22 weeks of age (t353=1.97, P=1). Furthermore, 

litter moisture had a significant effect on the presence of foot lesions (F1,192=11.43, 

P=0.001) but not on the percentage of hock burns (F1,192=0.18, P=0.67). The peak in litter 

moisture at 6 weeks of age coincided with a peak in the prevalence of foot lesions at 7 

weeks of age, but foot lesions were minor and pullets recovered as litter moisture 

declined. 

5.3.7 Mortality 

On average, mortality remained below 1.70% from 3 to 22 weeks of age (Table 5.5) 

without treatment difference in the total mortality. However, more pullets were found dead 

on three alternative feeding strategies (i.e., combination of the alternative diet, the 

graduate schedule and the 4/3 schedule) compared to control (F1,24=4.75, P<0.05).  

5.4 Discussion 

The purpose of this study was to examine the effect of alternative feeding strategies 

during rearing on the performance and welfare indicators of broiler breeder pullets, and 

pullets fed the alternative diet were predicted to have better welfare compared to the 

control and non-daily feeding strategies. Overall, our results indicate that the three 

alternative feeding strategies (the alternative diet, the 4/3 schedule and the graduated 

schedule) showed a lower feeding motivation during early rearing, better feather coverage 

throughout rearing and a lower stress response compared to the control (based on B/L 

ratio and the number of fault bars). 

Pullets on the alternative diet and non-daily feeding had a lower feeding motivation 

compared to control during early rearing. Same results than in Chapter 3, and in line with 

previous studies that examined the effect of qualitative restriction on feeding motivation 

indicated that alternative diets reduced feed intake (Sandilands et al., 2005, 2006; van 

Emous et al., 2015b) and compensatory feeding (de Jong et al., 2005). One interesting 
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result we found was that the relative feed intake of those fed the alternative diet was 

consistently impacted by the feeding day of pullets fed non-daily, as well as in Chapter 3. 

Pullets on daily fed treatments received their daily feed allotment on off-feed days and 

the feeding motivation test was performed 24 hours after feeding for on- and off-feed 

days. Although difference subsample of pullets were used each day in this experiment, 

there was no different in body weight and the statistical model accounted for intra- and 

inter-individual variation, and the same pullets were used during on- and off-feed days in 

Chapter 3. Thereby, the effect of feeding day on pullets fed daily is likely to be attributed 

to the feeding frequency of treatments fed non-daily. All treatments were allocated inside 

the same room and, despite visual isolation between consecutive and frontal pens, pullets 

were able to hear each other. Prior to feeding on on-feed days, non-daily fed pullets may 

have gone up to 48 hours since the last feed intake, leading to a high arousal. Girard et 

al. (2017) reported that these pullets had a higher anticipatory feeding behaviour activity 

on on-feed rather than off-feed days. This hyperactivity of non-fed pullets during on-feed 

days might have interrupted feeding behaviour during the feed intake tests in pullets fed 

the alternative diet, probably due to a lower feeding motivation, without an effect on 

control pullets. Cornelius et al. (2010) indicated in red crossbills (Loxia curvirostra) that 

the presence of a feed motivated neighbour had an arousal effect (physiologically and 

behaviourally) on the pen mate, but only if the pen mate was feed-restricted too (Cornelius 

et al., 2010). Our results indicate a similar neighbour effect dependant on dietary dilution 

because pullets on the rationed alternative diet were less feed motivated than those on 

the daily quantitative feed restriction.  

Our results indicate a slower feather coverage deterioration in pullets fed an alternative 

diet and on a 4/3 schedule compared to pullets on the control, in agreement with 

Morrissey et al. (2014a). In our experiment, vent and tail accounted for most of the feather 

loss area, suggesting that this improvement in feather coverage can indicate lower feather 

pecking activity compared to pullets reared on the daily quantitative feed restriction. 

Alternatively, feather coverage can also be compromised by environmental features such 

as equipment and by nutritional status resulting in poor feather quality (Campe et al., 
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2017; van Emous et al., 2015b). van Emous et al. (2015b) found abnormal wing feathering 

and consistently lower feather coverage in all body parts (neck, breast, breast, vent, back, 

wings, tail and legs) of pullets fed a low protein diet compared to those fed a high protein 

diet. Our results do not indicate a detrimental effect of diet on (wing) feather growth, and 

pullets on non-daily feeding schedules regrew of the induced feather was heavier and 

longer than in pullets fed daily. Indeed, our results suggest that the alternative diet 

resulted in lighter feathers and slower feather growth, and non-daily quantitative feed 

restriction led to faster feather growth without an effect on feather length. Results from 

feather growth are closely related to nutritional status (Murphy et al., 1988), suggesting a 

lower nutritional condition by the rationed alternative diet. Therefore, larger feed allotment 

during on-feed days increased feather growth despite protein catabolism during off-feed 

days (due to higher amino acid bioavailability) in contrast to daily feed restriction, either 

qualitative or quantitative. This observation indicates that feather growth is limited by daily 

quantitative feed restriction and non-daily feeding can support nutrient-dependent 

processes such as feather growth compared to daily qualitative and quantitative feed 

restriction. This finding may indicate an improved nutritional status during on-feed days 

for non-daily compared to daily feeding strategies, although its implications for welfare 

are unknown.  

In line with this result, the number of fault bars was higher in the wing feathers of control 

pullets compared to the three alternative feeding strategies, similar to results in Chapter 

3. Although the information about fault bars in poultry is scarce, the formation of fault bars 

is an indicator of stress in avian species (Riddle, 1908; Jovani and Rohwer, 2017). These 

results may indicate that the three alternative feeding strategies reduced the experience 

of acute stress or reduced pullet’s susceptibility to acute stress during rearing. Our results 

from fault bars in wing feathers align with outcomes from the feeding motivation test, the 

B/L ratio and the feather coverage score. Alternatively, previous research indicated that 

feathers of birds under stress (with a high number of fault bars) were less resilient to 

damage, especially under feed restriction (DesRoches et al., 2009), and this increase in 

fault bars may have weakened the plumage (contributing to a lower feather coverage 
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score). On the other side, Morrissey et al. (2014b) examined the behaviour of the broiler 

breeders fed the alternative and control diets, and their results indicated that the control 

treatment resulted in a higher pecking activity (oral-redirected behaviours and aggressive 

pecking) coupled with the worse feather coverage. Thus, high feather pecking activity is 

more likely to explain differences in feather coverage (see Chapter 6 for behavioural 

data), although the effect of feather quality should be considered as well.  

Our results indicate that the B/L ratio increased when pullets were older on the alternative 

diet and on the two non-daily schedules compared to the control treatment. Chronic feed 

restriction is associated with elevated B/L ratio (Hocking et al., 1996; Savory et al., 1996; 

Hocking et al., 2001). Hocking et al. (1996) reported that the proportion of basophils 

increased with feed restriction level at 12 weeks of age. Savory et al. (1996) also reported 

a linear increase in the proportion of basophils with feed restriction and as pullets aged. 

Our results indicate similar numerical values than Hocking et al. (1996) and Savory et al. 

(1996), these results can indicate that pullets on the control treatment might have 

experienced a higher feed restriction compared to pullets reared on the alternative 

feeding strategies. Another physiological indicator of the stress response is the H/L ratio, 

which has been reported to be higher under feed restriction compared to ad libitum 

feeding (Gross and Siegel, 1983; Hocking et al., 2001; Sandilands et al., 2006). However, 

the H/L ratio did not differ between daily qualitative and quantitative feed restriction (daily 

and non-daily) in our study, in agreement with previous research (de Jong et al. 2005; 

Sandilands et al., 2005, 2006; de Beer and Coon, 2009). There was a difference between 

on- and off-feed days at 11 weeks for those on the graduated schedule. At this age, the 

graduated treatment was fed on a 4/3 schedule, although the H/L ratio did not differ 

between on- and off-feed days for pullets reared on the 4/3 schedule. This difference may 

indicate higher physiological stress in pullets reared on the 5/2 schedule at the peak of 

feed restriction compared to pullets habituated to the 4/3 schedule since early rearing. 

Similarly, Lindholm et al. (2017b) found that the H/L ratio in pullets on a 5/2 schedule was 

higher compared to control pullets at 12 weeks of age. These results suggest that pullets 

on the graduated schedule might be less habituated to off-feed days at the peak of feed 
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restriction compared to pullets on the 4/3 schedule. As the pullets on the 4/3 schedule 

received a larger feed allotment than the graduated schedule during the early rearing 

period, they may have been able to store a higher proportion of lipids for off-feed days 

(facilitating physiological habituation to off-feed days) than the graduated schedule. In line 

with this idea, de Beer and Coon (2007) reported that pullets on a 5/2 schedule were 

leaner at seven weeks of age than pullets on a 4/3 schedule reared at same weekly feed 

allotment. For this reason, pullets on the graduated treatment at four weeks of age (when 

they were on a 5/2 schedule) might have not been habituated to non-daily feeding 

frequency due to inadequate feed allotment to meet metabolic demands for off-feed days. 

Meanwhile, pullets on the 4/3 schedule reduced feeding motivation up to 48 hours after 

feeding at four weeks of age compared to control. For this reason, pullets on the 

graduated schedule might not habituate to their feeding frequency as well as the pullets 

on the 4/3 schedule.  

Similar differences between the non-daily feeding frequencies were seen in plasma 

CORT and glucose concentration. At 5 weeks of age, pullets on the graduated schedule 

had lower plasma glucose and numerically higher CORT on on-feed days compared to 

off-feed days. These results may indicate an increased physiological reaction to maximize 

glucose intake by peripheral organs in response to refeeding due to nutritional stress 

during off-feed days, but only in pullets on the 5/2 schedule. Previous investigations 

pinpointed that plasma CORT increased in pullets reared at higher feed restriction levels 

(Savory et al., 1996; de Jong et al., 2003). However, the interpretation of plasma CORT 

for welfare is ambiguous as glucocorticoids are involved in the stress response as well as 

regulate glucose homeostasis (Scanes, 2016). In our experiment, pullets fed non-daily 

maintained glucose concentration similar to the control during off-feed days, in agreement 

with de Beer et al. (2007). Previous research also suggested that broiler breeders were 

able to maintain constant glucose levels even after two consecutive off-feed days (72 

hour after being fed) in Belo et al. (1976) and Katanbaf et al. (1989). This can be explained 

by a surge in free plasma CORT in pullets fed non-daily during off-feed days. Plasma 

CORT was higher in pullets fed non-daily during off-feed days during mid rearing 
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compared to control. de Beer et al. (2007) noted that pullets on a skip-a-day feeding had 

a high plasma CORT on off-feed day that matched increasing concentration of glucagon 

as the crop of pullets fed non-daily emptied 24 hours after feeding (de Beer et al., 2007, 

2008). Ralph et al. (2015) also indicated that high hepatic CORT concentration mimicked 

an increase in hepatic gluconeogenesis followed by a lower glycogenesis during off-feed 

days. Previous research and our results suggest that feed restriction higher than 50% of 

ad libitum feed intake (for the same body weight of broilers) might require CORT 

regulation for glucose homeostasis during off-feed days, independent of whether pullets 

were on the 4/3 or the 5/2 schedule. This conclusion is supported by Lindholm et al. 

(2017b) in which authors suggested that elevated CORT concentrations can relate to 

metabolic demands relative to body weight. The effect of body weight within age in our 

experiment show that CORT exponentially rose in lighter pullets at 11 and 18 weeks of 

age, indicating the role of CORT in regulating glucose concentrations to meet nutritional 

demands. For example, de Jong et al. (2003) reported that elevated CORT coincided with 

an increase in feed restriction up to 30% of ad libitum feed intake (for the same age) while 

plasma glucose remained constant. Therefore, the welfare implications of non-daily 

feeding on stress physiology should be carefully examined, as increasing CORT 

concentrations might indicate an adaptive metabolic response to on/off-feed days and the 

transition from anabolism to catabolism instead of psychological stress (Scanes, 2016; 

Lindholm et al., 2017b).  

Results from the feeding motivation test, stress response and feather coverage point 

toward chronic feed restriction being alleviated somewhat by all of the alternative feeding 

strategies used in this study. Nevertheless, there were limitations associated with each 

of the three alternative feeding strategies. Treatments met the target growth rate 

(Aviagen, 2013b) with slight differences based on feeding frequency, but pullets under 

non-daily feeding were less feed efficient than daily which agrees with previous studies 

(Morrissey et al. 2014b; Zuidhof et al. 2015). Interestingly, pullets on the graduated 

treatment displayed a compensatory growth rate when the feeding frequency switched to 

daily at the end of rearing as previous research described before (de Beer and Coon, 
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2007, 2009). Slower growth rates during late rearing for pullets fed on non-daily feeding 

schedules are attributed to worse feed conversion ratio (Zuidhof et al., 2015). Indeed, 

pullets fed non-daily showed a lower proportion of mature pullets than daily fed treatments 

at the end of rearing. Leeson and Summers (1982) suggested an ideal mature body 

weight at 2100 g for broiler breeders by 20 weeks of age. While average body weights in 

our research met this ‘ideal’, the lower percentage of mature pullets on non-daily feeding 

schedules can be explained by poor body weight uniformity (>10%) and lighter body 

weights. Therefore, a slow growth rate can delay maturity by limiting ovary development 

(lighter ovary, not oviduct) and body composition (protein [fleshing] and fat content 

[fatness]), as indicated in Renema et al. (2001a) and de Beer and Coon (2008).  

Our results indicate the body weight uniformity remained similar in pullets fed the 

alternative diet and on the 4/3 schedule during mid rearing. However, body weight 

uniformity decreased during this same period for pullets on the control and on the 

graduated schedule when treatment switched from the 4/3 to the 5/2 schedule. The 

relationship among alternative diets, feeding motivation and body weight uniformity is not 

straight forward. The alternative diet also had a better body weight uniformity at the end 

of rearing compared to the other three feeding strategies, similar to findings by Zuidhof et 

al. (2015) but not Sandilands et al. (2005, 2006) or Morrissey et al. (2014b). For this 

reason, the effect of alternative diets on body weight uniformity might differ based on extra 

feed allotment and feed restriction level (Bennet and Leeson, 1989). In our experiment, 

body weight uniformity was better during mid-rearing for pullets on the feeding strategies 

that increased feed allotment above 50% extra daily feed allotment the alternative and 

the 4/3 schedule compared to control. In the case of non-daily feeding, Zuidhof et al. 

(2015) reported a better body weight uniformity on skip-a-day feeding compared to daily 

feeding at the end of rearing, although our differences between daily and non-daily 

feeding was not significant as well as results in de Beer et al. (2007) looking at the effect 

of non-daily feeding schedules (skip-a-day, the 4/3 schedule and 5/2 schedule) on body 

weight uniformity. Nevertheless, the body weight uniformity of pullets under the graduated 

treatment improved during the compensatory growth period when these pullets moved 
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from non-daily to daily feeding at the end of rearing. Results from the feeding motivation 

test suggest that the feeding rate increased with age, unaffected by treatment (also in 

Chapter 3). Therefore, broiler breeders might have learnt to eat as quickly as possible 

under competitive feeding conditions as may occur with commercial stocking density and 

limited feeder space. In Chapter 3, the inclusion of soybean hulls and/or calcium 

propionate did not impact body weight uniformity per se when pullets were singly housed 

(i.e., lack of feeding competition). Sandilands et al. (2006) suggested that individual 

variation in response to dietary diluents and appetite suppressant can explain the lack of 

difference in body weight uniformity. Therefore, higher feed allotments can help to 

maintain body weight uniformity during mid rearing, when feed restriction level was the 

highest. 

Compared to those on the control diet, pullets fed on the alternative diet had an increasing 

litter moisture during early rearing which coincided with an increased presence of foot 

lesions. Similar results were reported in Taira et al. (2014) showing that the average score 

for footpad dermatitis increased in broilers above 40% litter moisture. Wet litter in broiler 

breeder flocks can result from water spillage due to drinker pecking (Savory and Maros, 

1993; Hocking et al., 2001; Sandilands et al., 2005) and overdrinking (Savory et al., 1992). 

Sandilands et al. (2005) reported excessive litter moisture in the control treatment due to 

drinker pecking while the alternative diet resulted in higher drinking behaviour than 

control. Although the authors did not observe a negative impact on litter quality, their 

stocking density was lower than the one used in the current experiment. Others reported 

higher relative water content of excreta in alternative diets at 40% sugar beet pulp (soluble 

dietary fibre) but not at 60% oat hulls (insoluble dietary fibre; Savory et al., 1996) 

compared to a control diet. Under our simulated commercial conditions, the alternative 

diet led to higher litter moisture probably due to heavier excreta production.  

5.5 Conclusion 

Compared to the control, the three alternative feeding strategies had beneficial effects on 

feather coverage, feeding motivation during early rearing and some indicators of stress 
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response (lower number of fault bars in feathers and slower increase of B/L ratio). The 

4/3 schedule had a slower growth rate at the end rearing that contributed to a lower 

percentage of mature pullets, but management practices that improve uniformity can 

overcome this effect. Pullets on the graduated schedule displayed a compensatory 

growth rate when the feeding frequency was switched from non-daily to daily, and this 

improved their feed efficiency. Plasma glucose was higher for pullets on the 4/3 schedule 

during on-feed days during mid rearing, and CORT surge is likely to play a major role in 

plasma glucose homeostasis during off-feed days. Non-daily feeding strategies increased 

feather growth and may have resulted in a higher nutritional status despite the fasting 

days. However, pullets on the graduated schedule might not habituate to their feeding 

frequency, as evidenced by their plasma glucose profile, the relative feed intake on on-

feed days and H/L ratio. Use of the alternative diet increased litter moisture, leading to a 

greater prevalence of foot lesions. In addition, feather growth was reduced in pullets fed 

the alternative diet without an effect on plasma glucose, suggesting a lower amino acid 

availability. Overall, rationed qualitative and non-daily quantitative feed restriction 

provides benefits for the welfare of broiler breeders compared to daily quantitative feed 

restriction although each alternative feeding strategy would require specific management 

practices to promote the welfare of broiler breeder pullets.  
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Table 5.1 Experimental composition of the control and the alternative diets in Starter (3 to 6 weeks of age), Grower 1 (7 to 
12 weeks of age) and Grower 2 (13 to 22 weeks of age).  

  Control  Alternative1 

Ingredient  Starter Grower 1 Grower 2  Starter Grower 1 Grower 2 
Corn (%)  60.6 60.8 60.8  35.8 36 35.2 

Wheat shorts (%)  8.8 16.0 16.0  5.2 8.8 8.1 
Soybean meal (%)  24.0 16.5 16.5  14.2 9.8 9.6 

Limestone (%)  3.1 3.1 3.1  1.3 0.6 - 
Dicalcium phosphate (%)  2.0 2.1 2.1  1.2 1.2 1.2 

Salt (%)  0.34 0.36 0.36  0.2 0.2 0.2 
Vitamin-mineral premix (%)  1.0 1.0 1.0  0.6 0.6 0.6 

Methionine (%)  0.12 0.11 0.11  0.07 0.06 0.06 
Calcium propionate (%)  - - -  1.44 3.19 5.05 

Soybean hulls (%)  - - -  40.0 39.5 40.0 
Analysed feed composition2         

AME3 (Mcal/kg)  2.53 2.48 2.48  1.68 1.68 1.69 
Ethanol soluble (%)  3.70 4.86 3.62  1.77 1.62 1.92 

Crude protein (%, N x 6.25)  16.13 14.46 14.84  13.65 13.82 13.49 
Ca:P ratio  1.94 1.78 1.76  2.52 2.45 2.59 

Calcium (%)  1.54 1.61 1.55  1.27 1.23 1.31 
Phosphorus (%)  0.79 0.91 0.88  0.50 0.50 0.50 

Sodium (%)  0.15 0.17 0.17  0.11 0.11 0.10 
Potassium (%)  0.75 0.76 0.77  0.85 0.86 0.85 

Magnesium (%)  0.18 0.22 0.22  0.21 0.21 0.21 
Crude fat (%)  2.50 2.44 2.43  1.76 1.75 1.77 

Starch (%)  40.39 40.09 40.65  24.53 24.43 24.64 
1Feed allotment was 40%, 50% and 54% higher in Starter, Grower 1 and Grower 2 diets, respectively, than control diet. 
2Analysed at Agri-Food Laboratories, Guelph, ON, Canada. 
3Apparent metabolizable energy. 
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Table 5.2 Weekly feeding schedule for pullets fed on the graduated treatment, indicating off-feed days (✕) and on-feed 
days (✓). 

Age (week)  
Feeding 
schedule 

 Sun.  Mon.  Tues.  Wed.  Thurs.  Fri.  Sat. 

3 - 4  5/2  ✓  ✕  ✓  ✓  ✕  ✓  ✓ 

5 - 11  4/31  ✓  ✕  ✓  ✕  ✓  ✕  ✓ 

12 - 18  5/2  ✓  ✕  ✓  ✓  ✕  ✓  ✓ 

19 - 22  Daily  ✓  ✓  ✓  ✓  ✓  ✓  ✓ 
1Pullets on the fixed 4/3 feeding schedule followed the same weekly feeding schedule. 
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Table 5.3 The overall effect of the alternative diet and feeding frequency on health-related 
measures and feather coverage of broiler breeders during rearing (mean ± SE). 

  Control  Alternative  Graduated  4/3 

Foot lesions (%)  4.6±0.9b  12.5±2.1a  6.2±1.3b  5.4±1.4b 
Hock burns (%)  3.5±0.7  5.0±0.9  4.5±0.5  5.2±0.9 

Feather coverage score1  2.4±0.1a  1.8±0.1b  1.6±0.1b  1.6±0.1b 
Skin lesion (%)  1.3±0.7  1.5±0.8  0.5±0.5  0.5±0.4 

Control: daily control diet; Alternative: daily alternative diet; Graduated: graduated 
schedule control diet; 4/3: 4/3 schedule control diet. 
a-bDifferent superscripts within a row indicate significant mean differences (P<0.05). 
1Feather coverage score out of 30, higher numbers denoting feather coverage loss 
and the presence of skin lesions. 

  



142 

 

 

 

Table 5.4 The effect of the alternative diet and feeding frequency on the development of 
wing feathers before and during juvenile moulting in feed-restricted broiler breeder pullets 
(mean ± SE). 

  Control  Alternative  Graduated  4/3 

Juvenile feather         
Weight (mg)  185.59±1.93  180.61±2.14  186.66±2.41  183.10±2.36 
Length (mm)  156.99±1.33  156.16±1.29  157.35±1.32  156.57±1.33 

Fault bars  4.4±0.6a  2.3±0.3b  3.0±0.4ab  3.0±0.4ab 
Induced feather         

growth (mg/day)1  3.81±0.04ab  3.63±0.04b  3.90±0.04a  3.76±0.04ab 
growth (mm/day)1  3.07±0.04  3.06±0.04  3.16±0.04  3.16±0.04 
growth (mm/day)2  3.79±0.08c  3.87±0.08bc  4.05±0.08a  4.04±0.08ab 

Fault bars  4.4±0.8a  3.7±0.6ab  2.6±0.4b  3.4±0.6ab 

Control: daily control diet; Alternative: daily alternative diet; Graduated: graduated 
schedule control diet; 4/3: 4/3 schedule control diet. 
a-cDifferent superscripts within a row indicate significant mean differences (P<<0.05). 
1From 17 to 21 weeks of age (28 days). 
2From 19 to 21 weeks of age (14 days). 

  



143 

 

 

 

Table 5.5 The effect of the alternative diet and feeding frequency on mortality and the 
number of culled broiler breeders during rearing (mean ± SE). 

  Control  Alternative  Graduated  4/3 

Mortality (%)  0.24±0.11  1.19±0.11  1.17±0.26  1.17±0.20 
Culled/euthanized (%)  1.43±0.53  0.24±0.11  0.23±0.10  0.93±0.21 

Total (%)  1.67±0.52  1.43±0.17  1.40±0.23  2.10±0.27 

Control: daily control diet; Alternative: daily alternative diet; Graduated: graduated 
schedule control diet; 4/3: 4/3 schedule control diet. 
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Figure 5.1 The effect of diet and feeding frequency on body weight of broiler breeder 
pullets during rearing (mean ± SE). The black line refers to the performance 
objectives for Ross 308 (Aviagen, 2011b). Pullets were weighed after being fed once 
there was no feed left in their feeder. Pullets fed non-daily (graduated: yellow, and 
the 4/3 schedule: blue) had a lighter body weight at 17 weeks of age, pullets on the 
graduated schedule showed compensatory growth while pullets on the 4/3 schedule 
remained lighter until 22 weeks of age (P<0.0001).  
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Figure 5.2 The effect of the alternative diet and feeding frequency on body weight 
uniformity of broiler breeder pullets during rearing (mean ± SE). Body weight 
uniformity was calculated as the coefficient of variation (CV) by dividing the standard 
deviation by the average body weight. At 22 weeks of age, the CV of body weight 
was lower in pullets fed the alternative diet compared to the other three (P=0.02).  
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Figure 5.3 The effect of diet and feeding frequency on feather coverage score (mean 
± SE). Light intensity decreased from 31 to 21 lux at 7 weeks of age and increased to 
54 lux at 22 weeks of age. Pullets on the control treatment had a consistently higher 
feather coverage score than pullets on the all of the alternative feeding strategies 
(combination of the alternative diet, and the graduated and the 4/3 feeding schedule) 
(P=0.001). 
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Figure 5.4 The effect of diet and feeding frequency on the heterophil to lymphocyte ratio 
(H/L) in broiler breeder pullets by feeding day (mean ± SE). Solid lines represent on-
feed days and dashed lines off-feed days. During off-feed days, pullets on the 4/3 
schedule and on the graduated treatment were not fed. At 11 weeks of age, the H/L 
ratio was higher for the graduated treatment (yellow lines) during on-feed days 
compared to off-feed days (P=0.001).  
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Figure 5.5 The effect of the diet and feeding frequency on the basophil to lymphocyte 
ratio (B/L) in broiler breeder pullets (mean ± SE). The B/L ratio increased earlier in 
control (green) than for the alternative feeding strategies (alternative: red, graduated: 
yellow, and the 4/3 schedule: blue; P=0.001) 
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Figure 5.6 The effect of the diet and feeding frequency by feeding day on plasma CORT 
in broiler breeder pullets (mean ± SE). Solid lines represent on-feed days and dashed 
lines off-feed days. Pullets on the non-daily treatments were fed during on-feed days, 
and pullets fed the other treatments (the control: green, and the alternative: red) were 
fed on both days. Plasma corticosterone increased on off-feed days in non-daily fed 
treatments based on pullet’s age (P<0.001).  
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Figure 5.7 The effect of the diet and feeding frequency on plasma glucose in broiler 
breeder days (mean ± SE). Solid lines represent on-feed days and dashed lines off-
feed days for non-daily fed treatments. Plasma glucose concentration was higher 
during on-feed days (solid yellow and blue lines) compared to off-feed days (dashed 
yellow and blue lines) depending on feeding frequency and pullets’ age (P<0.001). 
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Figure 5.8 The effect of the diet and feeding frequency on the feeding motivation of 
broiler breeder pullets by feeding day (mean ± SE). Feeding motivation is expressed 
as the feed intake for 20 minutes of ad libitum feeding relative to body weight. Solid 
lines represent the relative feed intake during on-feed days and dashed lines on off-
feed days. Pullets on non-daily fed treatments were fed on the previous day during 
off-feed days and had their last meal two days prior to the test during on-feed days. 
Pullets on the daily fed treatments (control: green, and alternative: red) were both 
fed on the previous day. The effect of feeding strategies on the relative feed intake 
of broiler breeders varied based on age and feeding day (P=0.03).  
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Figure 5.9 The effect of the diet and feeding frequency on litter moisture during rearing 
(mean ± SE). Ground heaters were switched on at 5 weeks of age and off at 12 weeks 
of age. Litter moisture increased in pullets fed the alternative diet (red) compared to 
control (green) during early rearing (P=0.001)  
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Preface 

Results in Chapter 4 indicate that the welfare of broiler breeder pullets might have been 

worse under the control treatment compared to the alternative feeding strategies. 

However, behavioural indicators are required to corroborate the results from the feeding 

motivation test, feather coverage score and the indicators of the stress response. 

Welfare concerns about feed restriction in broiler breeders related to hunger, feeding 

frustration, and lack of satiety as indicated by behavioural signs in feed-restricted broiler 

breeders. Unsatisfied feeding motivation is known to trigger foraging, oral redirected 

behaviours and feeding frustration. Signs of feeding frustration include the performance 

of preening and aggressive behaviours, based on the severity of the frustration. 

Behavioural signs of unfulfilled feeding motivation and feeding frustration can become 

repetitive and abnormal under chronic hunger. For this reason, behaviour can be used to 

assess the affective states associated with each feeding strategies and interpret their 

implications for boiler breeder welfare.  
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6 The effect of alternative feeding strategies during rearing 

(from 3 to 22 weeks of age) on the behaviour of broiler 

breeders 

Abstract 

Broiler breeders are genetically predisposed for fast growth rate, but broiler breeders are 

feed-restricted to avoid the negative consequences of obesity. However, this chronic feed 

restriction leads to hunger, frustration and lack of satiety as indicated by hyperactivity, 

restlessness and oral behaviours redirected toward objects and feathers of conspecifics 

that can become abnormal repetitive behaviours (ARB). The objective was to examine 

the effect of an alternative diet and non-daily feeding schedules on broiler breeder 

behaviour under simulated commercial conditions. At 3 weeks of age, 1,680 Ross 308 

pullets were allocated into 24 pens fed with one of four isocaloric treatments until 22 

weeks of age: 1) daily control diet; 2) daily alternative diet; 3) 4/3 control diet (four on-

feed days, three non-consecutive off-feed days); and 4) graduated control diet. The 

feeding frequency of the graduated treatment varied based on age and finished on a daily 

basis. Pullets on the alternative diet were fed a fixed inclusion rate of 40% soybean hulls 

and an increasing inclusion rate of 1-5% calcium propionate during rearing. Ten 

pullets/pen (five on on-feed days and five on off-feed days) were focally and continuously 

observed for 10 minutes at 7, 10, 14, and 18 weeks of age, starting 30 minutes after feed 

delivery. The frequency of aggressive behaviour was higher during on-feed days 

compared to off-feed days in pullets on the 4/3 schedule at 10 weeks of age (P=0.04), 

opposite to pullets on the graduated treatment. Pullets on non-daily treatments spent 

more time performing ARBs during on-feed days (22.9±3.1%) compared to off-feed days 

(2.2±3.1%; P<0.001). During early rearing, the performance of ARBs was lower in pullets 

fed the alternative diet (1.7±0.8%) compared to pullets on the control treatment 

(26.0±0.8%; P<0.001). Throughout rearing, pullets on the control treatment were more 

active compared to pullets on the three alternative feeding strategies (P=0.0003) while 

pullets on the alternative diet spent more time inactive compared to pullets the other three 
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feeding strategies (P=0.02). Our results indicate that the rationed alternative diet can 

alleviate behavioural signs of chronic hunger whereas the non-daily feed restriction can 

promote signs of feeding satiety during on-feed days. In addition, feed restriction on the 

fixed 4/3 schedule appears more predictable than the graduated schedule (especially 

during the 5/2 feeding schedule). These results indicate an alternative feeding strategies 

can reduce some of the behavioural signs of feed restriction compared to daily 

quantitative feed restriction. 

6.1 Introduction 

Modern broilers have been selected for fast growth and high feed intake, and as their 

parent stock, broiler breeders share the same genetic potential (Bokkers and Koene, 

2003). These desirable traits in broilers impair health and reproductive performance in 

broiler breeders fed ad libitum (Hocking et al., 2002a). Consequently, broiler breeders are 

feed-restricted to limit body weight gain during rearing to maximize the reproductive 

performance and health during lay (Bruggeman et al., 1999; Heck et al., 2004). A 

controlled growth rate ensures that nutritional requirements for skeletal development are 

met without the negative consequences of obesity (Hocking et al., 2002a).  

However, chronic feed restriction can lead to hunger, lack of satiety and feeding 

frustration in broiler breeder pullets (D’Eath et al., 2009). Hunger and lack of satiety can 

result in hyperactivity and restlessness, and oral redirected behaviours toward objects 

and conspecifics (Savory and Maros; 1993; Sandilands et al., 2005; van Emous et al., 

2015b). Hocking et al. (1996) reported that broiler breeder pullets spent a fixed proportion 

of time in oral related behaviours, and increasing feed restriction level led to a lower 

proportion of time spent feeding and higher proportion of time spent foraging and object 

pecking than ad libitum fed pullets. As well, feeding frustration can result in aggressive 

behaviour and displacement preening (Duncan and Wood-Gush, 1971, 1972). Oral 

redirected behaviours can develop into abnormal repetitive behaviours under chronic 

conditions (Mellor et al., 2018), and the performance of abnormal repetitive behaviour is 

indicative of poor welfare especially when highly motivated behaviours are unfulfilled 
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(Savory and Maros, 1993; de Jong et al., 2013). For example, broiler breeders under 

quantitative feed restriction often engage in gentle feather pecking, stereotypic preening, 

object pecking, empty feeder pecking and drinker pecking (Savory and Maros, 1993; 

Savory et al., 1996; Nielsen et al., 2011). Indeed, abnormal repetitive behaviours directed 

at drinkers and feathers can result in overdrinking (Savory et al., 1992; Hocking et al., 

2001), water spillage (Sandilands et al., 2005), poor plumage condition (Morrissey et al., 

2014b) and injurious pecking (Savory et al., 1992). For this reason, feeding management 

in broiler breeders is a significant welfare problem (Mench, 2002; D’Eath et al, 2009).  

The development of alternative feeding strategies has focused on promoting satiety and 

reducing hunger by increasing feeding duration and feed allotment (de Jong et al., 2005; 

van Emous et al., 2015b). The combination of dietary diluents and appetite suppressants 

(such as calcium propionate) in alternative diets can reduce voluntary feed intake and 

increase daily feed allotment (Savory et al., 1996; Sandilands et al., 2005, 2006; Tolkamp 

et al., 2005). Pullets fed ad libitum with alternative diets have been reported to spend 

more time feeding and less time object pecking compared to those on quantitative feed 

restriction (Savory et al., 1996; Sandilands et al., 2005). Non-daily feeding schedules are 

commonly used in North America to increase feed allotment, enabling a more equal feed 

distribution between pullets to achieve better body weight uniformity (Zuidhof et al., 2015). 

Reducing feed allotment to control growth rate is reported to increase feeding 

competition, leading to faster relative feed intake and high frequency of aggressive 

behaviours (Savory et al., 1992; Girard et al., 2017a). Therefore, alternative diets have 

been associated with a more normal feeding behaviour (i.e., no oral-redirected 

behaviours or abnormal repetitive behaviour) due to an increase in daily feed allotment, 

and non-daily feeding schedule can reduce feeding competition and frustration by 

increasing feed allotment.  

Although rationed alternative diets have been shown to reduce the performance of oral 

redirected behaviours, their benefit under simulated commercial conditions is uncertain. 

Non-daily feeding schedules are banned in some countries due to the perceived threat to 

welfare, despite the lack of scientific evidence on their effect on the welfare of broiler 
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breeders. For this reason, the objective of this research was to examine the effect of a 

rationed alternative diet and non-daily feeding schedules on the behaviour of broiler 

breeder pullets under simulated commercial conditions. Supported by results in de Jong 

et al. (2005), Sandilands et al. (2005, 2006), and Morrissey et al. (2014b), the alternative 

diet (which provided a larger daily feed allotment) was hypothesized to decrease the 

duration of foraging, oral redirected behaviours, abnormal repetitive behaviours (ARB) 

and overall activity, and to lead to a lower frequency of aggressive behaviour compared 

to control. A similar behavioural response was expected in pullets fed non-daily during 

on-feed days in contrast to off-feed days. 

6.2 Materials and Methods 

A total of 1,680 Ross 308 broiler breeder pullets were donated for this experiment at 1 

days of age, courtesy of Aviagen (via Horizon Poultry, Hanover, Ontario, Canada), and 

pullets were reared at the Arkell Poultry Research Station (Guelph, ON, Canada) from 

February 2015 to July 2015. For this experiment, the same pullets described in Chapter 

5 were used to assess the effect of the alternative feeding strategies on the behaviour of 

broiler breeder pullets. All the procedures used in this experiment were approved by the 

University of Guelph’s Animal Care Committee (AUP # 3141) and were in accordance 

with the guidelines outlined by the Canadian Council for Animal Care (NFACC, 2016). 

Housing, management and experimental design were the same as described in Chapter 

5. 

6.2.1 Data collection: Behaviours 

Surveillance cameras (Panasonic WV-CP504 and Panasonic WVCP480 CCTV color 

cameras) were mounted on the ceiling and videos were recorded onto a digital recording 

unit (i3international, SRX Pro 1201SC). Monthly recordings, taken from three pens per 

treatment (12 pens), were simultaneously recorded on two consecutive days (including 

on- and off-feed day for pullets fed non-daily) during one week. Recordings from the other 

three pens per treatment were registered on two consecutive days the following week. 
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Behavioural observations were recorded using Noldus Observer XT 11.0 (Noldus 

Information Technology; Wageningen, The Netherlands).  

Focal sampling was used to continuously record the behaviours defined in Table 6.1. Ten 

unmarked focal pullets were chosen per week (five pullets per day) based on a random 

criterion from Hocking and Wu (2013). Each pullet was observed in five non-overlapping 

10-min blocks for one hour starting 30 min after being fed at 7, 10, 14 and 18 weeks of 

age. During off-feed days for non-daily feeding strategies, observations started according 

to the average time between both neighbour pens.  

At 18 weeks of age, five 10-min observations per pen were performed at each of three 

times of day: in the morning (starting 30 min after feeding), at 12:00 (starting 

approximately 4 hours after feeding) and at 15:00 (one hour before lights went out, and 

eight hours after feeding; Figure 6.1). Data from five focal pullets were averaged by pen, 

age and feeding day, and the effect of time of day was independently analysed for 18 

weeks of age. The duration was analysed as the proportion of time engaged in each 

behaviour by total time, respectively. The frequency was included for aggressive and 

comfort behaviours as the number of bouts by time. 

6.2.2 Statistical analyses 

The effect of diet and feeding frequency on the behaviour of broiler breeders was 

analysed using a generalized linear mixed model with pen nested in the model as the 

independent experimental unit. Statistical analyses were performed using SAS Ver. 9.4 

(SAS Institute, Cary, NC, USA) with Proc Glimmix and the degree of significance was set 

for p-values lower than 0.05.  

Treatment, feeding day, age and their multiple interactions were included as fixed effects 

for one model; and treatment, feeding day, time of day and its multiple interactions were 

included as fixed for another model. Room, pen and pen location within the room were 

included in the covariance structure as random effect. Age or time of day (only at 18 

weeks of age) was fit into a repeated structure with pen as the subject and treatment as 
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the group. Contrast statements were used to compare the overall effect of diet and 

feeding frequency to the control group, and pairwise comparisons between treatments 

were adjusted for multiple comparisons using the Tukey test. Orthogonal regressions 

analysed the effect of age into a linear, quadratic, cubic, and lack of fit response 

(Appendix A.1). Model assumptions were assessed using a scatterplot of studentized 

residuals, linear predictor for linearity, and a Shapiro-Wilk test for normality (Appendix 

A.2). Outliers were defined as observations with absolute studentized residuals higher 

than 3.4 and excluded from the model. The Gaussian distribution was used as the default 

distribution, but data were transformed if the assumption for linearity was not met 

(Appendix A.6).  

6.3 Results  

Table 6.2 indicates the effect of diet and feeding frequency on the behaviour of broiler 

breeder pullets in the morning during rearing. Table 6.3 includes the p-values for the effect 

of feeding strategies on the behaviour of broiler breeders based on feeding day during 

rearing in the morning, and Table 6.4 provides the p-values for the effect of feeding 

strategies on the behaviour of broiler breeders depending on feeding day across the day 

at 18 weeks of age. Data are presented using estimated mean values followed by the 

standard error of the mean.  

6.3.1 Foraging 

Pullets engaged in foraging and oral redirected behaviours for 40.27% and 46.95% of 

their time, and pullets were active for 98.47% of their time budget in the morning 

observations (Table 6.2). The duration of foraging behaviours was affected by treatment 

throughout rearing (F3,192=3.77, P=0.01; Table 6.3) and time of day (F2,144=23.12, P<0.01; 

Table 6.4). Pullets on the 4/3 schedule foraged for longer than those on the control 

treatment (t192=2.83, P=0.03) and those fed the alternative diet (t192=2.70, P=0.04). There 

was also interaction between age and feeding frequency in pullets fed non-daily. Pullets 

on the 4/3 and the graduated schedule spent more time foraging during on-feed days with 

age whereas the duration of foraging remained similar during off-feed days across age 
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(Figure 6.2A). At 18 weeks of age, the duration of foraging was driven by treatment and 

by time of day (Table 6.4). The treatment differences at 18 weeks of age were the same 

as the ones found at earlier weeks during the morning. Furthermore, pullets foraged for 

longer at 18 weeks of age in the morning (44.29 ± 8.58%) than at noon (11.84 ± 9.42%; 

t144=6.26, P<0.0001) or at 15:00 (18.28 ± 9.41%; t144=5.04, P<0.0001).  

6.3.2 Aggressive behaviour 

Severe pecking and chasing accounted for 48.1% and 32.6%, respectively, of the 

duration of aggressive behaviours. Pullets performed on average 0.31 ± 0.06 bouts of 

aggressive behaviours in 10 min, and severe pecking and chasing accounted for 56.4% 

and 32.4% of the total frequency of aggressive behaviours, correspondently. The duration 

(Table 6.3) and frequency of aggressive behaviours increased as pullets aged. Moreover, 

the frequency of aggressive behaviours was affected by treatment, feeding day and age 

(F9, 192=2.12, P=0.03). At 10 weeks of age, pullets on the 4/3 schedule displayed more 

aggressive behaviours during on-feed days (0.30 ± 0.08 bouts in 10 min) compared to 

off-feed days (0.02 ± 0.01 bouts in 10 min; t192=3.87, P=0.04). Conversely, pullets on the 

graduated schedule displayed fewer aggressive behaviours in the morning throughout 

rearing during on-feed days (0.06 ± 0.02 bouts in 10 min) than on off-feed days (0.10 ± 

0.04 bouts in 10 min; t192=3.09, P=0.04). At 18 weeks of age, the frequency of aggressive 

behaviour was higher in pullets on the alternative diet (0.89 ± 0.12 bouts in 10 min) 

compared to those on the graduated schedule (0.47 ± 0.09 bouts in 10 min; t144=2.66, 

P=0.04). 

6.3.3 Oral redirected behaviours 

Pullets spent 47.9% and 11.69% of their time in oral redirected behaviours and abnormal 

repetitive behaviours, respectively. Gentle feather pecking, object pecking and 

stereotypic preening represented 59.4%, 32.4% and 8.2%, respectively, of the duration 

of abnormal repetitive behaviours (Table 6.2).  



161 

 

 

 

6.3.3.1 Abnormal repetitive behaviours 

The duration of abnormal repetitive behaviours was impacted by treatment and pullets’ 

age (Figure 6.3A), and by treatment and feeding day (Figure 6.4). The duration of 

abnormal repetitive behaviours was longer for pullets on the graduated and the 4/3 

schedule during off-feed days (graduated: 26.87 ± 3.02%, and the 4/3 schedule: 18.70 ± 

3.20%) compared to on-feed days (graduated: 3.30 ± 1.73% [t192=8.67, P<0.0001], and 

the 4/3 schedule: 1.08 ± 0.21% [t192=8.4, P<0.0001]). Indeed, the duration of ARBs in 

pullets fed non-daily was longer during off-feed days than pullets fed the alternative diet 

(8.98 ± 1.48% compared to graduated [26.62 ± 0.78%; t192=5.59, P<0.0001] and to the 

4/3 schedule [18.70 ± 0.59%; t192=4.07, P<0.002]) but not longer than control pullets 

(17.31 ± 1.18%). Additionally, the duration of abnormal repetitive behaviours was 24.36 

± 4.43% and 14.54 ± 4.34% lower for pullets fed the alternative diet at 7 weeks of age 

compared to pullets on the control (t192=4.78, P<0.001) and on the graduated treatment 

(t192=3.71, P=0.02), respectively. The duration of abnormal repetitive behaviours at 18 

weeks of age was affected by time of day and treatment (Table 6.4). At 18 weeks of age, 

pullets on the control treatment, the alternative diet and the 4/3 schedule spent more of 

their time in abnormal repetitive behaviours at noon (control treatment: 43.93 ± 1.47%, 

the alternative diet: 38.50 ± 3.90%, and the 4/3 schedule: 22.21 ± 3.31%) than in the 

morning (control treatment: 11.19 ± 2.12% [t144=3.93, P=0.007], the alternative diet: 7.34 

± 1.61% [t144=4.27, P=0.002], and the 4/3 schedule: 8.67 ± 1.63% [t144=3.92, P=0.02]). 

6.3.3.2 Feeder pecking 

Feeder pecking comprised 57.1% of the duration of the oral redirected behaviours (Table 

6.2) and was influenced by feeding day and treatment (Table 6.3). Pullets on the 

graduated and 4/3 schedules spent less time feeder pecking on off-feed days (graduated: 

7.03 ± 2.45%, and the 4/3 schedule: 5.25 ± 1.39%) compared to on-feed days. 

(graduated: 37.03 ± 4.63% [t192=6.66, P<0.0001], and the 4/3 schedule: 36.10 ± 4.92% 

[t192=7.51, P<0.0001]), as illustrated in Figure 6.4. This effect was greater at 6 weeks of 

age as represented in Figure 6.2B. During off-feed days for the non-daily fed pullets, 

pullets on the control treatment engaged in feeder pecking for longer (35.25 ± 3.03%) 
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compared to pullets on the graduated (7.03 ± 2.47%; t192=5.12, P<0.0001) and on the 4/3 

schedule (5.25 ± 1.39%; t192=5.55, P<0.0001). The duration of feeder pecking at 18 

weeks of age was affected by treatment and time of day (Table 6.4). Pullets on the control 

treatment spent more time in the morning at feeder pecking (28.65 ± 4.21%) compared 

to those on the 4/3 schedule (7.56 ± 3.45%; t144=3.53, P=0.03). 

6.3.3.3 Drinker pecking 

The proportion of time pullets spent pecking the drinker represented 17.7% of the duration 

of oral redirected behaviours (Table 6.2). Figure 6.2C indicates that the duration of drinker 

pecking was affected by age and feeding day (Table 6.3). The duration of drinker pecking 

was 7.65 ± 1.71% during on-feed days throughout rearing. On off-feed days, pullets spent 

more of their time in drinker pecking at 10 weeks of age (13.14 ± 2.55%) than at weeks 7 

(5.46 ± 1.22%; t192=3.74, P<0.01) and 18 (8.47 ± 1.67%; t192=3.58, P=0.01). The duration 

of drinker pecking was affected by feeding day at 18 weeks of age (Table 6.4). At 18 

weeks of age, pullets spent more of their time in drinker pecking on on-feed days (14.11 

± 1.79%) compared to off-feed days (7.66 ± 1.55%; t192=3.06, P=0.003). However, our 

results about drinker pecking can be ambiguously interpreted as drinking behaviour or 

drinker pecking, as a proxy, as water intake was not measured. 

6.3.4 Maintenance: Dustbathing and Preening 

Dustbathing was rarely observed. Only in pullets on the graduated treatment during off-

feed days did the average performance of dustbathing differ from 0% (3.13 ± 1.17%; 

t192=2.02, P=0.04). Dustbathing was not observed in pullets fed daily during the hour after 

feeding, and pullets fed non-daily performed dustbathing for longer (2.44 ± 0.77%) than 

pullets fed daily (<0.1%; F1,192=7.06; P=0.01).  

One hour after feeding, preening accounted for 61.6% and 82.8% of the duration and 

frequency of the maintenance behaviours, correspondently. Treatment and feeding day 

impacted the duration (F3,192=9.74, P<0.0001) and the frequency (F3,192=5.69, P<0.001) 

of preening. Pullets on the 4/3 schedule and on graduated treatment preened for longer 
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during off-feed days (the 4/3 schedule: 3.01 ± 0.29%, and the graduated: 3.47 ± 0.44%) 

than during on-feed days (the 4/3 schedule: 0.24 ± 0.05% [t192=4.99, P<0.0001], and the 

graduated: 0.87 ± 0.20% [t192=4.26, P<0.001]). During off-feed days, pullets on the control 

treatment performed less preening (1.26 ± 0.17%) compared to pullets on the graduated 

(3.47 ± 0.44%; t192=3.76, P<0.01) and the 4/3 schedule (3.01 ± 0.29%; t192=3.08, P<0.05). 

Similarly, pullets on the 4/3 schedule performed 0.54 ± 0.12 more preening bouts in 10 

minutes on off-feed days compared to on-feed days (t192=4.42, P<0.001). At 18 weeks of 

age, pullets on the control treatment (9.66 ± 1.31%) preened for longer than pullets fed 

non-daily (3.74 ± 0.98%; F1,144=8.07, P=0.005). 

6.3.5 Physical activity: walking and running  

Walking accounted for 97.4% of the time pullets spent in physical activity (Table 6.2). 

Figure 6.4 highlights that the duration of physical activity differed depending on treatment 

and feeding day (Table 6.3). Pullets on the 4/3 schedule had higher physical activity 

during off-feed days (4.35 ± 0.43%) compared to on-feed days (2.96 ± 0.43%; t192=3.14, 

P=0.04), but physical activity did not differ by feeding day for pullets on the graduated 

schedule (t192=2.43, P=0.23). Figure 6.2E describes the opposite effect of feeding day on 

the proportion of time pullets spent in physical activity at 18 weeks of age, independent 

of time of day (Table 6.4). Pullets spent more time running and walking at 18 weeks of 

age on on-feed days (6.00 ± 0.61%) compared to off-feed days (3.20 ± 0.61%; t144=5.89, 

P<0.0001).  

6.3.6 Activity 

General activity included the behaviours described in Table 6.1, excluding sleeping, 

resting, freezing (i.e., sudden inactivity standing with short neck) and alerting (i.e., 

standing in an erect posture, can include beak opening). Pullets were active more than 

95% of their time budget during the hour after feeding and pullets were ground pecking 

and feeder pecking during 40.9% and 29.5%, correspondently, of their active time (Table 

6.2). The duration of active behaviours depended on treatment by feeding day (Table 

6.3). Pullets on the 4/3 and graduated schedules were more active during on-feed days 
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(the 4/3 schedule: 96.40 ± 0.33%, and the graduated: 95.79 ± 0.21%) compared to off-

feed days (the 4/3 schedule: 90.14 ± 0.88 [t192=5.61, P<0.0001], and the graduated: 89.55 

± 0.74% [t192=4.45, P<0.001]). Pullets fed with the three alternative feeding strategies 

spent 3.90 ± 0.67% less time active compared to control (F1,192=13.36, P=0.0003).  

Pullets were inactive for a small proportion of their time budget in the morning (Table 6.2). 

Sleeping was rarely observed and resting accounted for 99.7% of their inactive time. The 

effect of feeding day on non-daily fed treatments is presented in Figure 6.2F. As well, 

pullets fed the alternative diet spent more time inactive (2.97 ± 0.34%) than pullets on the 

other three feeding strategies (1.62 ± 0.34%; F1,192=2.27, P=0.02). The duration of 

inactive behaviours at 18 weeks of age was impacted by treatment and feeding day and 

by treatment and time of day (Table 6.4). Control pullets were more inactive at 18 weeks 

of age in the evening (12.07 ± 1.28%) than in the morning (2.19 ± 0.89%; t144=3.1, 

P<0.05). Pullets on the graduated schedule spent 5.35 ± 1.49% (t144=4.28, P=0.002) more 

time inactive during on-feed days compared to off-feed days.  

6.3.7 Posture 

Sitting was observed only in six instances. Pullets spent 85.97 ± 2.78% of their time 

standing with the remaining time spent perching (Table 6.2). The duration of perching 

was impacted by treatment and age (Figure 6.3B) and by feeding day and age (Figure 

6.2D). Pullets on the graduated schedule spent more time perching at 10 weeks of age 

(16.41 ± 1.56%) compared to weeks 7 (5.87 ± 2.77%; t192=4.27, P=0.003), 14 (10.46 ± 

1.47%; t192=3.93, P=0.01) and 18 (11.39 ± 1.38%; t192=4.09, P<0.01). At 18 weeks of age, 

the proportion of time pullets perching varied between feeding day and time of day (Table 

6.4). Pullets perched for longer at noon on on-feed days (35.97 ± 6.83%) compared to 

the same time on off-feed days (4.07 ± 7.12%; t144=3.67, P=0.005). 

6.4 Discussion 

The objective of this research was to examine the effect of alternative feeding strategies 

on the behaviour of broiler breeders during rearing. Our results indicate that pullets on 
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the daily control diet were more active compared to the pullets on the alternative feeding 

strategies. Hyperactivity and restlessness are considered indicators of hunger and 

unsatisfied feeding motivation, whereas inactivity is considered a sign of feeding satiety 

in broiler breeders (Savory and Maros, 1993; Hocking et al., 1996; Savory et al., 1996; 

de Jong et al., 2003). Feeding motivation can promote feed-seeking behaviours and 

restlessness (Hocking et al., 1996), and increasing feed restriction levels are associated 

with an increase in activity levels (Savory and Maros, 1993; de Jong et al., 2003). Similar 

to our results, Lindholm et al. (2017b) also described daily-fed pullets as being more 

active than pullets on a 5/2 schedule. These results suggest that pullets in the control 

treatment might have experienced more hunger than pullets on the other feeding 

strategies. 

Pullets on the rationed alternative diet spent more time inactive compared to quantitative 

feed restriction, either daily or non-daily. In agreement with our results, Sandilands et al. 

(2005) reported increased inactivity during mid and late rearing in pullets fed an 

alternative diet (40% oat hulls and 6% CaP) ad libitum. Morrissey et al. (2014b) also 

described lower activity in pullets fed an alternative diet (same formulation as in current 

research) compared to control pullets. Hocking et al. (1996) hypothesized that high 

feeding motivation decreases resting, sitting and sleeping, and higher inactivity under 

feed restriction may relate to a state of low hunger and high satiety. This observation may 

indicate that pullets on the alternative diet might experience a greater degree of satiety 

compared to the others feeding strategies. Alternatively, activation of the parasympathetic 

system upon digestion could also result in inactivity (Kuenzel et al., 2015). A large feed 

allotment and the high ratio of insoluble fibre in soybean hulls is likely to promote 

gastrointestinal transit by activation of the autonomic enteric nervous system, resulting in 

an unconscious and involuntary inactivity (Scanes et al., 2014; Kuenzel et al., 2015). For 

example, Nielsen et al. (2011) described an increasing proportion of pullets with the neck 

retracted a few hours after feeding a rationed alternative diet with 15% sugar beet pulp. 

In addition, the inclusion of calcium propionate has been hypothesized to cause malaise 

(Nielsen et al., 2011), and results in Arrazola and colleagues (2018) suggests that calcium 

propionate at 1.4% in a control diet induces a negative affective state. Therefore, the 
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implications of the alternative diet for promoting satiety are equivocal based on inactivity, 

but our results suggest a lower feeling of hunger with the alternative diet. 

Results on the performance of ARB also suggests that the alternative diet reduces the 

experience of chronic hunger, and the alternative diet decreased the overall duration of 

ARBs compared to pullets on the other three feeding strategies. Others have reported 

similar effects of alternative diets on the performance of ARBs (Savory et al., 1996; 

Sandilands et al., 2005). de Jong et al. (2005) noted that pullets fed a rationed alternative 

diet with high crude fibre content (90 g/kg) spent less time in object pecking than pullets 

on the control treatment, although a moderate crude fibre content (65 g/kg) had no effect. 

Similarly, Nielsen et al. (2011) reported that the performance of ARBs (stereotypic 

preening, gentle feather pecking and object pecking) was more frequent in pullets fed a 

control diet compared to pullets fed on two rationed alternative diets (at 419 g and 375 g 

dietary fibre per kg). In our research, the alternative diet contained on average 141 g of 

crude fibre per kg (based on results in Morrissey et al. [2014b] and Table 5.1 in Chapters 

3 and 4) and 40% soybean hulls provided 368.5 g of dietary fibre per kg of alternative diet 

(calculated based on nutritional analysis for soybean hulls in Bukhalter et al. [2001]). Our 

results in combination with those from previous research indicate that rationed alternative 

diets (at 100 g/kg crude fibre and 400 g/kg dietary fibre) can delay the performance of 

ARBs compared to a control diet fed under simulated commercial conditions.  

Feeding day impacted the duration of ARBs in pullets fed non-daily, and pullets spent 

less time in ARB during on-feed days compared to off-feed days (but still higher than the 

alternative diet). These results highlight that pullets experienced hunger during off-feed 

days (similar to control) and relatively higher level of satiety during on-feed days than 

control pullets. A parallel conclusion was drawn from previous research according to 

results from the duration of feather pecking (Girard et al., 2017b) and tonic immobility 

(Lindholm et al., 2017b). Interestingly, the duration for ARB doubled from morning to noon 

for all treatments except the graduated treatment on the 5/2 schedule. These results 

suggest a short-term decrease in hunger after feeding in the predictable feeding 

strategies (although pullets may became hungry again by noon), whereas pullets in the 

graduated schedule might not have been habituated to their feeding schedule. Previous 
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research noted that pullets on an unpredictable feeding frequency performed more object 

pecking compared to pullets on a fixed feeding schedule throughout rearing (Girard et al., 

2017b). These results might indicate that the feeding schedule on the graduated 

treatment may have been less predictable compared to the other feeding strategies, in 

agreement with Lindholm et al. (2017b) and physiological and behavioural results in 

Chapter 5.  

Beside the high proportion of time spent in foraging behaviour, pullets also spent a 

considerable amount of time in empty feeder pecking after feeding. Pullets fed non-daily 

(on the graduated or 4/3 schedule) spent more time feeder pecking during on-feed days 

than during off-feed days, indicating that pullets remained feed motivated despite their 

larger feed allotment. We also observed a lower duration of feeder pecking for pullets fed 

on the 4/3 schedule compared to those on the control treatment at 18 weeks of age, an 

age at which feed restriction level alleviates somewhat as pullets approach to lay. These 

results can suggest that a fixed 4/3 schedule can lower feeding frustration compared to 

daily quantitative feed restriction during late rearing, although pullets were highly 

motivated to forage in litter. The proportion of time foraging peaked after feeding, as 

mentioned in van Emous et al. (2015b), indicating that pullets remained feed motivated 

after feed consumption. Pullets fed non-daily spent a similar proportion of time foraging 

during off-feed days as pullets fed daily, highlighting that foraging behaviour is a 

behavioural need and pullets are motivated to engage in foraging behaviour (Duncan, 

1998). In the current experiment, feeders were filled by hand, so it is possible that the 

foraging behaviour was caused by the pullets seeking feed particles on the shavings (as 

suggested in Morrissey et al., 2014b). Results suggest that pullets on 4/3 schedule were 

highly motivated to forage throughout rearing, even when being fed a larger feed 

allotment during on-feed days. The opportunity to perform foraging behaviours has been 

associated with de-arousal properties and alleviation of stress in feed-restricted broiler 

breeders (Hocking et al., 2005). Alternatively, results from Hocking et al. (2005) indicated 

that broiler breeders reared on wood shavings consumed litter, and results in Chapters 3 

and 4 indicate the high motivation to consume feathers, especially during on-feed days. 
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Therefore, the foraging behaviour in pullets on the 4/3 schedule might indicate their 

motivation for litter eating. 

The effect of feed restriction of broiler breeders on preening behaviour is ambiguous 

because of the dual interpretation as displacement activity and comfort behaviour (Savory 

et al., 1993; Hocking et al., 1996; Savory et al., 1996; Duncan, 1998). The performance 

of comfort behaviours is rewarding and reinforcing (Mason and Bateson, 2009), and 

comfort behaviour can be performed for the sake of a relatively higher affective state. 

Research into feed restriction indicated that inceasing feed restriction positively covaried 

with the duration of preening. Savory et al. (1996) noted that feed-restricted pullets spent 

double the time preening (10.1%) compared to pullets fed ad libitum (4.6%), and similar 

values were reported for broiler breeders reared at commercial feed restriction levels 

(Savory and Maros, 1993; Hocking et al., 1996). Previous researchers reported elevated 

preening activity was observed in feed-restricted broiler breeders after feeding, 10% of 

the time budget (Savory and Maros, 1993; Hocking et al., 1996). In our study, a similar 

proportion of time was spent preening at the end of rearing by control pullets, which was 

three times higher than was performed by those fed non-daily. Pullets fed non-daily spent 

one tenth of their daily time budget preening during off-feed days while preening was 

rarely observed during on-feed days. Based on these results, excessive preening may 

relate to feeding frustration. Alternatively, preening is considered a comfort behaviour and 

previous studies with feed-restricted broiler breeders have suggested that performance 

of comfort behaviour relates to satiety (de Jong et al., 2005; Sandilands et al., 2005, 2006; 

Nielsen et al., 2011). de Jong et al. (2003) described a negative relationship between the 

performance of comfort behaviours (i.e., preening, autopecking, nibbling, stroking, wing 

flapping and stretching) and the level of feed restriction, suggesting that comfort 

behaviours occur when broiler breeders reach some level of satiety and probably indicate 

a positive affective state. Along this line of reasoning, Nielsen et al. (2011) noted that the 

performance of comfort behaviours was higher under a rationed alternative diet with the 

inclusion of insoluble fibre compared to soluble fibre or control. However, our results 

indicate that most self maintenance behaviour that was performed was preening and 
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primarily was observed in pullets fed non-daily during off-feed days. Therefore, the 

interpretation of comforts behaviour in this research may indicate displacement preening 

instead. 

6.5 Conclusion 

Throughout rearing, pullets on the control treatment were more active compared to pullets 

on the three alternative feeding strategies. Our results do not indicate that pullets fed non-

daily experienced more hunger than broiler breeders on the daily feed restriction. A larger 

feed allotment during on-feed days on non-daily feeding schedules could reduce feeding 

frustration compared to daily feed restriction, but pullets were still feed motivated after 

feeding. Pullets on the alternative diet spent more time inactive compared to pullets on 

the other three feeding strategies and showed a decrease in the performance of abnormal 

repetitive behaviours with time. The rationed alternative diet and non-daily feed restriction 

on on-feed days can alleviate some signs of chronic hunger caused by feed restriction, 

and these effects of feeding strategies on the behaviour of broiler breeder can be 

interpreted as an improvement in broiler breeder welfare under the three alternative 

feeding strategies compared to pullets on the control treatment.  
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Table 6.1 Ethogram of mutually exclusive behavioural states and events observed from 
focal sampling observations of broiler breeder pullets.  

Category  Behaviour1  Description 

Foraging  Ground pecking  Litter pecking at different ground spots. 
  Scratching  Backward litter movement with feet and 

pecking shavings. 
Aggression  Chasing  Walking or running behind a bird. 

  Fighting  Two birds jumping, kicking and pecking at 
each other. 

  Severe pecking  Forcefully and quickly pecking as recipient 
bird moves away. 

  Staring  Face to face fixed gaze between two birds, 
hackles may be raised. 

  Threatening  Jumping on another bird’s back or standing in 
an erect posture in front another bird with 
ruffled plumage and hackles raised. 

ORB2  Feeder pecking  Head inside feeder. 
  Drinker pecking  Pecking nipple drinker. 
  ARB3:   
  Gentle feather 

pecking 
 Pecking another bird’s feathers without 

feathers being pulled out nor a reaction from 
the recipient bird. 

  Object pecking  Repeatedly pecking a specific inanimate spot 
(wall, perch or shavings). 

  Stereotypic 
preening 

 Repeated beak movement on their own 
specific body spot, only feather zipping. 

Maintenance  Dust bathing  Lying on litter and spreading litter towards its 
plumage, including stretching, prostration and 
litter pecking. 

  Preening  Self-feather nipping/licking, feather 
zipping/combing and uropygial gland pecking 
at different body parts. 

Physical 
activity 

 
 

 Walking or running without foraging 

Inactivity  Resting  Inactive with long neck, includes head and 
neck movements. 

  Sleeping  Inactive with short neck. 
Others    Any other behaviours not included above 

1Posture was recorded as sitting, standing, or perching. 
2Oral redirected behaviours: ARB, feeder pecking and drinker pecking. 
3Abnormal repetitive behaviours: gentle feather pecking, stereotypic preening and 
object pecking.  
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Table 6.2 The effect of diet and feeding frequency on the proportion of time that broiler breeder 
pullets spent on each mutually exclusive behaviour in the morning during rearing (mean ± SE). 

  Control  Alternative  Graduated  4/3 

Behaviour (%)1         
Foraging  35.11±5.06b  37.19±4.54b  40.50±4.19ab  48.27±4.22a 

Aggressive  0.10±0.03  0.26±0.15  0.09±0.03  0.16±0.03 
ORB2         

Feeder pecking  31.2±4.55ab  35.51±3.88a  20.50±2.65b  19.51±2.61b 
Drinker pecking  9.44±1.17  10.08±1.16  7.51±0.73  7.15±0.73 

ARB3  15.50±3.81ab  5.92±2.72b  15.43±2.62a  10.06±2.44ab 
Maintenance  1.41±0.31  1.72±0.34  5.15±1.45  3.40±0.92 

Physical activity  3.15±0.14  3.60±0.12  3.84±0.11  3.65±0.12 
Activity (%)1         

Activity4  97.68±0.18a  96.34±0.16b  95.88±0.13b  95.83±0.13b 
Inactivity  1.58±0.87  3.12±0.80  1.73±0.73  1.72±0.78 

Posture (%)         
Perching  16.08±3.26  14.02±1.68  10.56±1.75  12.63±1.86 
Standing  83.63±4.48  85.98±3.84  88.69±3.35  86.23±3.48 

Control: daily control diet; Alternative: daily alternative diet; Graduated: graduated 
schedule control diet; 4/3: 4/3 schedule control diet. 
a-bDifferent superscripts within a row indicate significant mean differences (P<0.05). 
1Pullets spent around 4% of the remaining time alert. 
2Oral redirected behaviours: ARB, feeder pecking and drinker pecking. 
3Abnormal repetitive behaviours: gentle feather pecking, stereotypic preening and 
object pecking. 
4Activity did not include inactive behaviours (sleeping and resting), freezing and 
alerting.  
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Table 6.3 Summary of the significant effects of fixed factors and their interactions on the duration of broiler breeder 
behaviours in the morning during rearing at weeks 7, 10, 14 and 18 (p-values). 

  Treatment  Feeding 
day 

 Age  Treatment 
x Feeding 

day 

 Treatment 
x Age 

 Feeding 
day x 
Age 

 Treatment x 
Feeding day 

x Age 

Behaviour               
Foraging  0.0116  0.0029  <0.0001  0.1388  0.2832  <0.0001  0.3797 

Aggressive  0.3452  0.3751  0.0160  0.4294  0.0616  0.4623  0.2870 
ORB1               

ARB2  0.0165  <0.0001  0.6333  <0.0001  0.0067  0.9763  0.5436 
Feeder pecking  0.0004  0.0043  <0.0001  <0.0001  0.0974  0.0008  0.9105 
Drinker pecking  0.5984  0.7569  0.0454  0.3532  0.8909  0.0325  0.7914 
Maintenance  0.6947  0.0933  0.1332  0.0030  0.4711  0.7646  0.8875 

Physical activity  0.7927  0.0357  <0.0001  0.0327  0.1174  <0.0001  0.8857 
Activity               

Activity3  0.0035  0.0001  <0.0001  0.0003  0.0715  <0.0001  0.1210 
Inactivity  0.1626  0.9855  0.1079  0.8136  0.8136  0.0301  0.9571 

Posture               
Perching  0.2892  0.9249  0.0876  0.1450  0.0252  0.0030  0.1716 
Standing  0.3310  0.1620  0.0003  0.9127  0.4608  0.2545  0.2918 

Significant p-values in bold. 
1Oral redirected behaviours, which include ARBs, feeder pecking and drinker pecking. 
2Abnormal repetitive behaviours (gentle feather pecking, stereotypic preening and object pecking). 
3Activity did not include inactive behaviours (sleeping and resting), freezing and alerting. 
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Table 6.4 Summary of the significant effects of fixed factors and their interactions on the duration of broiler breeder 
behaviours in the morning, noon and evening at 18 weeks of age (p-values). 

  Treatment  Feeding 
day 

 Time of 
day 

 Treatment 
x Feeding 

day 

 Treatment 
x Time of 

day 

 Feeding 
day x Time 

of day 

 Treatment 
x Feeding 
day x Time 

of day 

Behaviour               
Foraging  <0.0001  0.6427  <0.0001  0.3016  0.1517  0.1002  0.0669 

Aggressive  0.9520  0.6412  0.0242  0.1674  0.8739  0.5580  0.8569 
ORB1               

ARB2  0.0020  0.0006  <0.0001  0.9226  0.0083  0.3453  0.6400 
Feeder pecking  0.9483  0.5268  0.0188  0.5396  0.0036  0.7116  0.2772 
Drinker pecking  0.4948  0.0026  0.0812  0.3894  0.1751  0.5672  0.3024 
Maintenance  0.0414  0.1423  0.0035  0.0008  0.6894  0.4891  0.1618 

Physical activity  0.1020  <0.0001  0.3848  0.1377  0.5909  0.4972  0.0935 
Activity               

Activity3  0.0153  0.0121  0.4934  0.0204  0.1041  0.3178  0.0463 

Inactivity  0.0991  <0.0001  0.0536  <0.0001  0.0360  <0.0001  0.1249 

Posture               
Perching  0.0776  0.0002  0.6188  0.3169  0.2310  0.0466  0.7796 
Standing  0.1000  0.0002  0.1834  0.1387  0.1877  0.0278  0.6724 

Significant p-values in bold. 
1Oral redirected behaviours, which include ARBs, feeder pecking and drinker pecking. 
2Abnormal repetitive behaviours (gentle feather pecking, stereotypic preening and object pecking). 
3Activity did not include inactive behaviours (sleeping and resting), freezing and alerting.   
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Figure 6.1 Diagram of the time of day for which recordings were focally observed 
during the rearing of broiler breeder pullets. Recordings were observed in the 
morning at 7, 10, 14 and 18 weeks of age, plus at noon and in the afternoon 
recordings only at 18 weeks of age. 
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A) Foraging B) Feeder pecking 
 

 

C) Drinker pecking D) Perching 
 

 

E) Physical activity F) Inactivity 

 

 

Figure 6.2 The effect of feeding day on the behaviour of broiler breeder pullets fed non-
daily (combination of graduated and the 4/3 schedule) during the morning observations 
throughout rearing (mean ± SE). A solid black line is used for on-feed days and dashed 
grey line to off-feed days. Feeding frequency impacted the duration of foraging 
(P<0.0001), feeder pecking (P<0.001), drinker pecking (P=0.03), perching (P<0.01), 
locomotion (P<0.0001) and inactivity (P=0.03) based on pullets’ age.  
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A) Abnormal repetitive behaviours B) Perching  

  

Figure 6.3 The effect of diet and feeding frequency on the duration of ARB (A) and perching (B) of broiler breeder pullets 
during the morning throughout rearing (mean ± SE). Feeding strategy and age impacted the duration of ARB (P=0.007) 
and perching (P=0.025).  
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Figure 6.4 The effect of feeding day on the behaviour of broiler breeder pullets during 
the morning observations throughout rearing (mean ± SE). Colour intensity indicates 
the effect of feeding days (on-feed days in dark colour and off-feed days in light colour) 
on the duration of each behaviour. The feeding frequency of non-daily feeding 
strategies impacted the duration of feeder pecking (P<0.0001), ARB (P<0.0001), 
preening (P<0.001) and physical activity (P=0.0327), as indicated by * (P<0.05) and ** 
(P<0.001).  
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Preface 

Feeding management of broiler breeders is an economic issue for the poultry industry 

as distress during rearing can impair laying performance, and obesity-related problems 

can negatively impact the reproductive performance of broiler breeders. In order to 

achieve a profitable reproductive performance, broiler breeders should achieve a 

mature body composition at a mature body weight by 20 weeks of age. Feed restriction 

during mid rearing mainly determined the reproductive performance of broiler breeder 

hens, although the implications of alternative feeding strategies during rearing for broiler 

breeders throughout laying has not been examined until now.  

Chapters 3, 4, 5, and 6 looked at the effect of alternative feeding strategies for broiler 

breeder welfare and productive parameters during rearing. But in order to be applicable 

for the poultry industry, broiler breeders should achieve an optimal reproductive 

performance during lay. For this reason, the next experiment was designed to 

investigate the long-term effects of rearing feeding strategies on the growth of the 

broiler breeders (growth rate, body weight uniformity and feeding behaviour) and their 

reproductive performance (laying rate, fertility, embryo mortality and relationship 

between hatching egg weight and chick weight at hatch).  
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7 The effect of rearing feeding strategies on the 
performance, health and feeding behaviour of broiler 
breeders during lay 

Abstract 

Feeding broiler breeders to satiety has negative consequences on their health and 

reproductive performance. Alternative feeding strategies during rearing can improve 

welfare, although their implications during lay are unknown. The objective was to examine 

the effect of rearing feeding strategies on the reproductive performance, health and 

feeding behaviour of broiler breeders under simulated commercial conditions. At 3 weeks 

of age, 1,680 Ross 308 pullets were allocated to 24 pens under one of four isocaloric 

treatments: 1) daily control diet; 2) daily alternative diet (40% soybean hulls and 1-5% 

calcium propionate); 3) 4/3 control diet (four on-feed days, three non-consecutive off-feed 

days); and 4) graduated control diet. The feeding frequency of the graduated treatment 

varied with age and finished on a daily basis. At 23 weeks of age, rearing pens were 

depopulated to 40 mature hens per pen and five mature YPM roosters were introduced 

per pen. Pens were under the same daily feeding management during lay. Growth rate 

was measured biweekly and reproductive performance were determined monthly to 64 

weeks of age. At the end of lay, feeding motivation was examined (feed intake and 

compensatory feeding) and anatomical measures were taken. Data were analysed using 

a linear mixed regression model, with pen nested in the model and age as a repeated 

measure. The laying rate of hens reared on the graduated treatment decreased slower 

compared to control hens, resulting in a higher cumulative egg production (178.2 ± 3.8 

eggs/hen) than control hens (165.2 ± 3.8 eggs/hen, P<0.01) by 64 weeks of age. Hens 

fed non-daily during rearing, especially on the 4/3 schedule, had a heavier liver at the end 

of lay (P<0.05) and laid lighter eggs with heavier relative yolk compared to hens fed daily 

during rearing (P=0.02). Roosters allocated to control hens were heavier than roosters 

with hens on the other feeding strategies due to the lower feeding motivation of control 

hens compared to other hens (P<0.0001). Our results indicate that rearing feeding 

strategies can impact the growth and reproductive performance of broiler breeder hens 
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and roosters during lay mediated by feeding motivation, body condition at the end of 

rearing, and anatomical differences. 

7.1 Introduction  

Broiler breeders are the parent stock of broiler chickens and have the same genetic 

predisposition for fast growth and high feed intake as their progeny (Ramachandran, 

2014). However, broiler breeders fed ad libitum develop obesity-related problems such 

as lameness, high mortality, low egg production and low fertility rates (Katanbaf et al., 

1989a, 1989b; Bruggeman et al., 1999; Hocking et al., 2002a). Therefore, commercial 

broiler breeder hens are routinely feed-restricted starting the first week of age to achieve 

reproductive performance objectives (Hocking et al., 2002a) and a healthier body 

condition (Katanbaf et al., 1989a, 1989b; Bruggeman et al., 1999). A controlled and 

uniform growth rate ensures that nutritional requirements for skeletal development are 

met without the negative consequences of obesity (Leeson and Summers, 1982; Gous et 

al., 1999; Hocking et al., 2002a; de Beer and Coon, 2007). Furthermore, achieving a 

uniform flock at mature body weight and body composition by the end of rearing is 

desirable to synchronise reproductive development, sexual maturation and laying rate 

(Leeson and Summers, 1982; de Beer and Coon, 2007; Zuidhof et al., 2015). Controlling 

growth rate is crucial for the optimal reproductive performance of broiler breeder hens 

during lay, but pullets are severely feed-restricted during rearing (Bruggeman et al., 

1999). In order to alleviate high feeding motivation due to chronic feed restriction, the 

development of alternative diets has focused on diluting calorie content in exchange for 

feeding a larger feed allotment (g) on a daily basis. However, the implications of 

alternative feeding strategies during rearing on the laying performance of broiler breeders 

is unclear. Rationed alternative diets, including a higher fibre content than is standard, 

can reduce chronic feed restriction during rearing while enabling breeders to reach a 

mature body weight and sexual maturity (Sandilands et al., 2005; Morrissey et al., 2014b; 

de los Mozos, 2017). Thus, qualitative feed restriction is suggested to enhance 

reproductive performance during lay (Ramachandran, 2014; van Emous et al., 2015a; de 

los Mozos et al., 2017). Moreover, non-daily feeding schedules during rearing are 
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common on-farm practices in North America to improve body weight flock uniformity for 

broiler breeder pullets (Zuidhof et al., 2015). The effect of non-daily feeding during rearing 

on egg production depended on the pullets’ growth rate (de Beer and Coon, 2007; 2009). 

Nevertheless, there is minimal scientific data on the effect of rearing feeding strategies 

on the reproductive performance and performance of broiler breeder, and the relationship 

between rearing feeding strategies and metabolic disorders during lay is unclear.  

The objective of this research was to examine the effect of a rationed alternative diet and 

non-daily feed restriction during rearing on the reproductive performance (laying rate, 

fertility, embryo mortality and relationship between hatching egg weight and chick weight 

at hatch), health (foot lesions and hock burns, skin lesions, fatty liver and intestinal 

lesions) and feeding behaviour of broiler breeders under simulated commercial 

conditions. Based on the results of Hocking et al. (2002a) and van Emous et al. (2015a), 

hens reared on the alternative diet were hypothesized to have greater reproductive 

performance and lower feeding motivation compared to control hens. We also predicted 

that the reproductive performance of control hens would be greater than hens reared on 

the non-daily feeding, in line with results from de Beer and Coon (2007), de Beer and 

Coon (2009) and Vignale et al. (2016).  

7.2 Materials and Methods 

A total of 960 Ross 308 broiler breeder females and 120 YPM broiler breeder males were 

housed at the Arkell Poultry Research Station (Guelph, ON, Canada) from July 2015 to 

June 2016. Females were selected from a subset of pullets from a previous experiment 

(see section 7.2.1.1.) that evaluated the effect of rearing feeding strategies in broiler 

breeder pullets (see Chapters 5 and 6).  

All the procedures used in this experiment were approved by the University of Guelph’s 

Animal Care Committee (AUP # 3141) and were in accordance with the guidelines 

outlined by the Canadian Council for Animal Care (NFACC, 2016). 
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7.2.1 Housing and management 

7.2.1.1 Rearing management 

Chicks were donated courtesy of Aviagen (via Horizon Poultry, Hanover, Ontario, 

Canada) and were vaccinated at the hatchery based on local recommendations and 

health program in the research facility. At the hatchery, chicks were beak treated using 

infrared beam and toe trimmed (males only) according to industry standards. Male chicks 

were reared on site from one day of age and managed following guidelines for specialty 

males (Aviagen, 2014). 

At 3 weeks of age, 1,680 pullets were allocated to 24 floor pens, controlling for body 

weight and body weight uniformity, at 70 pullets per pen (7.7 pullets/m2). Pullets were 

managed based on breeding company recommendations (Aviagen, 2011b) and 

environmental conditions remained at 21 ºC room temperature and 58% relative humidity 

during rearing. Pullets were reared on 8L:16D light program at 21.3 lux from 3 to 5 weeks 

of age and at 14.8 lux from 6 to 21 weeks of age. Light program switched to 53.9 lux on 

12L:12D at 22 weeks of age and again to 53.9 lux on 13L:11D at 23 weeks of age.  

Pullets were feed-restricted according to feed allotment suggested by Aviagen (2011b). 

From 3 to 22 weeks of age, pullets were fed one of four feeding strategies (i.e., 

treatments): (1) control diet fed daily (control), (2) alternative diet fed daily, (3) control diet 

fed on a 4/3 schedule, and (4) control diet fed on a graduated schedule (see section 

7.2.2.). 

7.2.1.2 Lay housing and management 

At 23 weeks of age, 960 hens remained in their same home pen (segregated by rearing 

treatment) and 120 23-week-old roosters were introduced (5 rooster per pen). Hens and 

roosters were selected for this experiment based on target body weight (±15% of target 

body weight). Hens weighed 2,652.6 ± 196.8 g and rooster weighed 3,302.1 ± 414.3 g 

(mean ± SD) at 23 weeks of age and only mature hens and roosters were chosen (see 

maturity score in Chapter 5). Spiking is a common on-farm practice to improve fertility, 
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and one rooster per pen was replaced by a 25-week-old YPM rooster reared off-site, 

weighing 3,955.0 ± 291.7 g, when hens were 45 weeks of age. Room temperature 

remained at 21 ºC and relative humidity decreased from 74% at 23 weeks of age to 43% 

at 64 weeks of age. Light came on at 8:00 am at 53.9 lux for 13L:11D from 23 weeks of 

age onwards, and pullets were fed at 8:30.  

Broiler breeders were managed based on breeding company guidelines (Aviagen, 2013a) 

to meet parental stock performance objectives for hens (Aviagen, 2011b) and roosters 

(Aviagen, 2014). Floor pens were 9.25 m2, consisting of a 40% scratching area (wood 

shavings) and a 60% plastic slat area at 0.45 m above the scratching area. Broiler 

breeders were housed at a density of 5.2 birds/ m2 (40 hens and 5 roosters per pen), with 

one rooster to every eight hens. Ten nest boxes per pen (48 cm deep x 30 cm wide x 50 

cm high) were introduced at 23 weeks of age. Water was provided ad libitum from two 

drinker lines per pen (14 nipples/pen). Trough feeders with rooster-exclusion grills (13 cm 

wide × 152 cm long x 5 cm deep) were used for hens on the slatted area with a feeder 

space of 15 cm/hen. Round feeders were used for roosters on the scratching area 

(elevated 60 cm) with a feeder space of 15 cm/rooster. Broiler breeders were fed daily at 

the restricted feed allotment recommended for hens (Aviagen, 2011b) and for roosters 

(Aviagen, 2014) to meet nutritional specifications. Hens were on a two-phase broiler 

breeder layer feeding program without a pre-breeder diet, beginning at 23 weeks of age, 

and roosters were fed a grower diet (Table 7.1). Particle size was medium crumble for all 

diets.  

Management practices were consistent across treatments. Mortality was recorded as it 

occurred, and weak, lame and/or severely injured broiler breeders were euthanized by 

cervical dislocation. 

7.2.2 Experimental design  

No treatments were applied during lay, and the experimental design remained the same 

as during rearing (see section 5.2.2.). 
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7.2.3 Data collection 

7.2.3.1 Body weight and body weight uniformity 

All hens and roosters were weighed at weeks 23 and 65, and a fixed subsample of 10 

hens per pen and all roosters were weighed biweekly (i.e., every other week) starting at 

25 weeks of age. Focal hens were wing tagged (Ketchum Mfg. Co. Inc., Lake Luzerne, 

NY, USA) and dye-identified (concentrated gel colours, Wilton Industries, Woodridge, IL, 

USA), and roosters were wing tagged at 23 weeks of age before mixing. Body weight 

uniformity is shown as the coefficient of variation (CV) and was calculated by dividing the 

standard deviation of the pen by the average body weight per pen. Body weight was 

measured after daily feed consumption.  

7.2.3.2 Foot lesions, hock burns and feather coverage  

The same subsample of 10 hens per pen and roosters were scored biweekly for foot 

lesions, hock burns and feather coverage from 24 to 64 weeks of age and shown as the 

percentage of hens or roosters with foot lesions or hock burns per pen. The presence of 

foot lesions and hock burns was recorded on a yes/no basis starting at 25 weeks of age. 

Foot lesions and hock burns were defined as tissue damage, bleeding, coagulated 

injuries, inflammation, necrosis and/or haematoma of the foot pad(s) and hock(s), 

respectively. The severity of foot lesions and hock burns increased during production, 

and so focal birds were scored using a new scoring system beginning at 34 weeks of age 

(Table 7.2).  

Body feather coverage was scored based on Morrissey et al. (2014), in Table 3.2. Six 

body parts (including head, neck, back, wing, vent and tail) were independently scored 

from zero to five. Individual scores for each body part were summed together to result in 

an overall maximum body feather coverage score of 30 per bird. High scores indicate 

poor feather coverage and the presence of a skin lesion(s). Skin lesions refer to tissue 

damage, bleeding and coagulated injures and haematoma. Bleeding follicles fell within 

this definition. The presence of skin lesions was also recorded in a yes/no basis and 

presented as the percentage of hens or roosters with skin lesions per pen. At 65 weeks 
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of age, the number of hens that scored less than (or equal to) 1 was recorded per pen to 

estimate the percentage of hens with perfect feather coverage.  

7.2.3.3 Egg production 

Eggs were collected daily once per day at 9:00 am after hens were fed from 23 to 64 

weeks of age. The location of the eggs was noted as floor or nest, and floor eggs were 

defined as eggs found in the scratching area or on the slats. The prevalence of abnormal 

eggs such as double-yolk eggs and soft-shell eggs was not recorded, although abnormal 

eggs were rarely observed throughout lay.  

All eggs were collected once per week and every four weeks beginning at 28 weeks of 

age, and egg were sorted based on settable egg criterion. Settable eggs were defined as 

eggs that were heavier than 52 g and were not double-yolked, cracked, dirty or warm at 

the time of collection (to avoid heat stress as eggs were transferred directly to the cooler 

after collection). Floor eggs and dirty eggs were discarded, and dirty eggs were defined 

as eggs with fecal material covering an area greater than 0.25 cm2.  

Settable eggs were individually weighed to estimate egg weight and egg weight 

uniformity. The CV of egg weight was calculated by dividing the standard deviation of egg 

weight by the average egg weight per pen.  

A subsample of five settable eggs per pen were cracked for egg component analysis 

when hens were 56, 60 and 64 weeks of age, and shell, albumen and yolk were weighed. 

Albumen weight was calculated by subtracting yolk and shell weight from settable egg 

weight.  

7.2.3.4 Fertility, embryo mortality and hatchability 

Twelve settable eggs were selected per pen and week. Settable eggs received a unique 

blind code after recording initial egg weight. Eggs were stored in a cooler at 15.5ºC during 

four days before incubation and moved to room temperature for two hours before 

incubation. Eggs laid at 28, 36, 44, 52 and 60 weeks of age were incubated for seven 
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days whereas those laid at 32, 40, 48, 56 and 64 weeks were incubated to hatch. Settable 

eggs were kept separated by parent pen and controlling for location within the setter and 

the hatcher among treatments. No disinfection procedure or in ovo vaccination was 

applied to hatching eggs. 

After incubation, the eggs incubated for one week were also individually weighed, candled 

and then cracked to assess fertility based on germinal disk criterion (Watt et al., 1993) 

and to estimate embryo mortality. Fertility was calculated as the number of fertile eggs 

divided by the number of settable eggs, and the relative egg weight loss was calculated 

by subtracting initial egg weight from final egg weight and then, divided by initial egg 

weight.  

The eggs incubated to hatch remained in the setter until day 18 of incubation and only 

fertile eggs were transferred to the hatcher after candling. Settable eggs were incubated 

at 37.5º C and 55% relative humidity at 24 turns per day in the hatcher and at 37.5º C 

and 90% relative humidity in the hatcher. Hatchability was determined at 21.5 days of 

incubation, and the remaining eggs cracked to assess fertility and embryo mortality. 

Hatchability was defined as the number of live chicks that hatched divided by the number 

of settable eggs. Eggs from which a chick hatched were defined as hatching eggs. 

Contaminated eggs and yolk infections were identified as they occurred. Chicks were 

individually weighed, and feather-sexed at the hatchery.  

7.2.3.5 Feeding behaviour 

Videos were recorded using surveillance cameras (Panasonic WV-CP504 and Panasonic 

WVCP480 CCTV color cameras) onto a digital recording unit (i3international, SRX Pro 

1201SC). Recordings were taken once every four weeks from 24 to 56 weeks of age for 

24 hours per pen and week. Recordings were observed starting 30 min after being fed 

using instantaneous scan sampling every 20 secs for five minutes by one observer. Hens 

were considered feeding if their heads were inside the feeder, and the proportion of hens 

feeding was estimated by dividing the number of hens displaying feeding behaviour by 
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the number of hens for which the observer could assess hens’ behaviour. Behavioural 

data were averaged per pen and week.  

7.2.3.6 Feeding motivation: feed intake test and compensatory feeding test  

Feeding motivation was estimated at 65 weeks of age by measuring feed intake and 

compensatory feeding. A feed intake test was performed in the home pen one week after 

rooster removal before hen depopulation. Hens were fed at their daily feed allotment and 

the remaining feed was weighed one hour after being fed. Individual feed intake was 

estimated by dividing the total feed intake in one hour by the number of hens per pen. 

Hens were weighed after the feed intake test, and the relative feed intake in one hour was 

calculated by dividing feed intake by average body weight.  

At 65 weeks of age, five hens per pen were randomly selected from the 10 focal hens per 

pen for a compensatory feeding test. These hens remained in their home pen after 

depopulation of the other hens and were fed ad libitum for 48 hours. A round feeder was 

filled with 4 kg of the home diet (broiler breeder layer 2 diet). Hens and feeders were 

weighed before and after the compensatory feeding test. The compensatory body weight 

gain was calculated by subtracting initial body weight from the body weight 48 hours after 

ad libitum feeding.  

7.2.3.7 Anatomical traits 

Before the onset of the compensatory feeding, a subsample of five hens per pen was 

selected for dissection. Hens were euthanized via cervical dislocation two hours after 

being fed. Five researchers were involved in the dissections, with each researcher 

dissecting one pullet per pen. Heart, liver, empty gizzard, fat pad and intestine were 

weighed, and the intestinal tract (labelled with pullet’s wing tag) was collected and frozen 

at -20 ºC for further analyses. The presence of gastric feathers and fatty liver was 

recorded in situ as yes/no in agreement between two observers blinded to the treatment. 

Feathers in the gizzard content were considered as feathers if barbs were still attached 
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to the rachis, and fatty liver was defined as a liver in which at least 50% of the total hepatic 

surface was pale. 

Intestinal tracts were defrosted for 8 hours before analysis, and intestinal content was 

emptied. Researchers were blinded to the treatments and recorded the number of 

intestinal lesions during content removal based on macroscopic observations. Intestinal 

lesions were defined as hemorrhages or ulceration on the mucosa surface of the intestine. 

Length and weight were measured for duodenum, jejunum, ileum, ceca and colon. 

Mesenteric fat was removed before weighing intestinal sections. 

7.2.4 Statistical analyses 

The effect of rearing feeding strategies on the reproductive performance, behaviour, and 

health of broiler breeder hens was analysed using a generalized linear mixed model, with 

pen nested in the model as the independent experimental unit. Statistical analyses were 

performed using SAS Ver. 9.4 (SAS Institute, Cary, NC, USA) with a glimmix procedure 

and the significance level was set at p-values lower than 0.05. 

Rearing feeding strategy, age and their interaction were included as fixed effects for each 

model. Room, pen and pen location within the room were included in the covariance 

structure as random effect. Age was fit into a repeated structure with pen as the subject, 

and treatment as the group. Body condition factors (such as body weight, anatomical 

traits and health-related scores) were included as covariates in the models. Covariate 

factors were assessed for collinearity and excluded from the model if the variance inflation 

factor was higher than (or equal to) 2.5. Contrast statements were used to compare the 

overall effect of diet and feeding frequency to the control group, and pairwise comparisons 

between treatments were adjusted for multiple comparisons using the Tukey test. 

Orthogonal regressions analysed the effect of age into a linear, quadratic, cubic, and lack 

of fit response (Appendix A.1). Model assumptions were assessed using a scatterplot of 

studentized residuals, linear predictor for linearity, and a Shapiro-Wilk test for normality 

(Appendix A.2). Outliers were defined as observations with absolute studentized residuals 

higher than 3.4 and excluded from the model. The Gaussian distribution was used as the 
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default distribution, but data were transformed if the assumption for linearity was not met 

(Appendix A.7).  

The effect of the hens’ feed intake in their home pen one hour after being fed on the 

growth rate of the roosters was analysed using partial Pearson correlation, with age as a 

partial factor. The effect of the body weight of the roosters on the feather coverage score, 

fertility, hatchability and the percentage of hatch of fertile was also analysed using partial 

Pearson correlations. 

7.3 Results 

Although hens were fed in accordance with breeding company guidelines, feed allotment 

was consistently (i.e., across all treatment groups) decreased by 1.4 g per hen per day 

from 45 to 54 weeks of age due to hens exceeding their target body weight (Aviagen, 

2011b). Mortality and culls were less than 8% for hens and 9% for roosters during lay. 

Data are presented using estimated mean values followed by the standard error of the 

mean.  

7.3.1 Body weight and body weight uniformity 

7.3.1.1 Hens  

Figure 7.1 shows that hens’ growth rate increased over time following a cubic curvature 

(F1,393=13.58, P=0.0003) depending on rearing treatment (F3,393=11.36, P<0.0001). Hens 

reared on the alternative diet were lighter compared to hens reared on the control 

throughout lay (t393=4.15, P=0.0002). The CV for hens’ body weight during lay was 

impacted by age (F19,393=9.47, P<0.0001) and rearing feeding strategies (F3,393=6.89, 

P=0.0002), as shown in Figure 7.2. Hens reared on the 4/3 schedule had a lower body 

weight CV (7.3 ± 0.4%) compared to hens reared on the control treatment (8.3 ± 0.4%; 

t393=3.76, P=0.001), the alternative diet (8.4 ± 0.4%; t393=3.41, P=0.004) and the 

graduated schedule (8.5 ± 0.4%; t393=4.30, P=0.0001).  
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7.3.1.2 Roosters 

Figure 7.3 illustrates the effect of feeding strategy in which hens were reared on roosters’ 

body weight (F3,393=35.68, P<0.0001), although no treatment was applied to roosters and 

roosters were all reared under identical conditions. Roosters housed with hens reared on 

the 4/3 schedule were 68.6 ± 21.3 g lighter compared to those housed with hens reared 

on the graduated treatment (t393=2.95, P=0.02). Roosters allocated to hens reared on the 

control treatment were consistently heavier (225.3 ± 29.7 g) compared to roosters 

allocated to hens reared on the other three alternative feeding strategies (F1,393=60.47, 

P<0.0001). Indeed, hens’ feeding motivation was affected by rearing feeding strategies 

(see section 7.3.5.), and the feeding motivation (i.e., feeding intake in one hour after being 

fed) of the hens affected the growth rate of the roosters (F1,18=21.65, P=0.0002). The 

hens’ feed intake in one hour after being fed was negatively correlated with roosters’ body 

weight (r=- 0.14, P=0.004). The CV for roosters’ body weight was impacted by age 

(F19,393=3.07, P<0.0001) and by the rearing feeding strategy of the pullets (F3,393=9.88, 

P<0.0001; Figure 7.4). The body weight CV was higher in roosters allocated to hens 

reared on the alternative diet (13.4 ± 0.9%) compared to roosters with hens reared on the 

other three feeding strategies (10.6 ± 0.5%; F1,393=28.93, P<0.0001).  

7.3.2 Foot lesions, hock burns and feather coverage 

7.3.2.1 Hens  

The presence of foot lesions and hock burns increased in prevalence and severity during 

lay in broiler breeder hens. Age influenced the prevalence (F19,380=35.52, P<0.0001) and 

severity (F12,240=3.63, P<0.0001) of foot lesions. The prevalence of foot lesions peaked 

to 72.1% at 37 weeks of age, decreasing afterwards, whereas the severity of foot lesions 

increased with age. Furthermore, age affected the presence (F19,380=5.23, P<0.0001) and 

severity (F19,240=5.41, P<0.0001) of hock burns, and its presence (and severity) gradually 

decreased with age from 13% at 37 weeks of age to almost none by 64 weeks of age.  

Wings, back, tail, and head accounted for 39.6%, 26.5%, 16.7% and 12.0%, respectively, 

of the overall feather coverage damage. The feather coverage of hens was negatively 
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affected by the body weight of roosters (F1,358=11.01, P=0.001). Age affected the feather 

coverage of the hens (F18,358=72.53, P<0.0001), linearly worsening until 47 weeks of age 

and remaining constant onwards. Most of the skin lesions were observed on the hens’ 

back (90.9%) and the presence of skin lesions was only affected by age (F18,360=22.14, 

P<0.0001). The prevalence of skin lesions in hens peaked at 43 weeks of age. At 65 

weeks of age, the percentage of hens with a perfect feather coverage (score lower than 

or equal to 1) was 4.34 ± 0.57%. Final feather score was not impacted by rearing 

treatment (F3,13=0.95, P=0.44) but by body weight (F1,13=139.87, P<0.0001). Pens with 

heavier than average body weight had a higher percentage of hens with good feather 

coverage. 

7.3.2.2 Roosters 

Similarly, the prevalence of foot lesions ranged from 25% to 55% during lay in broiler 

breeder roosters. The severity of foot lesions was affected by rooster’s body weight 

(F1,71=7.07, P<0.01), increasing with body weight. The prevalence of foot lesions 

fluctuated with age (F18,359=2.53, P<0.001), although age only tended to affect foot lesion 

severity (F12,163=1.77; P=0.06). Age also impacted the presence (F18,359=8.28, P<0.0001) 

and the severity of hock burns (F12,239=13.56, P<0.0001). The prevalence of foot lesions 

and severity of hock burns peaked at 39 weeks of age.  

Wing, vent and neck accounted for 38.6%, 30.7% and 20.9% of the feather coverage 

damage, respectively. Roosters’ feather coverage was affected by their body weight 

(F1,358=3.89, P<0.05), and a heavier body weight was correlated with a better body feather 

coverage (r=- 0.26, P<0.0001). Rooster feather coverage was influenced by their age 

(F18,356=8.74, P<0.0001) and feather coverage followed a cubic curvature during lay, with 

the best feather condition at 55 weeks of age. The overall presence of skin lesions for 

roosters was 11.4 ± 0.9% and was affected by age (F18,360=2.83, P=0.0001), decreasing 

throughout lay. 
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7.3.3 Reproductive performance  

7.3.3.1 Egg production 

Egg production is described as early lay (23-27 weeks of age), peak (28-33 weeks of 

age), mid lay (34-49 weeks of age) and late lay (50-64 weeks of age). Figure 7.5 illustrates 

that laying rate was affected by rearing feeding strategies depending on age. The onset 

of egg production was delayed depending on rearing treatment (F12,80=4.87, P<0.0001). 

At 26 weeks of age, the laying rate was 9.71 ± 2.43 % lower in hens reared on the 

alternative diet compared to those reared on the control treatment (t80=3.97, P=0.02). 

Nevertheless, hens in all treatments reached peak egg production at 31 weeks of age 

without differences among rearing feeding strategies (F3,114=0.70, P=0.55). Then, weekly 

egg production per hen was affected by the rearing feeding strategy during mid lay 

(F45,297=1.47, P=0.03). From 43 to 48 weeks of age, hens reared on the 4/3 schedule had 

a lower daily laying rate (60.57 ± 1.71 %) than hens reared on the alternative diet (65.71 

± 1.71 %; t297=2.35, P=0.02). During late lay, the laying rate was influenced by age and 

rearing treatment (F42,280=1.57, P=0.02). Hens reared on the control treatment had a 

lower laying rate (10.57 ± 2.29 % lower) after 60 weeks of age compared to hens reared 

on the graduated schedule (t280=4.71, P=0.01). As well, weekly egg production from hens 

reared on the control treatment (46.90 ± 1.57 %) decreased faster during late lay than 

hens reared on the alternative diet (53.86 ± 1.57  %; t280=3.32, P<0.001) and the 

graduated schedule (52.573.68 ± 1.57 %; t280=4.07, P<0.001) during late lay. 

Figure 7.6 illustrates the cumulative egg production by rearing treatment during late lay. 

Rearing feeding strategies impacted the cumulative egg production during late lay 

(F14,294=30.90, P<0.0001). By 64 weeks of age, hens reared on the graduated schedule 

laid more eggs per hen (178.2 ± 3.8 eggs/hen) compared to hens reared on the control 

treatment (165.2 ± 3.8 eggs/hen; t294=4.59, P<0.01).  

7.3.3.2 Floor eggs 

The interaction between age and rearing feeding strategy impacted the percentage of 

floor eggs laid until 25 weeks of age (F6,40=8.43, P<0.0001) and afterwards (F114,758=1.51, 
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P=0.001). As indicated in Figure 7.7, the percentage of floor eggs was lower at the onset 

of lay in hens reared on the alternative diet (8.8 ± 0.9%) compared to hens reared on the 

other three treatments (11.8 ± 0.9%; F1,40=2.14, P=0.04). After 25 weeks of age, the 

percentage of floor eggs was greater for hens reared on the alternative diet (4.0 ± 0.7%) 

compared to those reared on the graduated schedule (2.4 ± 0.6%; t758=1,89, P=0.03).  

7.3.3.3 Settable eggs 

Average egg production and cumulative egg production per hen was below the 

performance objective (Aviagen, 2011b) but hens laid eggs on average 4.34% heavier 

compared to standards. Table 7.3 summarises the effect of rearing feeding strategies on 

eggs’ and chicks’ weight and on weight uniformity. Settable egg weight linearly increased 

with hen age (F9,179=60.55, P<0.0001) from 57.83 ± 0.39 g at 28 weeks of age to 74.64 ± 

0.41 g at 64 weeks of age.  

The CV for settable egg weight was affected by age (F9,180=16.55, P<0.0001) and by 

rearing feeding strategies (F3,180=2.75, P=0.04). Settable eggs laid from hens reared on 

the control treatment (6.53 ± 0.24%) had a higher CV than eggs laid by hens reared on 

the 4/3 schedule (5.80 ± 0.23%; t180=2.81, P=0.03). 

7.3.3.4 Hatching eggs and live chicks  

Hatching egg weights increased with age (F4,80=354.57; P<0.0001), from 60.60 ± 0.30 g 

at 32 weeks of age to 74.12 ± 0.30 g at 64 weeks of age (t80=34.51, P<0.001), and was 

affected by rearing feeding strategies (F3,80=2.84; P<0.05). Hatching eggs laid by control 

hens (69.25 ± 0.34 g) were heavier compared to eggs laid by hens fed non-daily during 

rearing, combination of the 4/3 schedule and the graduated schedule (68.14 ± 0.34 g; 

F1,80=7.27, P<0.001). Average chick weight was not impact by rearing feeding strategies 

(F3,79=0.73, P=0.54) nor by hen rearing feeding frequency (F1,79=0.11, P=0.74).  

The CV of hatching egg weight was affected by rearing feeding strategies (F3,80=3.52, 

P=0.02; Table 7.3) and age (F4,80=6.52, P=0.0001). The CV of hatching egg weight 

increased with hen age (4.81 ± 0.32% at 32 weeks to 6.22 ± 0.32% at 64 weeks [t80=3.51, 
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P=0.006]), being highest for the control treatment (6.51 ± 0.36%) compared to the other 

three rearing feeding strategies (5.42 ± 0.36%; F1,80=7.79; P=0.007). Hens reared in the 

4/3 schedule laid hatching eggs with lower egg weight CV than those laid by control hens 

(Table 7.3). The CV of live chick body weight at hatch was impacted by the rearing feeding 

strategies of the hens (F3,60=2.83, P<0.05) and age (F4,60=2.84, P<0.05). Chicks hatched 

from eggs laid by hens fed non-daily during rearing (combination of the 4/3 schedule and 

the graduated schedule) had a lower body weight CV (6.98 ± 0.25%) compared to those 

from eggs laid by hens fed daily during rearing, combination of the alternative and control 

treatment (7.75 ± 0.25%; F1,60=7.23, P<0.01). However, this effect is explained by the CV 

of the hatching egg weight (F1,59=85.25, P<0.0001).  

7.3.3.5 Hatching egg weight loss  

The relative egg weight loss of hatching eggs was 5.48 ± 0.08% during the first week of 

incubation, and heavier hatching eggs tended to have a higher relative egg weight loss 

(F1,79=3.30, P=0.07). Hens’ age influenced the relative egg weight loss (F4,80=587.52, 

P<0.0001). The relative egg weight loss increased from 2.70 ± 0.08% at 28 weeks of age 

to 6.18 ± 0.08% at 36 weeks of age (t79=24.52, P<0.0001), and remained unchanged until 

the end of lay. The relative egg weight loss of hatching eggs laid by hens reared on the 

alternative diet was 0.13 ± 0.04% higher compared to the relative egg weight loss of 

hatching eggs laid by hens reared on the other feeding strategies (F1,79=4.69, P=0.03).  

7.3.3.6 Egg components 

Eggshell, yolk and albumen accounted for 10.5%, 59.1% and 30.4%, respectively, of the 

settable egg weight during late lay. The egg weight of the subsample of eggs used for 

egg component analysis did not differ by rearing feeding strategy (F3,53=0.76, P=0.52) or 

by rearing feeding frequency (F1,53=1.12, P=0.29). The relative eggshell weight remained 

constant from 56 to 64 weeks of age (F2,71=1.90, P=0.16) unaffected by rearing treatment 

(F3,71=1.10, P=0.36). Nevertheless, the relative yolk weight was influenced by rearing 

feeding frequency (F3,71=2.47; P<0.5), and hens fed non-daily during rearing laid eggs 
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with a relative heavier yolk (31.9 ± 0.3%) compared to those eggs from hens fed daily 

during rearing (30.9 ± 0.3%; F1,71=5.50, P=0.02). 

7.3.3.7 Fertility and hatch of fertile (HOF) 

Figure 7.8 illustrates the effect of feeding strategies during rearing on fertility, the hatch 

of fertile (HOF) and hatchability during lay. Accounting for hens’ age, the body weight of 

roosters was negatively correlated with fertility (r=- 0.18, P<0.05), HOF (r=- 0.16, P<0.05) 

and hatchability (r=- 0.25, P<0.01). Fertility linearly decreased as hens aged (F1,179=4.49, 

P=0.04), and was affected by age and rearing feeding strategies (F27,179=1.85, P=0.01). 

Fertility dropped faster in hens reared on the 4/3 schedule compared to those on the 

graduated schedule (Figure 7.8A). There was also an interaction between age and 

rearing feeding strategy on percentage of HOF (F12,120=2.62, P<0.01; Figure 7.8B) and 

hatchability (F12,120=2.00, P=0.03; Figure 7.8C). The percentage of HOF decreased from 

32 (93.44 ± 4.12%) and 40 weeks of age (90.01 ± 2.63%) to 48 weeks of age (75.26 ± 

2.07%) in eggs laid by hens reared on the control treatment (t120=4.35, P=0.004 and 

t120=5.57, P<0.0001, respectively). Compared to control hens at 48 weeks of age, HOF 

was higher in hens reared on the alternative diet (92.42 ± 2.36%; t120=7.04, P<0.0001) 

and on the 4/3 schedule (91.78 ± 3.25%; t120=4.96, P<0.001). At 48 weeks of age, 

hatchability was lower for hens reared on the control treatment (75.56 ± 3.47%) compared 

to pullets reared on the alternative diet (88.78 ± 2.78%; t120=5.96, P<0.0001). 

7.3.3.8 Progeny sex ratio  

Figure 7.9 represents the effect of rearing feeding strategies and age on the percentage 

of males chicks at hatch (F12,104=2.06, P=0.03). The percentage of male chicks hatched 

from eggs laid at 64 weeks of age was higher for hens reared on daily feed restriction 

(combination of the control treatment and the alternative diet, 37.9 ± 4.2%) compared to 

hens non-daily feed restriction, combination of the graduated and the 4/3 schedule (67.4 

± 4.1%; t104=4.38, P=0.001). In addition, heavier body weight in 65-weeks-old hens was 

associated with a lower proportion of male chicks hatched from eggs laid at 64 weeks of 

age (F1,24=17.96; P=0.0003).  
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7.3.4 Behaviours 

Figure 7.10 indicates that the percentage of hens feeding declined from 25 (59.7 ± 4.3%) 

to 40 weeks of age (19.3 ± 4.3%; t192=26.26, P<0.001), and the percentage increased 

afterwards until 52 weeks of age (52.5 ± 4.3%; t192=21.9, P<0.001). The percentage of 

hens observed feeding 30 minutes after being fed was affected by rearing treatment and 

age (F24,192=4.25, P<0.0001). The percentage of hens feeding declined from 36 to 40 

weeks of age if hens were reared on the control treatment (∆=- 14.0 ± 3.2%; t192=4.41, 

P<0.01) and on the alternative diet (∆=-17.9 ± 4.1%; t192=4.46, P<0.01). Thereafter, the 

percentage of hens feeding increased to 47.6 ± 4.9% at 45 weeks of age in hens reared 

on the alternative diet following a plateau lower than at 25 weeks of age (t192=5.48, 

P<0.0001). Otherwise, the percentage of control-reared hens at the feeder increased 

from 40 (15.8 ± 4.6%) to 52 weeks of age (53.0 ± 4.7%; t192=10.02, P<0.0001). For hens 

fed non-daily during rearing (combination of the graduated and 4/3 schedule), the 

percentage of hens feeding gradually decreased until 40 weeks of age, followed by a 

progressive increase until 52 weeks of age. The peak in the percentage of hens feeding 

was at 25 weeks of age for hens reared on the graduated schedule (63.3 ± 4.8%) and at 

52 weeks of age for hens reared on the 4/3 schedule (54.4 ± 4.7%).  

7.3.5 Feeding motivation: feed intake test and compensatory feeding test 

Table 7.4 shows the effect of rearing feeding strategies on the feeding motivation of hens 

at 65 weeks of age according to the feed intake test and the compensatory feeding test. 

Rearing feeding strategies affected the feed intake in one hour at 65 weeks of age 

(F3,24=13.87, P<0.0001); the relative feed intake of hens reared on the control treatment 

(1.35 ± 0.16%) was lower compared to hens reared on other three alternative feeding 

strategies (1.93 ± 0.16%; F1,24=31.02, P<0.0001). Rearing feeding strategies also 

affected the compensatory feeding after 48 hours of ad libitum feeding (F3,24=3.24, 

P=0.04), and the relative compensatory feed intake of hens reared on the 4/3 schedule 

was higher compared to hens reared on the graduated schedule (Table 7.4; t24=3.11, 

P=0.02). 
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7.3.6 Anatomical traits 

At 65 weeks of age, hens’ body weight did not differ among rearing feeding strategies 

(F3,24=0.41, P=0.75) for the subsample of hens used for dissections. The relative liver 

weight was affected by the rearing feeding strategy (F3,24=4.37; P=0.01) and the relative 

weight of adipose tissue (F1,24=35.78; P<0.0001). Hens reared on the 4/3 schedule had 

a heavier liver compared to hens reared on the control treatment (Table 7.5; t24=2.50; 

P<0.05). A higher abdominal fat weight at 65 weeks of age was associated with lower 

egg production during late lay (F1,24=5.61; P=0.03) and a tendency for lower percentage 

of male chick hatched from eggs laid at 64 weeks of age (F1,24=3.63; P=0.06). In addition, 

a heavier mesenteric fat weight at 65 weeks of age was associated with a reduced fertility 

of eggs laid at 64 weeks of age (F1,24=7.35; P=0.01). Furthermore, settable eggs with a 

relative heavier yolk were laid at 64 weeks of age by hens with a relative heavier liver 

weight (F1,24=4.76; P=0.04) and a relative heavier abdominal fat (F1,24=20.96; P=0.0001). 

Hens reared on the 4/3 schedule had a heavier small intestinal tract (59.8± 1.8 g) than 

hens reared on the alternative diet (54.3 ± 1.2 g; t24=2.87, P<0.04; Table 7.5). The ceca 

of hens reared on the alternative diet (7.3 ± 0.3) were lighter compared to the other three 

rearing feeding strategies (8.2 ± 0.3; F1,24=4.51, P=0.04). The feeding frequency during 

rearing influenced colon weight (F1,24=12.16, P=0.002); the colon was 1.0 ± 0.3 g heavier 

in hens fed non-daily during rearing compared to hens fed daily during rearing. Similarly, 

hens fed non-daily during rearing tended to have a longer colon (13.4 ± 0.4 cm) compared 

to hens fed daily (12.6 ± 0.4 cm) during rearing (F1,24=30.2, P=0.09).  

Hens had 1.1 ± 0.1 intestinal lesions at 65 weeks of age; 97.8% of the intestinal lesions 

were observed in the small intestine, and this was unaffected by rearing treatment 

(F3,24=1.39, P=0.27) and the prevalence of gastric feathers (F1,24=1.17, P=0.29). The 

prevalence of fatty liver and feathers in the gizzard was 16.5 ± 0.6% and 30.0 ± 0.7%, 

respectively, at 65 weeks of age. The prevalence of fatty liver was not affected by rearing 

treatment (F3,24=0.99, P=0.42). The prevalence of feathers in the gizzard decreased with 

a higher number of intestinal lesions (F1,24=8.41; P<0.01). Rearing treatment also had an 

effect (F1,24=16.60, P<0.001); there was a greater prevalence of hens reared on the 
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control treatment having feathers in the gizzard (41.9 ± 7.9%) compared to hens reared 

on the graduated (18.9 ± 8.5%; t24=5.15, P<0.0001) and on the 4/3 schedule (26.7 ± 8.0; 

t24=5.93, P<0.0001). 

7.4 Discussion 

The objective of this research was to examine the effect of rearing feeding strategies on 

the reproductive performance, health and feeding behaviour of broiler breeder during lay. 

Hens reared on the alternative diet were hypothesized to achieve a greater reproductive 

performance (laying rate, fertility, embryo mortality and relationship between hatching egg 

weight and chick weight at hatch), health and feeding behaviour compared to hens on the 

control and non-daily feeding schedules. 

7.4.1 Laying rate 

The growth rate of pullets during rearing and body composition at point of lay are the main 

determining factors of laying rate (onset, peak and persistency) in broiler breeders 

(Bruggeman et al., 1999; Richards et al., 2002; Chen et al., 2006; de Beer and Coon, 

2007; 2009; Walzem and Chen, 2014). Ensuring that hens are at a healthy weight at the 

start of and throughout lay is critical. Additionally, achieving an optimal body weight 

uniformity (<10% CV) at photostimulation is necessary to synchronize laying rate across 

the flock (at the onset and throughout lay), and to ensure that hens receive enough 

nutritional intake to support laying rate. Poor body weight uniformity can compromise 

reproductive success due to deviations from mature body composition (below and above 

target body weight). As well, excessive feed allotment for hens at a low laying rate results 

in a faster growth rate compared to target, contributing to problems in egg uniformity 

during lay. For this reason, poor body weight uniformity at the end of rearing can 

negatively impact the reproductive performance during lay. While dietary strategies during 

lay can affect egg production (Lopez and Leeson, 1995), little attention has been paid to 

the long-lasting effects of rearing feeding strategies. Rearing feeding strategies are critical 

to ensure the flock simultaneously achieves sexual maturity at a mature body weight 

(Zuidhof et al., 2015; de los Mozos et al., 2017). Previous research has found that non-
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daily feeding during rearing may delay onset of lay and peak of production and lower 

cumulative egg production (de Beer and Coon, 2007), although we did not find a similar 

effect on egg production as only mature hens within 15% of target body weight were 

selected for this portion of the study. Compared to daily feeding, non-daily feeding is 

associated with a leaner body (lower fat content) due to lower feed efficiency from 

mobilization of nutrients during off-feed days although catabolism during off-feed days 

can results in proteolysis (lower protein content). van Emous and colleagues (2015a) 

found that the laying rate of broiler breeders decreased slower during late lay in hens 

reared on a low protein diet compared to those reared on a high protein diet, probably 

due to differences in body composition at the end of rearing. These results indicate that 

broiler breeder hens require an optimal proportion of protein and fat content at a mature 

body weight to uniformly stimulate and maintain laying (Renema et al., 2001a; Vignale et 

al., 2016). In our experiment, hens reared on the graduated treatment showed the 

greatest laying persistency and the highest cumulative settable egg production. These 

hens had compensatory growth when the feeding frequency switched from non-daily 

feeding to daily during late rearing (Chapter 5). We hypothesize that the compensatory 

growth that hens reared on the graduated feeding schedule experienced during late 

rearing resulted in a leaner body condition due to higher protein availability and utilization 

of adipose tissue for muscle growth (Chapter 5). Thus, the compensatory growth of pullets 

fed daily after non-daily feeding before photostimulation can enhance laying rate 

persistency. 

Hens were above target body weight during mid lay before feed allotment was readjusted 

to meet target body weight. Heavier body weight during mid lay has been shown to 

decrease egg production due to excessive adipose tissue (Chen et al., 2006; Renema et 

al., 2007), but laying rate during this period only declined significantly for hens reared on 

the 4/3 schedule compared to the alternative diet. One possible explanation is that hens 

rearing on the alternative diet might have a greater laying persistency due to the delay in 

laying onset compared to those reared on the 4/3 schedule. Alternatively, anatomical 

results at the end of lay showed that hens reared on the 4/3 schedule might have been 
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more efficient at mobilizing fatty acid as shown by their heavier liver. Previous research 

indicated the long-lasting effect of feed restriction on hepatic lipogenesis activity 

(Richards et al., 2002). As well, others have reported that hepatic lipogenesis was higher 

in hens reared on a 4/3 schedule compared to control (de Beer and Coon, 2009), and this 

difference resulted in a higher fat retention at the end of lay for the hens reared on a non-

daily schedule (Vignale et al., 2016). However, this difference in liver weights between 

treatments did not result in differences in laying rate during late lay once hens reared on 

the 4/3 schedule returned to target body weight. Therefore, hens reared on the 4/3 

schedule could be more susceptible than other hens to lipotoxicity when there are slight 

deviations from target body weight due to metabolic programming during rearing.  

The delay in the onset of lay for hens reared on the alternative diet resulted in a lower 

egg production during early lay than the other rearing feeding strategies, similar to what 

was previously reported in Morrissey et al. (2014b). The alternative diet was fed until 22 

weeks of age, when the hens in this treatment were switched to a control broiler breeder 

layer diet without a transition diet. Sandilands et al. (2005) did not observe a delay in egg 

production when pullets fed an alternative diet ad libitum gradually switched to a control 

layer diet with a transition period. Our pullets achieved mature body weight by the end of 

rearing and the percentage of mature pullets did not differ between rearing diets after 

photostimulation at the end of rearing (Chapter 5). Indeed, hens reared on the alternative 

diet reached the peak of egg production at the same time as the other rearing feeding 

strategies, and the cumulative egg production did not differ at the end of lay. The delay in 

the onset of egg production might indicate a habituation to the new dietary formulation, 

but the hens were able to compensate for this, in agreement with Renema et al. (2001b). 

7.4.2 Body weight and body weight uniformity 

Hens reared on the alternative diet were lighter than those reared on the control diet 

during lay, but not during anatomical analysis at 65 weeks of age. Lighter body weights 

in hens fed the alternative diet during rearing can indicate differences between live body 

weight and carcass weight at the end of rearing. During rearing, growth rate was similar 
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between hens fed the alternative and control diet daily (Chapter 5). But pullets were 

weighed after being fed, and their heavier gastrointestinal content (due to larger feed 

allotment) may have masked actual differences in empty body weight and carcass weight 

during rearing. Laying rate can be a major determining factor of hens’ body weight during 

lay (Renema et al., 2007). However, we found that the laying rate of hens reared on the 

control treatment decreased faster than others, without an effect on body weight. Previous 

researchers have reported increases in laying persistency under qualitative feed 

restriction during rearing compared to, either feed ad libitum (Hocking et al., 2002a) or 

feed-restricted (van Emous et al., 2015a). This lower laying persistency was evident after 

35 (Hocking et al., 2002a) and 49 weeks of age (van Emous et al., 2015a) compared to 

their restrictive control group without differences in hen’s body weight, in agreement with 

our results. Instead, we found that roosters were heavier when they were located with 

hens reared on the control treatment throughout lay compared to hens on the alternative 

feeding strategies. Similar interaction between growth rate in hens and roosters was 

reported in Enting et al. (2007b). The heavier body weight of roosters was associated with 

a slower feeding intake by hens reared on the control treatment compared to hens reared 

on the other three feeding strategies. Roosters were highly feed motivated and may have 

consumed some of the hen’s feed (despite the presence of the rooster exclusion grills), 

when hens were slower to consume it. YPM roosters are highly feed efficient and small 

additions of feed can result in additional body weight gain. Conversely, roosters housed 

with hens reared on the 4/3 schedule were lighter compared to roosters housed with hens 

reared on the graduated treatment. Hens reared on the 4/3 schedule were more feed 

motivated compared to hens reared on the other feeding strategies. This higher feeding 

motivation of the hens may have caused the lighter body weight of the roosters housed 

with hens reared on the 4/3 schedule, as well as the better body weight uniformity of these 

hens. Higher feeding motivation in hens reared on the 4/3 schedule would have allowed 

a more uniform feed consumption with shorter feeding duration than control, maintaining 

roosters’ body weight on target.  
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Our results indicate that the feeding behaviour of hens reared on the non-daily feeding 

was less variable over time compared to hens fed daily during rearing. Previous research 

also reported that the feed clean-up time in control hens was numerically longer from the 

onset of lay compared to the peak of lay following a decrease afterward until mid lay as 

indicated in Moradi et al. (2013). van Emous et al. (2015b) also reported that feed clean-

up time decreased in broiler breeder hens from mid to late lay. Previous studies did not 

find a significant effect of qualitative feed restriction during rearing on the proportion of 

time feeding (Hocking et al., 2002a; Sandilands et al., 2005) nor clean-up time (van 

Emous et al., 2015c). Morrissey et al. (2014b) examined the effect of non-daily feeding 

during rearing on feeding behaviour until 30 weeks of age, and around 50% of the hens 

were at the feeder after being fed during early lay in agreement with our results, although 

the rearing frequency did not impact feeding behaviour. Pullets might have learnt to be 

quicker eaters, but only the fixed 4/3 feeding schedule during rearing resulted in a long-

term high feeding motivation (as also reflected in a better body weight uniformity for these 

hens and lighter roosters). The effect of rearing feeding frequency on hens’ body weight 

uniformity may explain the better egg weight uniformity and chick body weight uniformity 

laid by hens reared on the 4/3 compared to eggs laid by hens reared on the control 

treatment. Previous research showed that live chick weight is primarily determined by 

hatching egg weight, although this relationship weakened with breeder hens age (Wilson, 

1991). Thus, small deviations in hatching egg weight relates to small deviations in 

hatchling weight. In agreement, our results suggest that hens fed the 4/3 schedule during 

rearing laid (consistently across age) eggs with a better egg weight uniformity that 

resulted in a better body weight uniformity of their progeny. Literature describing the effect 

of rearing or maternal condition on (hatching) egg weight uniformity is scarce, but 

previous research looking at the effect of rearing feeding treatments on the proportion of 

second-grade chicks did not report significant difference (Hocking et al., 2002; van Emous 

et al., 2015a).  
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7.4.3 Egg and live chick weight 

Egg weight is mainly influenced by caloric content (van Emous et al., 2015a), amino acids 

(Lopez and Leeson, 1995) and fatty acids (Bozkurt et al., 2008) in broiler breeder layer 

diet, and egg weight directly determines live chick weight. In our experiment, hens reared 

on non-daily feeding strategies laid lighter (but on target) hatching eggs, than control 

hens, but without an effect of rearing treatment on live chick body weight. Difference in 

settable egg weight were previously observed according to rearing feeding frequency. 

Conversely, de Beer and Coon (2007) noted heavier eggs laid by hens reared on a 5/2 

schedule compared to eggs laid by hens reared on a 4/3 schedule, skip-a-day and on the 

control treatment. All hens were fed the same layer diet in both studies, and the growth 

rate of hens did not differ according to the rearing feeding frequency. Thus, the effect on 

settable egg weight was independent of laying conditions, and the skeletal frame size can 

explain the difference in egg weight during lay (de Beer and Coon, 2007; 2009). Skeletal 

frame size is indirectly assessed by looking at the body ash content, and keel and shank 

length (Leeson and Summers, 1985; Bennet and Leeson, 1989; Zuidhof et al., 2015). 

Previous research reported that pullets that were feed-restricted non-daily had shorter 

keels and shanks and lower body ash content compared to those fed every day during 

rearing (Leeson and Summers, 1985; de Beer and Coon, 2007, 2009). However, the side 

effect of non-daily feeding on the reproductive performance is unclear. de Beer and Coon 

(2007) also reported that pullets reared on the 4/3 schedule had a lower relative body ash 

content and shorter keel bones before photostimulation compared to pullets reared on 

the 5/2 schedule (at same weekly feed allotment). This difference might suggest a shorter 

skeletal frame size during rearing in pullets under the 4/3 feeding schedule compared to 

those on the 5/2 schedule, and during lay, hens reared on the 4/3 feeding schedule laid 

lighter eggs compared to hens reared on the 5/2 schedule (de Beer and Coon, 2007). 

Controlling body weight by the end of the rearing phase and managed equally onwards 

into the lay phase, de Beer and Coon (2009) also noted that broilers breeders reared ad 

libitum until 6 weeks of age had a greater skeletal frame size (larger keels and shanks 

and higher body ash content) and also laid heavier eggs during lay than pullets under 
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other weekly feed-restricted strategies (daily and non-daily [skip-a-day] feed restriction). 

Frame size was not assessed in our study and pullets reared on non-daily feeding 

schedules were lighter during rearing (Chapter 5). Similar growth rate during laying 

(between daily and non-daily feeding during rearing) can be explained because mature 

hens were selected within 15% of target body weight at the onset of lay However, the 

slow growth rate during rearing in hens fed non-daily during rearing (probably due to 

shorter frame size and lower skeletal development) can explain the lighter hatching eggs 

laid by these hens compared to control hens.  

Broiler breeder hens lay heavier eggs with age (Hamidu et al., 2007; Iqbal et al., 2016) 

and egg components (albumen and yolk) are heavier with heavier egg weight (Ho et al., 

2011). Broiler breeder hens lay hatching eggs at 50% fat content in the yolk (Lopez and 

Leeson, 1995; Hester, 2017), and the liver synthesizes and mobilizes yolk lipids under 

the regulation og sex hormones (Richards et al., 2002; Walzem and Chen, 2014; Hester, 

2017). Therefore, a lighter liver could limit egg weight through relative lighter yolk 

(Renema et al., 2001a). Our results indicate that hens fed non-daily during rearing laid 

lighter hatching eggs with a relative heavier yolk than hens fed daily during rearing. The 

relative heavier yolk during late lay was determined by a relative heavier liver, which in 

turn was positively influenced by the adipose tissue weight (particularly a heavier 

abdominal fat). Lipogenesis in pullets fed non-daily during rearing has been proven to 

have a long-lasting effect on hepatic lipogenesis (de Beer and Coon, 2009), resulting in 

a higher body fat content compared to hens fed daily during rearing (Vignale et al., 2016). 

Greater lipogenesis can result in greater lipid storage in adipose tissue and excessive 

adipose tissue fat weight can desynchronize lipid metabolism for yolk lipid synthesis 

(Walzem and Chen, 2014). As hens age, yolk gets heavier relative to egg weight 

(O’Suivan et al., 1991; Hamidu et al., 2007) and yolk lipid deposition can increase 

(O’Suivan et al., 1991; Yadgary et al., 2010) probably due to higher fat retention at older 

age (Richards et al., 2002; Chen et al., 2006; Vignale et al., 2016). In agreement with 

Renema et al. (2001a) and van Emous et al. (2015a), heavier liver and abdominal fat 

content would have promoted fatty acid synthesis into hatching eggs without resulting in 



205 

 

 

 

heavier eggs. Our results suggest that pullets fed non-daily were able to mobilize more 

lipids from heavier adipose tissue into hatching eggs, mediated by heavier liver (higher 

lipogenesis and lipid content) resulting in more fatty acid deposition into the yolk.  

Hatching egg weight significantly influences yolk lipid content and composition (Walzem 

and Chen, 2014) and live chick weight (Parker, 2002). Maternal metabolism under acute 

nutritional deficit is suggested to account for egg variability during lay (Lopez and Leeson, 

1995; Bozkurt et al., 2008). We found an effect of rearing feeding strategies on the relative 

egg weight loss and egg components that accounted for variation in live chick weight, 

despite the direct link between hatching egg weight and live chick weight at hatch. The 

relative heavier yolk can compensate for a lighter egg weight by supplying more nutrients 

for embryo development (van Emous et al., 2015c). In addition, van Emous et al. (2015c) 

observed no effect of maternal condition on egg weight, egg components nor live chick 

weight but the rearing feeding strategies of hens impacted the (residual) yolk at hatch, 

suggesting a possible transgenerational effect on the performance of the progeny. In our 

research, hens fed non-daily during rearing laid lighter hatching eggs with a relative 

heavier yolk than hens fed daily during rearing without differences in live chick weight at 

hatch.  

7.4.4 Fertility, hatchability and the percentage of hatch of fertile 

Fertility, hatchability and the percentage of hatch of fertile (HOF) has previously been 

reported to decline with age in feed-restricted broiler breeders (Hocking and Bernard, 

2000; van Emous et al., 2015a; Iqbal et al., 2016). Our results show a decrease in 

hatchability at the end of lay, driven by a decrease in fertility. However, the percentage of 

HOF followed a cubic curvature with a drop after spiking, especially in control hens. At 

the time of spiking, one overweight male per pen was replaced with one young male per 

pen. Roosters located with hens reared on the control treatment were heavier than the 

rest, and the heaviest male was likely to be the dominant male, with greater access to 

feeders. Therefore, the removal of the dominant male may have increased aggressive 

behaviours to re-establish hierarchy among old and new roosters, taking time away from 
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breeding activity (Hocking and Bernard, 2000; Bilcik and Estevez, 2005). In the case of 

low breeding activity and fecundity, hens are hypothesized to mobilize ‘old’ sperm stored 

to fertilize fresh eggs (Hocking and Bernard, 2000), and ovum fertilization with old sperm 

has been estimated to linearly increase embryo mortality (Lodge et al., 1971). This 

hypothesis can explain the decline in the percentage of HOF, although the performance 

of aggressive behaviour was not analysed during lay. As well, poor reproductive 

performance has been reported in broiler breeders fed ad libitum, including laying rate, 

fertility, embryo mortality and the percentage of HOF eggs (Hocking et al., 2002a), due to 

excessive accumulation of adipose tissue (Ramachandran, 2014). Our results point 

toward a negative effect of female adipose tissue on egg production and fertility during 

late lay. Poor reproductive performance in broiler breeder hens has been associated with 

the interaction among adipose tissue, liver and ovary (Walzem and Chen, 2014), 

indicating lipotoxicity caused by excessive adipose tissue in the reproductive performance 

of broiler breeder hens. Moreover, the body weight of roosters negatively correlated with 

the percentage of fertility and HOF. Previous studies indicated that male fertility covaried 

with body weight (Renema et al., 2007; Sarabia Fragoso et al., 2013). In our research, 

the severity of foot lesions was confounded with roosters’ body weight, and previous 

authors suggested that increasing foot problems can explain lower male fertility (Carter 

et al., 1971). As well, Lodge et al. (1971) noted the individual variation among males 

affected fertility and also the percentage of HOF. For this reason, our results might 

suggest that male obesity can negatively impact the proportion of HOF probably due to 

higher relative fat weight, although the anatomy of males was not examined. Hens’ body 

weight also determined fertility and sex-dependent embryo hatchability at the end of lay. 

Our results suggest that excessive mesenteric fat in hens at the end of lay can 

compromise fertility and excessive abdominal fat tended to affect the percentage of male 

hatchlings. Fertility was previously reported to drop in heavier hens (Lopez and Leeson, 

1995) and the relative abdominal fat is higher in heavier hens (Renema et al., 2007). The 

effect of rearing feeding strategies on fertility and embryo mortality is hypothesized to be 

mediated by an indirect effect of body condition at the end of rearing on egg composition 
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(van Emous et al., 2015). However, the implications of egg composition mediated by 

parental obesity on hatchability is unknown.  

The link between the sex ratio of the progeny with the maternal condition has been 

previously reported in chickens (Parker, 2002). In the case of poultry, optimal maternal 

condition is hypothesized to bias the sex ratio of the progeny toward male progeny and 

poor maternal condition toward female progeny (Aslam and Woelders, 2017). Our results 

highlight the effect of age and feeding frequency during rearing on the secondary sex 

ratio, although the primary sex ratio (proportion of males and females at fertilization) and 

the sex of dead embryos was not determined in this research. Aslam et al. (2015) reported 

that the percentage of male embryos increased in feed-restricted laying hens as egg 

weight declined. Li et al. (2008) and Wu et al. (2012) noticed early embryo mortality was 

significantly biased toward females, but only in layer strains that laid lighter eggs and not 

in meat-type strains (Wu et al., 2012). Wu et al. (2012) indicated that one meat-type 

chicken strain biased embryo mortality toward males during late incubation, probably due 

to larger eggs. Taking this into account, our results showing a sex ratio bias at hatch might 

indicate sex-dependent embryo mortality at the end of lay. Male broiler embryos are more 

sensitive to incubation temperature (Leksrisompong et al., 2009), probably related with 

increasing total embryonic oxygen (O2) consumption and total heat production in eggs 

laid by older broiler breeder hens (Hamidu et al., 2007). Differences in heat production 

from yolk fatty acid oxidation might explain our progeny sex ratio bias at hatch in eggs 

laid by older hens. Certainly, our results indicate that hens fed non-daily during rearing 

laid eggs with a relative heavier yolk than hens fed daily during rearing. Therefore, 

hatching eggs with relative heavier yolk laid by older hens are hypothesized to be at risk 

for male embryo mortality mediated by endogenous heat production from lipid oxidation. 

However, this hypothesis does not explain the significantly higher sex ratio of males that 

hatched from eggs laid by hens fed daily during rearing or the lack of effect of rearing 

feeding strategies on the percentage of hatched of fertile. Therefore, our results might 

also suggest an effect on primary sex ratio mediated by specific egg components during 

late lay.  
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7.5 Conclusion 

Our results indicate that rearing feeding strategies affected the feeding motivation of hens 

during lay, which impacted flock performance. Hens reared the 4/3 schedule had the 

highest feeding motivation and the best body weight uniformity, resulting in an 

improvement in hatching egg weight uniformity and chick weight uniformity at hatch. Hens 

reared on the control treatment had a lower feed intake in their home pen, which may 

have resulted in a faster growth rate in roosters allocated to those hens. Laying rate 

decreased slower in hens fed the three alternative feeding strategies during rearing, and 

hens reared on the graduated schedule had a higher cumulative egg production than 

control hens. Hatchability decreased consistently at the end of lay for all treatments, but 

the percentage of male hatchlings was higher at the end of lay for hens fed daily rather 

than non-daily during rearing. Broiler breeder hens reared on non-daily feed restriction 

(especially the 4/3 schedule) may be more susceptible to lower laying rate and lower male 

hatchability associated with higher hepatic lipogenesis during lay compared to hens 

reared on daily feed restriction. These results indicate the negative effect of excessive 

adipose tissue on laying rate and fertility. Increased abdominal fat in hens was associated 

with heavier livers, resulting in heavier yolks in settable eggs, poorer laying rate and lower 

percentage of male hatchling at the end of lay whereas heavier mesenteric fat 

compromised fertility at the end of lay. Adequate management of feed restriction during 

lay is needed to control growth rate of hens and roosters to avoid obesity-related problems 

on reproductive performance and health. 
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Table 7.1 Composition of the three commercial broiler breeder diets provided during lay 
from 23 to 65 weeks of age, using a two-stage diet for hens and a grower diet for roosters.  

  Broiler breeder hens  Broiler breeder roosters 

Analysed composition3  Layer 11  Layer 22  Grower  
AME4 (Mcal/kg)  2.61  2.54  2.48 

Ethanol soluble (%)  3.04  4.14  3.62 
Crude protein (%, N x 

6.25) 
 

16.37  16.03 
 

14.84 
Ca:P ratio  4.64   4.58  1.76 

Calcium (%)  3.36  3.78  1.55 
Phosphorus (%)  0.72  0.82  0.88 

Sodium (%)  0.20  0.17  0.17 
Potassium (%)  0.63  0.58  0.77 

Magnesium (%)  0.20  0.19  0.22 
Crude fat (%)  4.52  4.38  2.43 

Starch (%)  38.75  36.52  40.65 
1Fed from 23 to 45 weeks of age. 
2Fed from 46 to 65 weeks of age. 
3Analysed at Agri-Food Laboratories, Guelph, ON, Canada.  
4Apparent metabolizable energy. 
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Table 7.2 Scoring system for foot lesions and hock burns based on the prevalence and 
severity of tissue damage on a four-point scale for broiler breeders1.  

Score  Foot lesions2  Hock burns 

0  No visible  No visible 
1  Lesion affected less than 25% of 

surface area without ulceration. 
 One hock burn affected less than 

0.25 cm2. 
2  Lesion(s) affected equal to or 

more than 25% of surface area 
without ulceration. 

 Two or more hock burns, the largest 
less than 0.25 cm2. 

3  Lesion affected less than 25% of 
surface area with ulceration, 
covered by crust, bumble foot or 
swollen. 

 One hock burn equal to or larger 
than 0.25 cm2. 

4  Lesion(s) affected equal to or 
more than 25% of surface area 
with ulceration covered by crust, 
bumble foot or swollen.  

 Two or more hock burns equal to or 
larger than 0.25 cm2. 

1 Modified from Dawkins et al. (2004) and Allain et al. (2009; 2013). 
2Foot pad and toe pad included in total surface area.  
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Table 7.3 The overall effect of diet and feeding frequency during rearing1 on eggs and 
chicks’ weight (mean ± SE).  

  Control  Alternative  Graduated  4/3 

Weight (g)         
Settable egg2  68.13±0.41  67.96±0.40  67.61±0.40  67.34±0.40 
Hatching egg3  69.25±0.33  68.45±0.35  68.14±0.34  68.13±0.32 

Chick3,4  45.17±0.32  45.10±0.30  44.76±0.29  45.31±0.24 
CV (%)5         

Settable egg2  6.53±0.24a  6.26±0.21ab  6.16±0.22ab  5.79±0.22b 
Hatching egg3  6.51±0.36a  5.74±0.30ab  5.34±0.34ab  5.19±0.31b 

Chick3,4  7.94±0.33  7.55±0.28  6.90±0.29  7.06±0.28 

Control: daily control diet; Alternative: daily alternative diet; Graduated: graduated 
schedule control diet; 4/3: 4/3 schedule control diet. 
a-bDifferent superscripts within a row indicate significant means differences (P<0.05). 
1Rearing feeding strategies ended at 22 weeks of age, and the feeding management 
was the same across treatments during lay. 
2Collected from hens at 28, 32, 36, 40, 44, 48, 52, 56, 60 and 64 weeks of age.  
3Hatched from hens at weeks 32, 40, 48, 56 and 64 weeks of age. 
4Both sexes at hatch sex ratio. 
5Uniformity is presented as the coefficient of variation (%). 
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Table 7.4 The long-term effect of diet and feeding frequency during rearing1 on the 
feeding motivation of 65-weeks-old broiler breeder hens (mean ± SE).  

  Control  Alternative  Graduated  4/3 

Relative feed intake 
(%)2 

 
1.35±0.21b  1.88±0.31ab  1.78±0.28ab  2.12±0.28a 

Relative 
compensatory feeding 
(%)3 

 
4.19±1.16ab  4.53±1.18ab  3.09±0.47b  4.93±0.59a 

Control: daily control diet; Alternative: daily alternative diet; Graduated: graduated 
schedule control diet; 4/3: 4/3 schedule control diet. 
a-bDifferent superscripts within a row indicate significant means differences (P<0.05). 
1Rearing feeding strategies concluded at 22 weeks of age, and the feeding 
management was the same across treatments during lay. 
2Feed intake in one hour relative to initial body weight. 
3Body weight gain after 48 hours of ad libitum feeding divided by initial body weight. 
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Table 7.5 The long-term effect of diet and feeding frequency during rearing1 on the 
development of the gastrointestinal system of 65-weeks-old broiler breeder hens (mean 
± SE).  

  Control  Alternative  Graduated  4/3 

BW (g)  4233.8±138.3   4109.2±136.0   4130.9±148.6   4184.9±115.4 
Fat (g)         
abdominal  85.3±8.9   89.2±9.2   97.2±10.4   89.6±10.7 
mesentery  33.2±5.9   36.9±5.8   35.9±6.2   34.0±6.0 
Organ (g)         

liver  77.4±2.6b   77.7±3.2ab   77.4±3.5ab   83.7±2.2a 
heart  14.6±0.9   14.7±0.9   14.6±0.9   15.4±0.9 

gizzard  42.6±1.8   40.8±1.6   38.9±1.3   39.9±1.3 
Intestine:         
Small (g)                
duodenum  18.8±0.7   18.4±0.7   19.1±0.7   19.9±0.8 

jejunum  19.4±1.0   19.1±0.8   18.3±0.9   20.3±1.1 
ileum  17.6±1.0ab   16.6±0.8b   17.7±0.8ab   19.9±1.1a 

Large (g)                
ceca  8.0±0.3   7.3±0.3   8.1±0.7   8.6±0.5 

colon  5.8±0.4ab   5.4±0.4b   6.7±0.5a   6.5±0.5a 

Control: daily control diet; Alternative: daily alternative diet; Graduated: graduated 
schedule control diet; 4/3: 4/3 schedule control diet. 
a-bDifferent superscripts within a row indicate significant means differences (P<0.05), 
corrected for body weight as a covariate. 
1Rearing feeding strategies ended at 22 weeks of age, and the feeding management 
was the same across treatments during lay. 
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Figure 7.1 The effect of diet and feeding frequency during rearing on hens’ growth rate 
during lay (mean ± SE). During lay, hens were under the same feeding management 
after rearing feeding strategies concluded at 22 weeks of age. Black line refers to Ross 
308 broiler breeder performance objectives (Aviagen, 2011b). Pullets fed the alternative 
diet during rearing (Red line) were lighter than those fed daily the control diet (Green 
line; P=0.0002). 
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Figure 7.2 The effect of diet and feeding frequency during rearing on the body weight 
uniformity of hens during lay (mean ± SE). Hens were managed identically from 23 
weeks of age onward. Body weight uniformity is presented as the coefficient of variation 
(%). Uniformity decreased with age (P<0.0001), and hens reared on a 4/3 schedule 
(Blue line) had better body weight uniformity than other hens on the other three 
treatments (P<0.01). 
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Figure 7.3 The growth rate of roosters housed with hens reared under alternative 
feeding strategies (mean ± SE). No treatment was applied to roosters, and rearing 
feeding strategies for pullets finished at 22 weeks of age. At 45 weeks of age, one 
rooster per pen was replaced by a 23 week old rooster. Black line refers to YPM 
specialty male performance objectives (Aviagen, 2014). Roosters housed with hens 
reared on the control diet (Green line) were heavier (P<0.0001) than those housed with 
hens reared on the 4/3 schedule (Blue line) and on the graduated schedule (Yellow line; 
P<0.02).  
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Figure 7.4 The body weight uniformity of roosters housed with hens reared under 
alternative feeding strategies (mean ± SE). No treatment was applied to roosters, and 
hens had the same feeding management during lay. Body weight uniformity is 
presented as the coefficient of variation (%). At 45 weeks of age, one rooster per pen 
was replaced by a 25-week-old rooster. The body weight uniformity of roosters was 
indirectly impacted by the rearing feeding strategy of the hens (F3,393=9.88, P<0.0001) 
and by roosters’ age (P<0.0001). 
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Figure 7.5 The effect of diet and feeding frequency during rearing on percentage of 
daily egg production per hen (mean ± SE). Rearing feeding strategies lasted until 22 
weeks of age, and feeding management did not differ across treatments during lay. 
Black line refers to 308 broiler breeder performance objectives (Aviagen, 2011b). The 
effect of rearing feeding strategies for pullets on egg production depended on hens’ age 
(P<0.01). 
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Figure 7.6 The effect of diet and feeding frequency during rearing on the cumulative 
weekly egg production per hen during late lay (mean ± SE). Black line refers to 308 
broiler breeder performance objectives (Aviagen, 2011b). Rearing feeding strategies 
finished at 22 weeks of age, and the feeding management was the same across 
treatments during lay. During late lay, cumulative egg production was higher for hens 
reared on the graduated (Yellow line) compared to those on the control (Green line, 
P<0.01). 
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Figure 7.7 The effect of diet and feeding frequency during rearing on the percentage of 
floor eggs during rearing (mean ± SE). At 45 weeks of age, one rooster per pen was 
replaced by a 25-week-old rooster. Rearing feeding strategies finished at 22 weeks of 
age, and the feeding management was the same across treatments during lay. The 
effect of rearing feeding strategies on the percentage of floor eggs was affected by 
hens’ age until 25 weeks of age (P<0.0001) and afterwards (P=0.001). 
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A) B) C) 
   

Figure 7.8 The effect of diet and feeding frequency during rearing on fertility (A), hatched of fertile (B) and hatchability (C). 
Hatchability is defined as the percentage of hatchlings by the number of settable eggs (%; mean ± SE). Rearing feeding 
strategies finished at 22 weeks of age, and hens were under the same feeding conditions across rearing feeding strategies 
during lay. The effect of rearing feeding strategies and age impacted fertility (P=0.01), hatched of fertile (P<0.01) and 
hatchability (P=0.03). 
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Figure 7.9 The effect diet and feeding frequency during rearing on the sex ratio of 
the progeny of broiler breeder hens during lay. The sex ratio of the progeny is 
expressed as the percentage of male chick at hatch (mean ± SE). Rearing feeding 
strategies finished at 22 weeks of age, and the feeding management was the same 
across treatments during lay. The effect of feeding frequency on the percentage of 
male chicks at hatch depended on hens’ age (P=0.03).  
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Figure 7.10 The effect of diet and feeding frequency during rearing on the percentage 
of hens feeding 30 minutes after being fed throughout lay (mean ± SE). The effect of 
rearing feeding strategies on the percentage of hens feeding was impacted by hens’ 
age (P<0.0001). 
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8 General discussion 

This project arose from the welfare concerns of feeding management for broiler breeders, 

and the objective was to assess the viability of alternative feeding strategies for broiler 

breeders under simulated commercial conditions, and to examine their effect on welfare 

and performance during rearing and lay. This project aimed to provide a comprehensive 

and multidisciplinary perspective on alternative feeding strategies from which the poultry 

industry could make scientific-based recommendations about feeding management of 

broiler breeders (NFACC, 2016).  

This project contributes to the growing body of literature on the welfare implications of 

alternative feeding strategies for modern broiler breeders. Alternative feeding strategies, 

including alternative diets and non-daily feeding schedules, confer some advantages for 

welfare (feeding motivation, behavioural signs of chronic hunger and feeding frustration, 

health and stress indicators) and gastrointestinal tract development. Results from this 

research highlight the benefits of soybean hulls in broiler breeder diets for the proper 

development and functioning of the gastrointestinal tract (Chapter 4). The inclusion of 

soybean hulls with calcium propionate reduced the abrasive effect of dietary fibre (and 

thereby reduced hemorrhagic lesions in the intestine) and reduced the water content in 

the gastrointestinal content. However, the alternative diet resulted in a higher litter 

moisture under simulated commercial conditions, leading to a higher prevalence of foot 

lesions (Chapter 5). Moreover, the addition of calcium propionate to a diet with soybean 

hulls reduced feed intake probably due to dietary properties at 3 weeks of age, although 

this effect was not observed at 8 weeks of age (Chapter 3). The inclusion of soybean hulls 

reduced feeding motivation during early rearing (Chapters 3 and 5) and alleviated some 

of the stress associated with feed restriction as indicated by behavioural signs (Chapter 

6), fault bars (Chapters 3 and 5) and the basophil to lymphocyte ratio (Chapter 5). This 

effect on feeding motivation and satiety is likely due to high feed intake and the 

physicochemical properties of the insoluble fibre (including longer feed retention time in 

the crop and gizzard, intestinal filler and water-holding capacity; Chapter 4). These results 

indicate that use of the alternative diet was able to maintain the body weight uniformity 
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throughout rearing, resulting in a better body weight uniformity at the end of the rearing 

phase compared to the other feeding strategies (Chapter 5). In addition, the reproductive 

performance of broiler breeder hens reared on the alternative diet was not negatively 

impacted during lay (Chapter 7) and their broiler progeny achieved a similar growth rate 

as the progeny from control hens (Arrazola et al., unpublished).  

To the knowledge of the author, there had been no published reports of the use of 

graduated feeding schedules, and little research into non-daily feeding schedules. Non-

daily feeding programs also reduced feeding motivation compared to control during the 

early rearing, mediated by post-ingestion feedback (Chapters 3 and 5). Results from 

Chapter 4 indicate that this lower feeding motivation may be due to a heavier 

gastrointestinal content (higher feed retention in the crop and intestine) compared to the 

control. Unlike pullets on the alternative diet and on the graduated schedule, pullets on 

the 4/3 schedule were highly motivated to forage and to eat feathers after being fed 

(Chapters 4 and 6). Physiological indicators suggest that broiler breeders can habituate 

to their feeding frequency (Chapter 5), especially if their schedule is more predictable 

(e.g., the 4/3 schedule compared to the 5/2 schedule). Additionally, fasting and refeeding 

intervals had a significant impact on the development of the liver (Chapter 4), an effect 

that remained until 64 weeks of age in hens reared on the 4/3 schedule (Chapter 7). This 

result indicates a metabolic programming during rearing of broiler breeders, which also 

resulted in broiler breeder hens reared on non-daily feeding programs laying settable 

eggs with a relative heavier yolk than hens reared on daily fed treatments (Chapter 7). 

Interestingly, these results point toward a behavioural programming in feeding behaviour 

by non-daily feeding programs during rearing. Hens reared on the 4/3 schedule had the 

fastest feed intake and the highest compensatory feeding at the end of lay, resulting in 

an effect on hens’ body weight uniformity and roosters’ growth rate (Chapter 7).  

Similar to hens reared on the alternative diet, hens reared on the 4/3 feeding schedule 

and the graduated feeding schedule had a greater laying persistency compared to hens 

reared on the control (Chapter 7). Hens reared on the graduated schedule had the highest 

cumulative egg production, which may be the result of their compensatory growth when 
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their feeding schedule switched from non-daily to daily prior to photostimulation (Chapter 

5). Furthermore, rearing feeding strategy for pullets had an effect on their progeny, 

especially on male progeny from eggs laid at older ages (Chapter 7). There were fewer 

males hatched from eggs laid by older broiler breeder hens reared on non-daily 

schedules, and those males had a slower growth rate than females.   

The main limitation in these experiments is that all treatments were represented in each 

room, and the neighbour effect cannot be excluded from behavioural and physiological 

outcomes as indicated by in Cornelius et al. (2010). For example, results in Chapters 3 

and 5 indicate the significant effect of the feeding frequency of the 4/3 schedule on the 

relative feed intake of pullets fed on the diluted diets.  

Another limitation in Chapters 3 and 4 is that pullets were allocated in cages, and the 

effect of the alternative feeding strategies can differ whether pullets have access to wood 

shavings, as mentioned in Hocking et al. (2005). This is particularly important since pullets 

reared on the 4/3 schedule are motivated to forage in wood shavings and to eat feathers. 

Therefore, the use of cages vs floor pens is very likely to impact the development and 

functioning of the gastrointestinal tract based on pullet behaviour (Roza et al., 2006). 

Indeed, the higher feeding motivation for litter eating can result in a higher likelihood of 

Salmonella colonization as indicated in Wilson et al. (2018).  

The results indicate that the rationed alternative diet (calcium propionate and soybean 

hulls) as well as the non-daily feeding programs (the 4/3 schedule and the graduated 

schedule) may promote satiety and reduce chronic hunger compared to the control, 

according to feeding motivation, activity, feather coverage and stress indicators. 

However, each feeding strategy also has limitations.  

The inclusion of soybean hulls might result in excessive litter moisture due to higher 

intestinal water content that can cause foot lesions based on results in Chapter 4 and 5. 

Therefore, broiler breeder producers rearing pullets on the alternative diet are 

recommended to regularly assess the litter for excessive moisture (>30%), especially 
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during winter. In addition, pullets reared on the alternative diet had a delayed onset of lay 

(Chapter 7), which indicates that pullets require a transition period from the alternative 

grower diet to a standard layer diet. Based on results in Sandilands et al. (2005), the 

transition from the alternative diet to the control diet is recommended to occur at least 

one week before photostimulation.  

Results from non-daily feeding schedules indicate that a more predictable feeding 

frequency can reduce stress indicators and feeding frustration due to predictability of 

feeding day. However, the 4/3 schedule is less feed efficient and can result in a lower 

percentage of mature hens at the end of rearing. Results in de Beer and Coon (2007) 

indicated that increasing feed allotment for the same body weight at the end of rearing 

could decrease the reproductive performance compared to pullets fed daily. Therefore, 

practices that improve body weight uniformity will be the most successful in ensuring a 

synchronous response to photostimulation at the end of rearing in pullets under non-daily 

feeding programs.  

Pullets reared on the 4/3 schedule and the alternative diet appeared to maintain similar 

body weight uniformity throughout rearing compared to pullets on the control and on the 

graduated schedule. Indeed, pullets on the alternative diet achieved a better body weight 

uniformity than the other feeding strategies. However, other management practices that 

decrease feeding competition such as increased feeder space and grading may be more 

successful in achieving a body weight uniformity below 10% coefficient of variation 

(Zuidhof et al., 2015). 

Feather coverage is an indicator of animal behaviour and equipment use. In Chapter 3 

and 5, feather coverage started to decrease at 6 weeks of age in the tail and vent areas, 

probably indicative of the start of oral redirected behaviour toward feathers. Therefore, a 

decrease in feather coverage during rearing might require management changes to 

address the causal factors of feather pecking. 
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Independent of whether pullets were raised on the rationed alternative diet or on non-

daily feeding programs, pullets displayed behavioural signs of hunger, lack of satiety and 

feeding frustration throughout rearing. Despite the larger feed allotment during on-feed 

days, pullets fed non-daily still performed empty feeder pecking for a considerable 

proportion of time. Indeed, pullets in all four treatments showed abnormal repetitive 

behaviours and consumed their daily feed intake in less than 20 minutes during the feed 

intake tests, indicating the severity of the chronic feed restriction during rearing.  

Future research to improve the welfare of broiler breeders should focus on understanding 

the main driver of feeding motivation in modern meat chickens. From this benchmark, 

alternative feeding strategies could be developed to target such specific causal factors 

(i.e. physical or chemical factors) to promote satiety. This is especially important, as the 

level of feed restriction required for rearing modern broiler breeders increases as broilers 

are selected for high feed intake, feed efficiency and fast growth. Alternatively, lines of 

broilers capable of maintaining a healthy body weight gain without the negative 

consequences of adipose tissue under ad libitum feeding management would be a more 

sustainable and welfare-friendly approach for the poultry industry to satisfy the rising 

consumer demand for poultry meat.  

  



 

 

229 

 

REFERENCES 

Adil, S., T. Banday, G. A. Bhat, M. S. Mir, and M. Rehman. 2010. Effect of dietary 

supplementation of organic acids on performance, intestinal histomorphology, and serum 

biochemistry of broiler chicken. Veterinary Medicine International 2010.  

Alexandratos, N., and J. Bruinsma. 2012. World agriculture towards 2030/2050: the 2012 

revision ESA Working paper FAO, Rome. 

Andrews, C., J. Viviani, E. Egan, T. Bedford, B. Brilot, D. Nettle, and M. Bateson. 2015. 

Early life adversity increases foraging and information gathering in European starlings, 

Sturnus vulgaris. Animal Behaviour 109:123-132.  

Arrazola, A., T. Widowski, M. Guerin, and S. Torrey. 2018. The effect of calcium 

propionate in feeding strategies for broiler breeders on palatability and conditioned place 

preference. Proceedings of the 52th Congress of the International Society for Applied 

Ethology p 150. International Society of Applied Animal Behaviour Association: 

Charlottetown, Canada. 

Aslam, M. A., D. Schokker, T. G. Groothuis, A. A. de Wit, M. A. Smits, and H. Woelders. 

2015. Association of egg mass and egg sex: gene expression analysis from maternal 

RNA in the germinal disc region of layer hens (Gallus gallus). Biology of Reproduction 

92:157, 151-159.  

Aslam, M. A., and H. Woelders. 2017. Steroid Hormones and Female Energy Balance: 

Relation to Offspring Primary Sex Ratio. Pages 47-54 in Egg Innovations and Strategies 

for Improvements Elsevier. 

Aviagen. 2011a. Grandparent Stock Performance Objectives: Ross 308. Aviagen, Ltd., 

Huntsville, AL. 

Aviagen. 2011b. Parent Stock Performance Objectives: Ross 308. Aviagen, Ltd., 

Huntsville, AL. 



 

 

230 

 

Aviagen. 2013a. Parent Stock Management Handbook: Ross. Aviagen, Ltd., Huntsville, 

AL. 

Aviagen. 2013b. Parent Stock Nutrition Specifications: Ross 308. Aviagen, Ltd., 

Huntsville, AL. 

Aviagen. 2014. Specialty Males Performance Objectives: Yield Plus Males (YPM). 

Aviagen, Ltd., Huntsville, AL.  

Aviagen. 2016a. Broiler Performance Objectives: Yield Plus Males x Ross 308. Aviagen, 

Ltd., Huntsville, AL. 

Aviagen. 2016b. Parent Stock Nutrition Specifications: Ross 308. Aviagen, Ltd., 

Huntsville, AL. 

Aviagen. 2016c. Parent Stock Performance Objectives: Ross 308. Aviagen, Ltd., 

Huntsville, AL. 

Barnett, J., P. Hemsworth, D. Hennessy, T. McCallum, and E. Newman. 1994. The effects 

of modifying the amount of human contact on behavioural, physiological and production 

responses of laying hens. Applied Animal Behaviour Science 41:87-100.  

Belo, P. S., D. R. Romsos, and G. A. Leveille. 1976. Blood metabolites and glucose-

metabolism in fed and fasted chicken. Journal of Nutrition 106:1135-1143.  

Bennett, C., and S. Leeson. 1989. Research note: Growth of broiler breeder pullets with 

skip-a-day versus daily feeding. Poultry Science 68:836-838.  

Berghaus, R., D. Mathis, R. Bramwell, K. Macklin, J. Wilson, M. Wineland, J. Maurer, and 

M. Lee. 2012. Multilevel analysis of environmental salmonella prevalences and 

management practices on 49 broiler breeder farms in four South‐Eastern States, USA. 

Zoonoses and Public Health 59:365-374.  



 

 

231 

 

Bessei, W. 2006. Welfare of broilers: a review. World's Poultry Science Journal 62:455-

466.  

Bessei, W. 2018. Impact of animal welfare on worldwide poultry production. World's 

Poultry Science Journal 74:211-224.  

Bilcik, B., and I. Estevez. 2005. Impact of male-male competition and morphological traits 

on mating strategies and reproductive success in broiler breeders. Applied Animal 

Behaviour Science 92:307-323. doi 10.1016/j.applanim.2004.11.007 

Bintvihok, A., and S. Kositcharoenkul. 2006. Effect of dietary calcium propionate on 

performance, hepatic enzyme activities and aflatoxin residues in broilers fed a diet 

containing low levels of aflatoxin B1. Toxicon 47:41-46. doi 

https://doi.org/10.1016/j.toxicon.2005.09.009 

Blas, J. 2015. Stress in birds. Pages 769-810 in Sturkie's Avian Physiology (Sixth Edition) 

Elsevier. 

Bokkers, E., and P. Koene. 2003a. Eating behaviour, and preprandial and postprandial 

correlations in male broiler and layer chickens. British Poultry Science 44:538-544.  

Bokkers, E. A., and P. Koene. 2003b. Behaviour of fast-and slow growing broilers to 12 

weeks of age and the physical consequences. Applied Animal Behaviour Science 81:59-

72.  

Bonos, E., E. Christaki, and P. Paneri. 2010. Performance and carcass characteristics of 

Japanese quail as affected by sex or mannan oligosaccharides and calcium propionate. 

South African Journal of Animal Science 40:173-184.  

Bortolotti, G. R., T. A. Marchant, J. Blas, and T. German. 2008. Corticosterone in feathers 

is a long‐term, integrated measure of avian stress physiology. Functional Ecology 22:494-

500.  



 

 

232 

 

Bowley, S. 2013. Multiple means comparison letter codes- Proc Glimmix & Proc Mixed 

pdmix800.sas, Available from: https://www.plant.uoguelph.ca/sbowley (accessed 

01.07.2018). 

Bozkurt, M., M. Cabuk, and A. Alcicek. 2008. Effect of dietary fat type on broiler breeder 

performance and hatching egg characteristics. Journal of Applied Poultry Research 

17:47-53.  

Brambell, F. W. R. 1965. Report of the Technical Committee to Enquire into the Welfare 

of Animals Kept Under Intensive Husbandry Conditions, HMSO, London. 

Broom, D. M. 2014. Sentience and animal welfare. CABI. 

Bruggeman, V., O. Onagbesan, E. D'Hondt, N. Buys, M. Safi, D. Vanmontfort, L. 

Berghman, F. Vandesande, and E. Decuypere. 1999. Effects of timing and duration of 

feed restriction during rearing on reproductive characteristics in broiler breeder females. 

Poultry Science 78:1424-1434.  

Buckley, L. A., L. M. McMillan, V. Sandilands, B. J. Tolkamp, P. M. Hocking, and R. B. 

D'Eath. 2011a. Too hungry to learn? Hungry broiler breeders fail to learn a Y-maze food 

quantity discrimination task. Animal Welfare 20:469-481.  

Buckley, L. A., V. Sandilands, P. M. Hocking, B. J. Tolkamp, and R. B. D'Eath. 2012. The 

use of conditioned place preference to determine broiler preferences for quantitative or 

qualitative dietary restriction. British Poultry Science 53:291-306. doi 

10.1080/00071668.2012.698727 

Buckley, L. A., V. Sandilands, P. M. Hocking, B. J. Tolkamp, and R. B. D’Eath. 2015. 

Feed-restricted broiler breeders: State-dependent learning as a novel welfare 

assessment tool to evaluate their hunger state? Applied Animal Behaviour Science 

165:124-132.  



 

 

233 

 

Buckley, L. A., V. Sandilands, B. J. Tolkamp, and R. B. D'Eath. 2011b. Quantifying hungry 

broiler breeder dietary preferences using a closed economy T-maze task. Applied Animal 

Behaviour Science 133:216-227. doi 10.1016/j.applanim.2011.06.003 

Burkhalter, T., N. Merchen, L. Bauer, S. Murray, A. Patil, J. Brent Jr, and G. Fahey Jr. 

2001. The ratio of insoluble to soluble fiber components in soybean hulls affects ileal and 

total-tract nutrient digestibilities and fecal characteristics of dogs. The Journal of Nutrition 

131:1978-1985.  

Burkhardt, R. W. 2010. Niko Tinbergen. Pages 428-433 in Encyclopedia of Animal 

Behaviour Elsevier. 

Burton, T., and N. B. Metcalfe. 2014. Can environmental conditions experienced in early 

life influence future generations? Proc. R. Soc. B 281:20140311.  

Buzała, M., B. Janicki, and R. Czarnecki. 2015. Consequences of different growth rates 

in broiler breeder and layer hens on embryogenesis, metabolism and metabolic rate: a 

review. Poultry Science 94:728-733.  

Campe, A., C. Hoes, S. Koesters, C. Froemke, S. Bougeard, M. Staack, W. Bessei, A. 

Manton, B. Scholz, and L. Schrader. 2017. Analysis of the influences on plumage 

condition in laying hens: How suitable is a whole body plumage score as an outcome? 

Poultry Science 97:358-367.  

Carbonnelle, E., C. Mesquita, E. Bille, N. Day, B. Dauphin, J.-L. Beretti, A. Ferroni, L. 

Gutmann, and X. Nassif. 2011. MALDI-TOF mass spectrometry tools for bacterial 

identification in clinical microbiology laboratory. Clinical Biochemistry 44:104-109.  

Carter, T., G. Bressler, and R. Gentry. 1972. Wire and litter management systems for 

broiler breeders. Poultry Science 51:443-448.  

Chang, A., J. Halley, and M. Silva. 2016. Can feeding the broiler breeder improve chick 

quality and offspring performance? Animal Production Science 56:1254-1262.  



 

 

234 

 

Chen, S., J. McMurtry, and R. Walzem. 2006. Overfeeding-induced ovarian dysfunction 

in broiler breeder hens is associated with lipotoxicity. Poultry Science 85:70-81.  

Cherel, Y., J.-P. Robin, O. Walch, H. Karmann, P. Netchitailo, and Y. Le Maho. 1988. 

Fasting in king penguin. I. Hormonal and metabolic changes during breeding. American 

Journal of Physiology-Regulatory, Integrative and Comparative Physiology 254: R170-

R177.  

Ciacciariello, M., and R. Gous. 2005. To what extent can the age at sexual maturity of 

broiler breeders be reduced? South African Journal of Animal Science 35:73-82.  

Collins, K., B. McLendon, and J. Wilson. 2014. Egg characteristics and hatch 

performance of Athens Canadian Random Bred 1955 meat-type chickens and 2013 Cobb 

500 broilers. Poultry Science 93:2151-2157.  

Conrad, C. D. 2010. A critical review of chronic stress effects on spatial learning and 

memory. Progress in Neuro-Psychopharmacology and Biological Psychiatry 34:742-755. 

doi https://doi.org/10.1016/j.pnpbp.2009.11.003 

Cornelius, J. M., C. W. Breuner, and T. P. Hahn. 2010. Under a neighbour's influence: 

public information affects stress hormones and behaviour of a songbird. Proceedings of 

the Royal Society of London B: Biological Sciences 277:2399-2404.  

D'Eath, R. B., B. J. Tolkamp, I. Kyriazakis, and A. B. Lawrence. 2009. 'Freedom from 

hunger' and preventing obesity: the animal welfare implications of reducing food quantity 

or quality. Animal Behaviour 77:275-288. doi 10.1016/j.anbehav.2008.10.028 

Da Costa, M., E. Oviedo-Rondón, M. Wineland, J. Wilson, and E. Montiel. 2014. Effects 

of breeder feeding restriction programs and incubation temperatures on progeny footpad 

development. Poultry Science 93:1900-1909.  

Dawkins, M., and R. Layton. 2012. Breeding for better welfare: genetic goals for broiler 

chickens and their parents. Animal Welfare-The UFAW Journal 21:147.  



 

 

235 

 

Dawkins, M. S. 1989. Time budgets in red junglefowl as a baseline for the assessment of 

welfare in domestic fowl. Applied Animal Behaviour Science 24:77-80.  

De Beer, M., and C. Coon. 2007. The effect of different feed restriction programs on 

reproductive performance, efficiency, frame size, and uniformity in broiler breeder hens. 

Poultry Science 86:1927-1939.  

De Beer, M., and C. Coon. 2009. The effect of feed restriction programs and growth 

curves on reproductive performance, in vitro lipogenesis and heterophil to lymphocyte 

ratios in broiler breeder hens. International Journal of Poultry Science 8:373-388.  

De Beer, M., J. McMurtry, D. Brocht, and C. Coon. 2008. An examination of the role of 

feeding regimens in regulating metabolism during the broiler breeder grower period. 2. 

Plasma hormones and metabolites. Poultry Science 87:264-275.  

De Beer, M., R. Rosebrough, B. Russell, S. Poch, M. Richards, and C. Coon. 2007. An 

examination of the role of feeding regimens in regulating metabolism during the broiler 

breeder grower period. 1. Hepatic lipid metabolism. Poultry Science 86:1726-1738.  

De Jong, I., and D. Guémené. 2011. Major welfare issues in broiler breeders. World's 

Poultry Science Journal 67:73-82.  

De Jong, I., B. Reuvekamp, and H. Gunnink. 2013. Can substrate in early rearing prevent 

feather pecking in adult laying hens? Animal Welfare 22:305-314.  

De Jong, I. C., H. Enting, A. Van Voorst, and H. J. Blokhuis. 2005. Do low-density diets 

improve broiler breeder welfare during rearing and laying? Poultry Science 84:194-203.  

De Jong, I. C., A. S. van Voorst, and H. J. Blokhuis. 2003. Parameters for quantification 

of hunger in broiler breeders. Physiology & Behaviour 78:773-783.  



 

 

236 

 

De Jong, I. C., S. van Voorst, D. A. Ehlhardt, and H. J. Blokhuis. 2002. Effects of restricted 

feeding on physiological stress parameters in growing broiler breeders. British Poultry 

Science 43:157-168. doi 10.1080/00071660120121355 

De Los Mozos, J., A. García-Ruiz, L. den Hartog, and M. Villamide. 2017. Growth curve 

and diet density affect eating motivation, behaviour, and body composition of broiler 

breeders during rearing. Poultry Science 96:2708-2717.  

Denbow, D. M. 2015. Gastrointestinal anatomy and physiology. Pages 337-366 in 

Sturkie's Avian Physiology (Sixth Edition) Elsevier. 

Denbow, D. M., and M. A. Cline. 2015. Food intake regulation. Pages 469-485 in Sturkie's 

Avian Physiology (Sixth Edition) Elsevier. 

Department of Environment, Food, and Rural Affairs (DEFRA). 2007. General conditions 

under which farmed animals must be kept, The Welfare of Farmed Animals (England) 

Regulations 2007.  

DesRochers, D. W., J. M. Reed, J. Awerman, J. A. Kluge, J. Wilkinson, L. I. van 

Griethuijsen, J. Aman, and L. M. Romero. 2009. Exogenous and endogenous 

corticosterone alter feather quality. Comparative Biochemistry and Physiology Part A: 

Molecular & Integrative Physiology 152:46-52.  

Deviche, P., S. Bittner, S. Gao, and S. Valle. 2017. Roles and mechanistic bases of 

glucocorticoid regulation of avian reproduction. Integrative and Comparative Biology 

57:1184-1193.  

Dixon, L. M., S. Brocklehurst, V. Sandilands, M. Bateson, B. J. Tolkamp, and R. B. D'Eath. 

2014. Measuring motivation for appetitive behaviour: food-restricted broiler breeder 

chickens cross a water barrier to forage in an area of wood shavings without food. Plos 

One 9. doi 10.1371/journal.pone.0102322 



 

 

237 

 

Dixon, L. M., V. Sandilands, M. Bateson, S. Brocklehurst, B. J. Tolkamp, and R. B. D'Eath. 

2013. Conditioned place preference or aversion as animal welfare assessment tools: 

Limitations in their application. Applied Animal Behaviour Science 148:164-176. doi 

10.1016/j.applanim.2013.07.012 

Dixon, L., I. Duncan, and G. Mason. 2008. What's in a peck? Using fixed action pattern 

morphology to identify the motivational basis of abnormal feather-pecking behaviour. 

Animal Behaviour 76:1035-1042. 

Duncan, I. J. H. 1998. Behaviour and behavioural needs. Poultry Science 77:1766-1772.  

Duncan, I. J. H., and D. Wood-Gush. 1971. Frustration and aggression in the domestic 

fowl. Animal Behaviour 19:500-504.  

Duncan, I. J. H. 2005. Science-based assessment of animal welfare: farm animals. Revue 

scientifique et technique-Office International des Epizooties 24:483.  

Duncan, I. J. H., and D. G. M. Wood-Gush. 1972a. An analysis of displacement preening 

in the domestic fowl. Animal Behaviour 20:68-71. doi http://dx.doi.org/10.1016/S0003-

3472(72)80174-X 

Duncan, I. J. H., and D. G. M. Wood-Gush. 1972b. Thwarting of feeding behaviour in the 

domestic fowl. Animal Behaviour 20:444-451. doi http://dx.doi.org/10.1016/S0003-

3472(72)80007-1 

Dunn, I. C., S. L. Meddle, P. W. Wilson, C. A. Wardle, A. S. Law, V. R. Bishop, C. Hindar, 

G. W. Robertson, D. W. Burt, and S. J. Ellison. 2013. Decreased expression of the satiety 

signal receptor CCKAR is responsible for increased growth and body weight during the 

domestication of chickens. American Journal of Physiology-Endocrinology and 

Metabolism 304:E909-E921.  

Dutil, L., R. Irwin, R. Finley, L. K. Ng, B. Avery, P. Boerlin, A.-M. Bourgault, L. Cole, D. 

Daignault, and A. Desruisseau. 2010. Ceftiofur resistance in Salmonella enterica serovar 



 

 

238 

 

Heidelberg from chicken meat and humans, Canada. Emerging Infectious Diseases 

16:48.  

Gualtieri, F., E. Armstrong, G. Longmoor, J. George, D. Clayton, R. D’eath, V. Sandilands, 

T. Boswell, and T. Smulders. 2016. Developing and validating a practical screening tool 

for chronic stress in livestock. In: Dwyer C, Haskell M and Sandilands V (eds) 

Proceedings of the 50th Congress of the International Society for Applied Ethology p 381. 

International Society of Applied Animal Behaviour Association: Edinburgh, United 

Kingdom. 

Enoki, Y., and T. Morimoto. 2000. Gizzard myoglobin contents and feeding habits in avian 

species. Comparative Biochemistry and Physiology Part A: Molecular & Integrative 

Physiology 125:33-43.  

Enting, H., W. J. A. Boersma, J. Cornelissen, S. C. L. van Winden, M. W. A. Verstegen, 

and P. J. van der Aar. 2007a. The effect of low-density broiler breeder diets on 

performance and immune status of their offspring. Poultry Science 86:282-290.  

Enting, H., A. Veldman, M. W. Verstegen, and P. Van der Aar. 2007b. The effect of low-

density diets on broiler breeder development and nutrient digestibility during the rearing 

period. Poultry Science 86:720-726.  

Ferket, P. R., and A. G. Gernat. 2006. Factors that affect feed intake of meat birds: A 

review. Int. J. Poult. Sci 5:905-911.  

Fischer, G. J., G. L. Morris, and J. P. Ruhsam. 1975. Color pecking preferences in white 

leghorn chicks. Journal of Comparative and Physiological Psychology 88:402-406. doi 

10.1037/h0076227 

Fisher, C. 2016. Feathering in broiler breeder females. Aviagen, Ltd. 

Fisher, M.-L., S. Leeson, W. Morrison, and J. Summers. 1981. Feather growth and feather 

composition of broiler chickens. Canadian Journal of Animal Science 61:769-773.  



 

 

239 

 

Fouad, A., and H. El-Senousey. 2014. Nutritional factors affecting abdominal fat 

deposition in poultry: a review. Asian-Australasian Journal of Animal Sciences 27:1057.  

Fraser, D. 2008. Understanding animal welfare. Wiley-Blackwell, Wheathampstead, UK. 

Fraser, D. 2009. Animal behaviour, animal welfare and the scientific study of affect. 

Applied Animal Behaviour Science 118:108-117.  

Freestone, P. P., R. D. Haigh, and M. Lyte. 2007. Specificity of catecholamine-induced 

growth in Escherichia coli O157: H7, Salmonella enterica and Yersinia enterocolitica. 

FEMS Microbiology Letters 269:221-228.  

Gavrilov, V. 2012. Fundamental avian energetics: 2. The ability of birds to change heat 

loss and explanation of the mass exponent for basal metabolism in homeothermic 

animals. Biology Bulletin 39:659-671.  

Gebhardt-Henrich, S. G., M. J. Toscano, and H. Würbel. 2018. Use of aerial perches and 

perches on aviary tiers by broiler breeders. Applied Animal Behaviour Science 203:24-

33. doi https://doi.org/10.1016/j.applanim.2018.02.013 

Girard, M. T. E., M. J. Zuidhof, and C. J. Bench. 2017a. Feeding, foraging, and feather 

pecking behaviours in precision-fed and skip-a-day-fed broiler breeder pullets. Applied 

Animal Behaviour Science 188:42-49.  

Girard, T. E., M. J. Zuidhof, and C. J. Bench. 2017b. Aggression and social rank 

fluctuations in precision-fed and skip-a-day-fed broiler breeder pullets. Applied Animal 

Behaviour Science 187:38-44.  

Gonyou, H. W. 1994. Why the study of animal behaviour is associated with the animal 

welfare issue. Journal of Animal Science 72:2171-2177.  



 

 

240 

 

Goodwin, M. A., D. I. Bounous, J. Brown, B. L. McMurray, W. L. Ricken, and D. L. Magee. 

1994. Blood glucose values and definitions for hypoglycemia and hyperglycemia in 

clinically normal broiler chicks. Avian Diseases:861-865.  

Gous, R., E. Moran Jr, H. Stilborn, G. Bradford, and G. Emmans. 1999. Evaluation of the 

parameters needed to describe the overall growth, the chemical growth, and the growth 

of feathers and breast muscles of broilers. Poultry Science 78:812-821.  

Gribble, F. M. 2012. The gut endocrine system as a coordinator of postprandial nutrient 

homoeostasis. Proceedings of the Nutrition Society 71:456-462.  

Groothuis, T. G., W. Müller, N. von Engelhardt, C. Carere, and C. Eising. 2005. Maternal 

hormones as a tool to adjust offspring phenotype in avian species. Neuroscience & 

Biobehavioural Reviews 29:329-352.  

Gross, W., and H. Siegel. 1983. Evaluation of the heterophil/lymphocyte ratio as a 

measure of stress in chickens. Avian Diseases:972-979.  

Grubb Jr, T. C., and D. A. Cimprich. 1990. Supplementary food improves the nutritional 

condition of wintering woodland birds: evidence from ptilochronology. Ornis 

Scandinavica:277-281.  

Grubb, T. C. 1991. A deficient diet narrows growth bars on induced feathers. The Auk 

108:725-727.  

Grubb, T. C., and V. V. Pravosudov. 1994. Ptilochronology: follicle history fails to 

influence growth of an induced feather. The Condor 96:214-217.  

Ham, A., and D. Osorio. 2007. Colour preferences and colour vision in poultry chicks. 

Proceedings of the Royal Society of London B: Biological Sciences 274:1941-1948.  



 

 

241 

 

Hamidu, J., G. Fasenko, J. Feddes, E. O’dea, C. Ouellette, M. Wineland, and V. 

Christensen. 2007. The effect of broiler breeder genetic strain and parent flock age on 

eggshell conductance and embryonic metabolism. Poultry Science 86:2420-2432.  

Harlander-Matauschek, A., C. Baes, and W. Bessei. 2006a. The demand of laying hens 

for feathers and wood shavings. Applied Animal Behaviour Science 101:102-110.  

Harlander-Matauschek, A., and W. Bessei. 2005. Feather eating and crop filling in laying 

hens. 

Harlander-Matauschek, A., and U. Feise. 2009. Physical characteristics of feathers play 

a role in feather eating behaviour. Poultry Science 88:1800-1804.  

Harlander-Matauschek, A., H. Piepho, and W. Bessei. 2006b. The effect of feather eating 

on feed passage in laying hens. Poultry Science 85:21-25.  

Havenstein, G. B., P. R. Ferket, and M. A. Qureshi. 2003. Growth, livability, and feed 

conversion of 1957 versus 2001 broilers when fed representative 1957 and 2001 broiler 

diets. Poultry Science 82:1500-1508. doi 10.1093/ps/82.10.1500 

Hayward, L. S., and J. C. Wingfield. 2004. Maternal corticosterone is transferred to avian 

yolk and may alter offspring growth and adult phenotype. General and Comparative 

Endocrinology 135:365-371.  

Heck, A., O. Onagbesan, K. Tona, S. Metayer, J. Putterflam, Y. Jego, J. Trevidy, E. 

Decuypere, J. Williams, and M. Picard. 2004. Effects of ad libitum feeding on performance 

of different strains of broiler breeders. British Poultry Science 45:695-703.  

Herrera, J., B. Saldaña, P. Guzmán, M. Ibáñez, H. Mandalawi, L. Cámara, and G. Mateos. 

2018. Particle size affects short-term preference behaviour of brown-egg laying hens fed 

diets based on corn or barley. Poultry Science 97:1324-1333.  



 

 

242 

 

Hester, P. Y. 2017. Breeder hen Influence on nutrient availability for the embryo and 

hatchling. Pages 55-63 in Egg Innovations and Strategies for Improvements Elsevier. 

Hetland, H., M. Choct, and B. Svihus. 2004. Role of insoluble non-starch polysaccharides 

in poultry nutrition. World's Poultry Science Journal 60:415-422.  

Hetland, H., and B. Svihus. 2001. Effect of oat hulls on performance, gut capacity and 

feed passage time in broiler chickens. British Poultry Science 42:354-361.  

Heusner, A. 1987. What does the power function reveal about structure and function in 

animals of different size? Annual Review of Physiology 49:121-133.  

Ho, D. H., W. L. Reed, and W. W. Burggren. 2011. Egg yolk environment differentially 

influences physiological and morphological development of broiler and layer chicken 

embryos. Journal of Experimental Biology 214:619-628.  

Hocking, P., and R. Bernard. 2000. Effects of the age of male and female broiler breeders 

on sexual behaviour, fertility and hatchability of eggs. British Poultry Science 41:370-376.  

Hocking, P., B. Hughes, and S. Keer‐Keer. 1997. Comparison of food intake, rate of 

consumption, pecking activity and behaviour in layer and broiler breeder males. British 

Poultry Science 38:237-240.  

Hocking, P., E. Jones, and M. Picard. 2005. Assessing the welfare consequences of 

providing litter for feed-restricted broiler breeders. British Poultry Science 46:545-552.  

Hocking, P., M. Maxwell, G. Robertson, and M. Mitchell. 2001. Welfare assessment of 

modified rearing programs for broiler breeders. British Poultry Science 42:424-432.  

Hocking, P., M. Maxwell, G. Robertson, and M. Mitchell. 2002. Welfare assessment of 

broiler breeders that are food restricted after peak rate of lay. British Poultry Science 43:5-

15.  



 

 

243 

 

Hocking, P., and K. Wu. 2013. Traditional and commercial turkeys show similar 

susceptibility to foot pad dermatitis and behavioural evidence of pain. British Poultry 

Science 54:281-288.  

Hocking, P. M., M. H. Maxwell, and M. A. Mitchell. 1996. Relationships between the 

degree of food restriction and welfare indices in broiler breeder females. British Poultry 

Science 37:263-278. doi 10.1080/00071669608417858 

Howie, J., B. Tolkamp, S. Avendano, and I. Kyriazakis. 2009. The structure of feeding 

behaviour in commercial broiler lines selected for different growth rates. Poultry Science 

88:1143-1150.  

Hudson, L. N., N. J. Isaac, and D. C. Reuman. 2013. The relationship between body mass 

and field metabolic rate among individual birds and mammals. Journal of Animal Ecology 

82:1009-1020.  

Iqbal, J., S. H. Khan, N. Mukhtar, T. Ahmed, and R. A. Pasha. 2016. Effects of egg size 

(weight) and age on hatching performance and chick quality of broiler breeder. Journal of 

Applied Animal Research 44:54-64.  

Isaacks, R. E., B. Reid, R. Davies, J. Quisenbeery, and J. Couch. 1960. Restricted 

feeding of broiler type replacement stock. Poultry Science 39:339-346.  

Jenkins, D. J., A. Marchie, L. S. Augustin, E. Ros, and C. W. Kendall. 2004. Viscous 

dietary fibre and metabolic effects. Clinical Nutrition Supplements 1:39-49.  

Jiménez-Moreno, E., J. González-Alvarado, A. de Coca-Sinova, R. Lázaro, and G. 

Mateos. 2009. Effects of source of fibre on the development and pH of the gastrointestinal 

tract of broilers. Animal Feed Science and Technology 154:93-101.  

Jones, B., and A. Boissy. 2011b. Fear and other negative emotions. Animal Welfare:78-

97.  



 

 

244 

 

Jovani, R., and J. Blas. 2004. Adaptive allocation of stress‐induced deformities on bird 

feathers. Journal of Evolutionary Biology 17:294-301.  

Jovani, R., and J. Diaz‐Real. 2012. Fault bars timing and duration: the power of studying 

feather fault bars and growth bands together. Journal of Avian Biology 43:97-101.  

Jovani, R., and S. Rohwer. 2017. Fault bars in bird feathers: mechanisms, and ecological 

and evolutionary causes and consequences. Biological Reviews 92:1113-1127.  

Julian, R. J. 2005. Production and growth related disorders and other metabolic diseases 

of poultry–a review. The Veterinary Journal 169:350-369.  

Katanbaf, M., E. Dunnington, and P. Siegel. 1989a. Restricted feeding in early and late-

feathering chickens. 1. Growth and physiological responses. Poultry Science 68:344-351.  

Katanbaf, M., E. Dunnington, and P. Siegel. 1989b. Restricted feeding in early and late-

feathering chickens. 2. Reproductive responses. Poultry Science 68:352-358.  

Kelley, J. L., and C. Macias Garcia. 2010. Ontogenetic effects of captive breeding. Pages 

589-595 in Encyclopedia of Animal Behaviour. Elvesier ed. 

Keeling, L. J., J. Rushen, and I. J. Duncan. 2011. Understanding animal welfare. Animal 

Welfare:13-26.  

Khan, S. H., and J. Iqbal. 2016. Recent advances in the role of organic acids in poultry 

nutrition. Journal of Applied Animal Research 44:359-369. doi 

10.1080/09712119.2015.1079527 

King, J. R., and M. E. Murphy. 1984. Fault bars in the feathers of white-crowned sparrows: 

dietary deficiency or stress of captivity and handling? The Auk.  

Kostal, L., C. J. Savory, and B. O. Hughes. 1992. Diurnal and individual variation in 

behaviour of restricted-fed broiler breeders. Applied Animal Behaviour Science 32:361-

374.  



 

 

245 

 

Kuenzel, W. J. 2015. The avian subpallium and autonomic nervous system. Pages 135-

163 in Sturkie's Avian Physiology (Sixth Edition) Elsevier. 

Kuenzel, W. J., and N. T. Kuenzel. 1977. Basal metabolic rate in growing chicks Gallus 

domesticus. Poultry Science 56:619-627.  

Kyriazakis, I., and B. Tolkamp. 2011. Hunger and thirst. Animal welfare. Wallingford: 

CABI:44-63.  

Lees, J., C. Lindholm, P. Batakis, M. Busscher, and J. Altimiras. 2017. The physiological 

and neuroendocrine correlates of hunger in the Red Junglefowl (Gallus gallus). Scientific 

Reports 7:17984.  

Leeson, S. 2012. Future considerations in poultry nutrition Oxford University Press 

Oxford, UK. 

Leeson, S., and W. Morrison. 1978. Effect of feather cover on feed efficiency in laying 

birds. Poultry Science 57:1094-1096.  

Leeson, S., and J. Summers. 1982. Consequence of increased feed allotment for growing 

broiler breeder pullets as a means of stimulating early maturity. Poultry Science 62:6-11.  

Leeson, S., and J. Summers. 1985. Effect of cage versus floor rearing and skip-a-day 

versus every-day feed restriction on performance of dwarf broiler breeders and their 

offspring. Poultry Science 64:1742-1749.  

Leeson, S., and T. Walsh. 2004. Feathering in commercial poultry I. Feather growth and 

composition. World's Poultry Science Journal 60:42-51.  

Leksrisompong, N., H. Romero-Sanchez, P. Plumstead, K. Brannan, S. Yahav, and J. 

Brake. 2009. Broiler incubation. 2. Interaction of incubation and brooding temperatures 

on broiler chick feed consumption and growth. Poultry science 88:1321-1329.  



 

 

246 

 

Leung, H., A. Arrazola, S. Torrey, and E. Kiarie. 2018. Utilization of soy hulls, oat hulls, 

and flax meal fiber in adult broiler breeder hens. Poultry Science 97:1368-1372. doi 

10.3382/ps/pex434 

Li, W., Y. Feng, R. Zhao, Y. Fan, N. Affara, J. Wu, J. Fang, Q. Tong, C. Wang, and S. 

Zhang. 2008. Sex ratio bias in early-dead embryos of chickens collected during the first 

week of incubation. Poultry Science 87:2231-2233.  

Lindholm, C., A. Calais, J. Jönsson, N. Yngwe, E. Berndtson, E. Hult, and J. Altimiras. 

2015. Slow and steady wins the race? No signs of reduced welfare in smaller broiler 

breeder hens at four weeks of age. Animal Welfare 24:447-454.  

Lindholm, C., A. Johansson, A. Middelkoop, J. J. Lees, N. Yngwe, E. Berndtson, G. 

Cooper, and J. Altimiras. 2018. The Quest for Welfare-Friendly Feeding of Broiler 

Breeders: Effects of Daily vs. 5:2 Feed Restriction Schedules. Poultry Science 97:368-

377. doi 10.3382/ps/pex326 

Lodge, J., N. Fechheimer, and R. Jaap. 1971. The relationship of in vivo sperm storage 

interval to fertility and embryonic survival in the chicken. Biology of Reproduction 5:252-

257.  

Lopez, G., And S. Leeson. 1995. Response of broiler breeders to low-protein diets. 1. 

Adult breeder performance. Poultry Science 74:685-695.  

Mason, G. 2006. Stereotypic behaviour: fundamentals and applications to animal welfare 

and beyond stereotypic behaviour in Captive Animals: Fundamentals and Applications to 

Welfare. 

Mason, G., and M. Bateson. 2009. Motivation and the organization of behaviour. The 

Ethology of Domesticated Animals, 2nd eds. CAB International, Wallingford, UK:38-56.  

Mason, G. J., and C. C. Burn. 2011. Behavioural restriction. Animal welfare:98-119.  



 

 

247 

 

Mateos, G., E. Jiménez-Moreno, M. Serrano, and R. Lázaro. 2012. Poultry response to 

high levels of dietary fiber sources varying in physical and chemical characteristics. 

Journal of Applied Poultry Research 21:156-174.  

McKeegan, D. E., and C. Savory. 1999. Feather eating in layer pullets and its possible 

role in the aetiology of feather pecking damage. Applied Animal Behaviour Science 65:73-

85.  

Mellor, D. J. 2016. Updating animal welfare thinking: Moving beyond the “Five Freedoms” 

towards “a Life Worth Living”. Animals 6:21.  

Mellor, E., B. Brilot, and S. Collins. 2018. Abnormal repetitive behaviours in captive birds: 

a Tinbergian review. Applied Animal Behaviour Science 198:109-120.  

Mench, J. A. 2002. Broiler breeders: feed restriction and welfare. Worlds Poultry Science 

Journal 58:23-29. doi 10.1079/wps20020004 

Meyer, B., W. Bessei, W. Vahjen, J. Zentek, and A. Harlander-Matauschek. 2012. Dietary 

inclusion of feathers affects intestinal microbiota and microbial metabolites in growing 

Leghorn-type chickens. Poultry Science 91:1506-1513.  

Moghadam, H., I. McMillan, J. Chambers, R. Julian, and C. Tranchant. 2005. Heritability 

of sudden death syndrome and its associated correlations to ascites and body weight in 

broilers. British Poultry Science 46:54-57.  

Moradi, S., M. Zaghari, M. Shivazad, R. Osfoori, and M. Mardi. 2013. Response of female 

broiler breeders to qualitative feed restriction with inclusion of soluble and insoluble fiber 

sources. Journal of Applied Poultry Research 22:370-381.  

Moraes, T., A. Pishnamazi, E. Mba, I. Wenger, R. Renema, and M. Zuidhof. 2014. Effect 

of maternal dietary energy and protein on live performance and yield dynamics of broiler 

progeny from young breeders. Poultry Science 93:2818-2826.  



 

 

248 

 

Mormède, P., S. Andanson, B. Aupérin, B. Beerda, D. Guémené, J. Malmkvist, X. 

Manteca, G. Manteuffel, P. Prunet, and C. G. van Reenen. 2007. Exploration of the 

hypothalamic–pituitary–adrenal function as a tool to evaluate animal welfare. Physiology 

& Behaviour 92:317-339.  

Morrissey, K. L. H., T. Widowski, S. Leeson, V. Sandilands, A. Arnone, and S. Torrey. 

2014a. The effect of dietary alterations during rearing on feather condition in broiler 

breeder females. Poultry Science 93:1636-1643. doi 10.3382/ps.2013-03822 

Morrissey, K. L. H., T. Widowski, S. Leeson, V. Sandilands, A. Arnone, and S. Torrey. 

2014b. The effect of dietary alterations during rearing on growth, productivity, and 

behaviour in broiler breeder females. Poultry Science 93:285-295. doi 10.3382/ps.2013-

03265 

Morton, D. 1993. Removal of blood from laboratory mammals and birds. Lab Anim 27:1-

22.  

Mottet, A., and G. Tempio. 2017. Global poultry production: current state and outlook and 

challenges. World's Poultry Science Journal 73:245-256.  

Murphy, M. E., J. R. King, and J. Lu. 1988. Malnutrition during the postnuptial molt of 

white-crowned sparrows: feather growth and quality. Canadian Journal of Zoology 

66:1403-1413.  

Murphy, M. E., B. T. Miller, and J. R. King. 1989. A structural comparison of fault bars 

with feather defects known to be nutritionally induced. Canadian Journal of Zoology 

67:1311-1317.  

Møller, A., R. Kimball, and J. Erritzøe. 1996. Sexual ornamentation, condition, and 

immune defense in the house sparrow Passer domesticus. Behavioural Ecology and 

Sociobiology 39:317-322.  



 

 

249 

 

Møller, A. P., J. Erritzøe, And J. T. Nielsen. 2009. Frequency of fault bars in feathers of 

birds and susceptibility to predation. Biological Journal of the Linnean Society 97:334-

345.  

Naguib, M., A. Nemitz, and D. Gil. 2006. Maternal developmental stress reduces 

reproductive success of female offspring in zebra finches. Proceedings of the Royal 

Society of London B: Biological Sciences 273:1901-1905.  

National Farm Animal Care Council (NFACC). 2016. For the care and handling of 

hatching eggs, breeders, chickens, and turkeys. Code of Practice. Available in: 

http://www.nfacc.ca/codes-of-practice. 

Newberry, R. C., L. J. Keeling, I. Estevez, and B. Bilčík. 2007. Behaviour when young as 

a predictor of severe feather pecking in adult laying hens: the redirected foraging 

hypothesis revisited. Applied Animal Behaviour Science 107:262-274.  

Nielsen, B. L., K. Thodberg, J. Malmkvist, and S. Steenfeldt. 2011. Proportion of insoluble 

fibre in the diet affects behaviour and hunger in broiler breeders growing at similar rates. 

Animal 5:1247-1258.  

Nir, I., N. Shapira, Z. Nitsan, and Y. Dror. 1974. Force-feeding effects on growth, carcass 

and blood composition in the young chick. British Journal of Nutrition 32:229-239.  

Nitsan, Z., Y. Dror, I. Nir, and N. Shapira. 1974. The effects of force-feeding on enzymes 

of the liver, kidney, pancreas and digestive tract of chicks. British Journal of Nutrition 

32:241-247.  

Odihambo Mumma, J., J. Thaxton, Y. Vizzier-Thaxton, and W. Dodson. 2006. 

Physiological stress in laying hens. Poultry Science 85:761-769.  

Ohta, Y., M. Kidd, and T. Ishibashi. 2001. Embryo growth and amino acid concentration 

profiles of broiler breeder eggs, embryos, and chicks after in ovo administration of amino 

acids. Poultry Science 80:1430-1436.  



 

 

250 

 

Olsson, A. S., and H. Würbel. 2011. Behaviour in Animal Welfare CABI. 

Omogbenigun, F., C. Nyachoti, and B. Slominski. 2003. The effect of supplementing 

microbial phytase and organic acids to a corn-soybean based diet fed to early-weaned 

pigs. Journal of Animal Science 81:1806-1813.  

O’sullivan, N., E. Dunnington, and P. Siegel. 1991. Relationships among age of dam, egg 

components, embryo lipid transfer, and hatchability of broiler breeder eggs. Poultry 

Science 70:2180-2185.  

Parker, T. H. 2002. Maternal condition, reproductive investment, and offspring sex ratio 

in captive red junglefowl (Gallus gallus). The Auk 119:840-845.  

Patak, A., and J. Baldwin. 1988. Why is there so much myoglobin in chicken gizzard and 

so little in emu gizzard? Comparative Biochemistry and Physiology Part B: Comparative 

Biochemistry 89:27-30.  

Paul, S., G. Samanta, G. Halder, and P. Biswas. 2007. Effect of a combination of organic 

acid salts as antibiotic replacer on the performance and gut health of broiler chickens. 

Livestock Research for Rural Development 19:2007.  

Phillips, C. J. C. 2016. Introduction to Welfare and Nutrition. Pages 1-10 in Nutrition and 

the Welfare of Farm Animals Springer. 

Piersma, T., And M. R. V. Eerden. 1989. Feather eating in Great Crested Grebes 

Podiceps cristatus: a unique solution to the problems of debris and gastric parasites in 

fish‐eating birds. Ibis 131:477-486.  

Pinchasov, Y., D. Galili, N. Yonash, and H. Klandorf. 1993. Effect of feed restriction using 

self-restricting diets on subsequent performance of broiler breeder females. Poultry 

Science 72:613-619.  



 

 

251 

 

Pinchasov, Y., and L. Jensen. 1989. Effect of short-chain fatty acids on voluntary feed of 

broiler chicks. Poultry Science 68:1612-1618.  

Pinchasov, Y., I. Nir, and Z. Nitsan. 1985. Metabolic and anatomical adaptations of heavy-

bodied chicks to intermittent feeding .1. Food-intake, growth-rate, organ weight, and 

body-composition. Poultry Science 64:2098-2109.  

Prus, A. J., J. R. James, and J. A. Rosecrans. 2009. Conditioned place preference.  

Ralph, C., P. Hemsworth, B. Leury, and A. Tilbrook. 2015. Relationship between plasma 

and tissue corticosterone in laying hens (Gallus domesticus): implications for stress 

physiology and animal welfare. Domestic animal endocrinology 50:72-82.  

Ramachandran, R. 2014. Current and future reproductive technologies for avian species. 

Pages 23-31 in Current and Future Reproductive Technologies and World Food 

Production Springer. 

Ravindran, V. 2014. Poultry. In: Nutrition of Meat Animals. 

Renema, R., F. Robinson, R. Beliveau, H. Davis, and E. Lindquist. 2007. Relationships 

of body weight, feathering, and footpad condition with reproductive and carcass 

morphology of end-of-season commercial broiler breeder hens. Journal of Applied Poultry 

Research 16:27-38.  

Renema, R., F. Robinson, and P. Goerzen. 2001a. Effects of altering growth curve and 

age at photostimulation in female broiler breeders. 1. Reproductive development. 

Canadian Journal of Animal Science 81:467-476.  

Renema, R., F. Robinson, P. Goerzen, and M. Zuidhof. 2001b. Effects of altering growth 

curve and age at photostimulation in female broiler breeders. 2. Egg production 

parameters. Canadian Journal of Animal Science 81:477-486.  



 

 

252 

 

Riber, A. B., and L. K. Hinrichsen. 2016. Feather eating and its associations with plumage 

damage and feathers on the floor in commercial farms of laying hens. Animal 10:1218-

1224.  

Richards, M. P., S. M. Poch, C. N. Coon, R. W. Rosebrough, C. M. Ashwell, and J. P. 

McMurtry. 2003a. Feed restriction significantly alters lipogenic gene expression in broiler 

breeder chickens. The Journal of Nutrition 133:707-715.  

Richards, M. P., S. M. Poch, C. N. Coon, R. W. Rosebrough, C. M. Ashwell, and J. P. 

McMurtry. 2003b. Feed restriction significantly alters lipogenic gene expression in broiler 

breeder chickens. The Journal of Nutrition 133:707-715.  

Riddle, O. 1908. The genesis of fault-bars in feathers and the cause of alternation of light 

and dark fundamental bars. The Biological Bulletin 14:328-[370]-321.  

Robinson, F., J. Wilson, M. Yu, G. Fasenko, and R. Hardin. 1993. The relationship 

between body weight and reproductive efficiency in meat-type chickens. Poultry Science 

72:912-922.  

Romero, L. M., D. Strochlic, and J. C. Wingfield. 2005. Corticosterone inhibits feather 

growth: potential mechanism explaining seasonal down regulation of corticosterone 

during molt. Comparative Biochemistry and Physiology Part A: Molecular & Integrative 

Physiology 142:65-73.  

Roza, K., M. Martin, and H. J. Barnes. 2006. Litter impaction of the lower intestinal tract 

in male broiler breeders. Avian Diseases 50:460-462.  

Sacranie, A., B. Svihus, V. Denstadli, B. Moen, P. Iji, and M. Choct. 2012. The effect of 

insoluble fiber and intermittent feeding on gizzard development, gut motility, and 

performance of broiler chickens. Poultry Science 91:693-700.  



 

 

253 

 

Sahib, A., S. H. Ullah, and M. Naresh. 2010. Effect of Calcium Propionate and Water 

Activity on Growth and Aflatoxins Production by Aspergillus flavus. Journal of Food 

Science 75:M61-M64. doi doi:10.1111/j.1750-3841.2009.01462.x 

Sahraei, M. 2012. Feed restriction in broiler chicken production. Biotechnology in Animal 

Husbandry 28:333-352.  

Sandilands, V., B. J. Tolkamp, and I. Kyriazakis. 2005. Behaviour of food restricted 

broilers during rearing and lay - effects of an alternative feeding method. Physiology & 

Behaviour 85:115-123. doi 10.1016/j.physbeh.2005.03.001 

Sandilands, V., B. J. Tolkamp, C. J. Savory, and I. Kyriazakis. 2006. Behaviour and 

welfare of broiler breeders fed qualitatively restricted diets during rearing: Are there viable 

alternatives to quantitative restriction? Applied Animal Behaviour Science 96:53-67. doi 

10.1016/j.applanim.2005.04.017 

Sandøe, P., and S. a. C. P. Corr. 2014. Fat companions: understanding the welfare 

effects of obesity in cats and dogs. Pages 28-45 in Dilemmas in Animal Welfare CABI. 

Sarabia Fragoso, J., M. Pizarro Díaz, J. Abad Moreno, P. Casanovas Infesta, A. 

Rodriguez‐Bertos, and K. Barger. 2013. Relationships between fertility and some 

parameters in male broiler breeders (body and testicular weight, histology and 

immunohistochemistry of testes, spermatogenesis and hormonal levels). Reproduction in 

Domestic Animals 48:345-352.  

Savory, C., P. Hocking, J. Mann, and M. Maxwell. 1996. Is broiler breeder welfare 

improved by using qualitative rather than quantitative food restriction to limit growth rate? 

Animal welfare 5:105-127.  

Savory, C., K. Maros, and S. Rutter. 1993a. Assessment of hunger in growing broiler 

breeders in relation to a commercial restricted feeding programme. Animal Welfare 2:131-

152.  



 

 

254 

 

Savory, C. J., and K. Maros. 1993b. Influence of degree of food restriction, age and time 

of day on behaviour of broiler breeder chickens. Behavioural Processes 29:179-189.  

Scanes, C. G. 2016. Biology of stress in poultry with emphasis on glucocorticoids and the 

heterophil to lymphocyte ratio. Poultry Science 95:2208-2215.  

Simmons, K. 1956. Feather-eating and pellet-formation in the Great Crested Grebe. Br. 

Birds 49:432-435.  

Standlee, W., A. Strother, C. Creger, and J. Couch. 1963. Feeding and management of 

broiler strain breeder hens. Poultry Science 42:452-457.  

Stilborn, H., E. Moran Jr, R. Gous, and M. Harrison. 1997. Effect of age on feather amino 

acid content in two broiler strain crosses and sexes. Journal of Applied Poultry Research 

6:205-209.  

Storer, R. W. 1961. Observations of pellet-casting by horned and pied-billed grebes. The 

Auk 78:90-92.  

Strochlic, D. E., and L. M. Romero. 2008. The effects of chronic psychological and 

physical stress on feather replacement in European starlings (Sturnus vulgaris). 

Comparative Biochemistry and Physiology Part A: Molecular & Integrative Physiology 

149:68-79.  

Taghipoor, M., G. Barles, C. Georgelin, J.-R. Licois, and P. Lescoat. 2014. Digestion 

modeling in the small intestine: Impact of dietary fiber. Mathematical Biosciences 

258:101-112.  

Taira, K., T. Nagai, T. Obi, and K. Takase. 2014. Effect of litter moisture on the 

development of footpad dermatitis in broiler chickens. Journal of Veterinary Medical 

Science 76:583-586.  



 

 

255 

 

Taylor, A., W. Sluckin, and R. Hewitt. 1969. Changing colour preferences of chicks. 

Animal Behaviour 17:3-8.  

Tesseraud, S., N. Maaa, R. Peresson, and A. Chagneau. 1996. Relative responses of 

protein turnover in three different skeletal muscles to dietary lysine deficiency in chicks. 

British Poultry Science 37:641-650.  

Tolkamp, B. J., and R. B. D’Eath. 2016. Hunger associated with restricted feeding 

systems. Pages 11-27 in Nutrition and the Welfare of Farm Animals Springer. 

Tolkamp, B. J., V. Sandilands, and I. Kyriazakis. 2005. Effects of qualitative feed 

restriction during rearing on the performance of broiler breeders during rearing and lay. 

Poultry Science 84:1286-1293. doi 10.1093/ps/84.8.1286 

Torrey, S., A. A., K. Morrissey, T. Widowski, S. Leeson, V. Sandilands, and H. Classen. 

2013. Are qualitatively restrictive diets for broiler breeders palatable? Poultry Science (E-

Suppl. 1) 92: 28 (Abstract). 

Van der Klein, S., F. Silva, R. Kwakkel, and M. Zuidhof. 2016. The effect of quantitative 

feed restriction on allometric growth in broilers. Poultry Science 96:118-126.  

Van Emous, R., R. Kwakkel, M. Van Krimpen, and W. Hendriks. 2015a. Effects of dietary 

protein levels during rearing and dietary energy levels during lay on body composition 

and reproduction in broiler breeder females. Poultry Science 94:1030-1042. 

Van Emous, R., R. Kwakkel, M. Van Krimpen, H. Van Den Brand, and W. Hendriks. 

2015b. Effects of growth patterns and dietary protein levels during rearing of broiler 

breeders on fertility, hatchability, embryonic mortality, and offspring performance. Poultry 

Science 94:681-691.  

Van Emous, R. A., R. Kwakkel, M. van Krimpen, and W. Hendriks. 2015c. Effects of 

different dietary protein levels during rearing and different dietary energy levels during lay 



 

 

256 

 

on behaviour and feather cover in broiler breeder females. Applied Animal Behaviour 

Science 168:45-55.  

Van Krimpen, M., and I. De Jong. 2014. Impact of nutrition on welfare aspects of broiler 

breeder flocks. World's Poultry Science Journal 70:139-150.  

Veissier, I., and A. Boissy. 2007. Stress and welfare: two complementary concepts that 

are intrinsically related to the animal's point of view. Physiology & Behaviour 92:429-433.  

Vignale, K., J. V. Caldas, J. A. England, N. Boonsinchai, P. Sodsee, M. Putsakum, E. D. 

Pollock, S. Dridi, and C. N. Coon. 2016. The effect of four different feeding regimens from 

rearing period to sexual maturity on breast muscle protein turnover in broiler breeder 

parent stock. Poultry Science 96:1219-1227.  

Wilson, K. M., D. V. Bourassa, B. L. McLendon, J. L. Wilson, R. J. Buhr. 2018. Impact of 

skip-a-day and every-day feeding programs for broiler breeder pullets on the recovery of 

Salmonella and Campylobacter following challenge. Poultry Science 97 (8): 2775–2784. 

Whitmore, K. D., and J. M. Marzluff. 1998. Hand-rearing corvids for reintroduction: 

importance of feeding regime, nestling growth, and dominance. The Journal of Wildlife 

Management:1460-1479.  

Yeates, J. W. 2011. Is'a life worth living'a concept worth having? Animal Welfare 20:397-

406.  

Zuidhof, M., D. Holm, R. Renema, M. Jalal, and F. Robinson. 2015. Effects of broiler 

breeder management on pullet body weight and carcass uniformity. Poultry Science 

94:1389-1397.  



 

 

257 

 

APPENDIX 

A Statistical program 

1. Orthogonal coefficients 

The effect of the discrete quantitative fixed factors on the variable response was assessed 
using contrast statement in Proc glimmix. Orthogonal coefficients were calculated using 
the following code according to the number of independent observations (nn) per 
repetition (Xn). This code was primarily used to determine the orthogonal coefficients for 
the effect of age on the dependent variable.  

proc iml;  
x={x1, x2, x3, x4, x5}; 
n={n1, n2, n3, n4, n5};  
xp=t(diag(n)*orpol(x,(nrow(x)-1),n)); 
coeff=xp[(1:(nrow(xp)-1))+1,]; 
levels=char(t(x)); rname="x1":"x"+char(nrow(coeff)); rname=rname`; print coeff[c=levels 
r=rname l="Orthogonal coefficients"]; quit; 
  



 

 

258 

 

2. Collinearity, outliers and residual analyses 

Prior to analysis the effect of the fixed factors on the dependent variable, the model was 
assessed for collinearity and for residual analysis (normality, homocedasticity, linearity 
and the degrees of freedom based the number of independent observations). 

Collinearity among two or more quantitative variables (fixed factors and covariable) was 
defined as the variance inflator factor higher than 2.5, and collinearity was calculated 
using Proc Reg with vif option on the model statement.  

Collinearity 

proc reg data=work.dataset plots=all; 
model Y=X1 X2 / vif Collin collinoint partial acov spec; test hcc; run; 

Homocedasticity was assessed using Proc Reg (hcc option in the test statement), Proc 
glimmix (homogeneity, the likelihood ratio test and Wald option in the covtest statement) 
and Proc univariate (normality tests for student residuals). Normality (µ=0.000, σ=1.00, 
kurtosis<0.1) was verified looking at the student residuals and tested using Proc 
Univariate Shapiro-Wilk test (probability and W statistic>0.9) and Kolmogorov-Smirnov 
test.  

Residual analysis  Outliers 

data second; set second; 
ebresid=smresid-studentresid; run; 
Proc sgplot data=second;  
scatter y=studentresid x=treatment; refline 0; 
proc sgplot data=second;  
vbox studentresid / group=treatment datalabel; 
proc sgscatter data=second; 
plot studentresid*(pred treatment pen); 
proc univariate normal data=work.second; 
var studentresid; 
probplot studentresid/normal(mu=est sigma=est); 
run; 
Proc sgplot; vbox studentresid /datalabel 
group=treatment; 
Proc univariate normal data=work.second; 
var studentresid; 
probplot studentresid/normal(mu=est sigma=est); 
run; 
 

 proc sort data=work.second;  
by studentresid; 
proc print; 
run; 
proc sort data=second 
out=secondsorted; 
where -
3.4<studentresid<3.4; run; 
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3. The effect of alternative feeding strategies during rearing (from 3 
to 12 weeks of age) on feeding motivation of broiler breeder 
pullets 

The experimental design controlled for chicks’ body weight and body weight uniformity 
prior to the onset of the experiments, but the model accounted for initial boy weight and 
initial body weight uniformity as a covariate. 

Body weight and body weight uniformity 

Proc glimmix data=work.bodyweightcov plots=all; 
Class treatment age paircage cage tier side floor location; 
model bw=treatment|age bwinitial / ddf=betwithin; 
model sdbw=treatment|age sdbwinitial / ddf=betwithin; 
model cv=treatment|age cvinitial / ddf=betwithin; 
random tier floor cage side location; 
random age / subject=paircage group=treatment residual;  
lsmeans treatment|age / pdiff adjust=tukey ilink slice=neighbour; 
Estimate 'FF: non-daily vs dailies' treatment -4 1 1 1 1 / divisor=4; 
Estimate 'fibre vs non-fibre daily' treatment 0 1 -1 -1 1 / divisor=1; 
Estimate 'cap vs non-cap daily' treatment 0 1 1 -1 -1 / divisor=1; 
Estimate 'control vs 3 others' treatment 0 1 1 -3 1 / divisor=3; 
Estimate 'control vs 4 others' treatment 1 1 1 -4 1 / divisor=4; 
Contrast 'FF: non-daily vs dailies' treatment -4 1 1 1 1; 
Contrast 'fibre vs non-fibre daily' treatment 0 1 -1 -1 1; 
Contrast 'cap vs non-cap daily' treatment 0 1 1 -1 -1; 
Contrast 'control vs 3 others' treatment 0 1 1 -3 1; 
Contrast 'control vs 4 others' treatment 1 1 1 -4 1; 
Contrast 'linear' age -4.64758 -1.549193 1.5491933 4.64758; 
Contrast 'quadratic' age 3.4641016 -3.464102 -3.464102 3.4641016; 
Contrast 'cubic' age -1.549193 4.64758 -4.64758 1.5491933; 
covtest 0. / wald; 
covtest homogeneity / est restart; 
output out=secondsorted predicted=pred predicted(ilink)=ipred stderr=sd 
stderr(ilink)=isd student=studentresid student(noblup)=smresid residual=resid 
residual(noblup)=mresid; 
ods output lsmeans=mmm diffs=ppp; 
run; 
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Score analyses 

Proc glimmix data=work.score plots=all; 
Class treatment age paircage neighbour id cage tier side floor location; 
model feathercoveragesum=treatment|age initial / ddf=betwithin; 
random tier id cage floor side location; 
random age / group=treatment subject=paircage residual; 
lsmeans treatment|age / pdiff adjust=tukey ilink slice=treatment; 
Estimate 'FF: non-daily vs dailies' treatment -4 1 1 1 1 / divisor=4; 
Estimate 'fibre vs non-fibre daily' treatment 0 1 -1 -1 1 / divisor=1; 
Estimate 'cap vs non-cap daily' treatment 0 1 1 -1 -1 / divisor=1; 
Estimate 'control vs 3 others' treatment 0 1 1 -3 1 / divisor=3; 
Estimate 'control vs 4 others' treatment 1 1 1 -4 1 / divisor=4; 
Contrast 'FF: non-daily vs dailies' treatment -4 1 1 1 1; 
Contrast 'fibre vs non-fibre daily' treatment 0 1 -1 -1 1; 
Contrast 'cap vs non-cap daily' treatment 0 1 1 -1 -1; 
Contrast 'control vs 3 others' treatment 0 1 1 -3 1; 
Contrast 'control vs 4 others' treatment 1 1 1 -4 1; 
Contrast 'linear' age -4.700097 -3.655631 -2.611165 -1.566699 -0.522233
 0.522233 1.5666989 2.6111648 3.6556308 4.7000967; 
Contrast 'quadratic' age  4.9543369 1.6514456 -0.825723 -2.477168 -
3.302891 -3.302891 -2.477168 -0.825723 1.6514456 4.9543369; 
Contrast 'cubic' age -4.301569 1.4338564 3.5846409 3.1749677 1.2290197
 -1.22902 -3.174968 -3.584641 -1.433856 4.3015691; 
Contrast 'quartic' age 3.1930869 -3.902662 -3.015693 0.5321812 3.1930869
 3.1930869 0.5321812 -3.015693 -3.902662 3.1930869; 
Contrast 'quintic' age -2.038099 4.7555635 -0.339683 -3.736514 -2.038099
 2.0380987 3.7365142 0.3396831 -4.755564 2.0380987; 
Contrast 'sixtic' age 1.1078234 -4.062019 3.6927447 2.2156468 -2.954196
 -2.954196 2.2156468 3.6927447 -4.062019 1.1078234; 
Contrast 'lack of fit' age -0.499897 2.610574 -4.776795 2.3328534
 3.1104712 -3.110471 -2.332853 4.776795 -2.610574 0.4998972; 
covtest 0. / wald; 
covtest homogeneity / est restart; 
output out=secondsorted predicted=pred predicted(ilink)=ipred stderr=sd 
stderr(ilink)=isd student=studentresid student(noblup)=smresid residual=resid 
residual(noblup)=mresid; 
ods output lsmeans=mmm diffs=ppp; 
run; 
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Feeder damage 

Proc glimmix data=work.feeder plots=all; 

Class treatment paircage cage neighbour feeder tier side floor location; 

model feederdamage**0.5=treatment / ddf=betwithin; 

random tier floor cage side location;  

random _residual_ / subject=paircage group=treatment;  

lsmeans treatment / pdiff adjust=tukey; 

Contrast 'FF: non-daily vs dailies' treatment -4 1 1 1 1; 

Contrast 'fibre vs non-fibre daily' treatment 0 1 -1 -1 1; 

Contrast 'cap vs non-cap daily' treatment 0 1 1 -1 -1; 

Contrast 'control vs 3 others' treatment 0 1 1 -3 1; 

Contrast 'control vs 4 others' treatment 1 1 1 -4 1; 

covtest 0. / wald; covtest homogeneity / est restart; 

output out=secondsorted predicted=pred predicted(ilink)=ipred stderr=sd 

stderr(ilink)=isd student=studentresid student(noblup)=smresid residual=resid 

residual(noblup)=mresid; run; 

 

Feather traits 

Proc glimmix data=work.feather plots=all; 
Class treatment paircage cage neighbour tier side floor location; 
model fbtail=treatment bw4 / ddf=betwithin; 
model log(fbjuvenile+1)=treatment totalinitial fmass / ddf=betwithin; 
model feathermasstail=treatment bw39 / ddf=betwithin; 
model featherlengthtail=treatment bw9 / ddf=betwithin; 
model feathermassprimary=treatment bw36 / ddf=betwithin; 
model featherlengthprimary=treatment initiallength bw4 / ddf=betwithin; 
random tier floor cage side location; 
random _residual_ / subject=paircage group=treatment;  
lsmeans treatment / pdiff adjust=tukey ilink slice=treatment; 
Contrast 'FF: non-daily vs dailies' treatment -4 1 1 1 1; 
Contrast 'fibre vs non-fibre daily' treatment 0 1 -1 -1 1; 
Contrast 'cap vs non-cap daily' treatment 0 1 1 -1 -1; 
Contrast 'control vs 3 others' treatment 0 1 1 -3 1; 
Contrast 'control vs 4 others' treatment 1 1 1 -4 1; 
covtest 0. / wald; covtest homogeneity / est restart; 
output out=secondsorted predicted=pred predicted(ilink)=ipred stderr=sd 
stderr(ilink)=isd student=studentresid student(noblup)=smresid residual=resid 
residual(noblup)=mresid; run; 
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The effect of the alternative diets on the relative feed intake of pullets naïve to the 

alternative ingredients was independently examined at 3 nad 8 ages of age using 

different subsample of pullets.  

Palatability test 

data palatability3; set palatability3; 
data palatability8; set palatability8; 
relfi=intake/bw; run; 
Proc glimmix data=work.palatability3 plots=all; 
Proc glimmix data=work.palatability8 plots=all; 
Class treatment cage neighbour tier side floor location; 
model relfi=treatment; 
random tier cage floor cage side location; 
random _residual_ / subject=cage group=treatment;  
lsmeans treatment / adjust=tukey; 
Estimate 'FF: non-daily vs dailies' treatment -4 1 1 1 1 / divisor=4; 
Estimate 'fibre vs non-fibre daily' treatment 0 1 -1 -1 1 / divisor=1; 
Estimate 'cap vs non-cap daily' treatment 0 1 1 -1 -1 / divisor=1; 
Estimate 'control vs 3 others' treatment 0 1 1 -3 1 / divisor=3; 
Estimate 'control vs 4 others' treatment 1 1 1 -4 1 / divisor=4; 
Contrast 'FF: non-daily vs dailies' treatment -4 1 1 1 1; 
Contrast 'fibre vs non-fibre daily' treatment 0 1 -1 -1 1; 
Contrast 'cap vs non-cap daily' treatment 0 1 1 -1 -1; 
Contrast 'control vs 3 others' treatment 0 1 1 -3 1; 
Contrast 'control vs 4 others' treatment 1 1 1 -4 1; 
covtest 0. / wald; covtest homogeneity / est restart; 
output out=second predicted=pred predicted(ilink)=ipred stderr=sd stderr(ilink)=isd 
student=studentresid student(noblup)=smresid residual=resid 
residual(noblup)=mresid; run; 

 

Feed intake test and feather eating test 

data feedingratetest; set feedingratetest; relfi=intake/bw; run; 
Proc glimmix data=work.feathereatingtest plots=all; 
Proc glimmix data=work.feedingratetest plots=all; 
Class treatment age paircage neighbour day cage tier side floor location order; 
model relfi=treatment|age|day relfiinitial / ddf=betwithin; 
random tier cage floor paircage side location order; 
random age / subject=paircage group=treatment*day residual; 
model consumption**0.45=treatment|age|day initialconsumption / ddf=betwithin; 
lsmeans treatment|age|day / pdiff adjust=tukey ilink slice=treatment; 
Estimate 'FF: non-daily vs dailies' treatment -2 1 1 1 1 / divisor=2; 
Estimate 'fibre vs non-fibre daily' treatment 0 1 -1 -1 1 / divisor=1; 
Estimate 'cap vs non-cap daily' treatment 0 1 1 -1 -1 / divisor=1; 
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Estimate 'control vs 3 others' treatment 0 1 1 -3 1 / divisor=3; 
Estimate 'control vs 4 others' treatment 1 1 1 -4 1 / divisor=4; 
Contrast 'FF: non-daily vs dailies' treatment -2 1 1 1 1; 
Contrast 'fibre vs non-fibre daily' treatment 0 1 -1 -1 1; 
Contrast 'cap vs non-cap daily' treatment 0 1 1 -1 -1; 
Contrast 'control vs 3 others' treatment 0 1 1 -3 1; 
Contrast 'control vs 4 others' treatment 1 2 2 -7 2; 
Contrast 'linear' age -4.700097 -3.655631 -2.611165 -1.566699 -0.522233
 0.522233 1.5666989 2.6111648 3.6556308 4.7000967; 
Contrast 'quadratic' age  4.9543369 1.6514456 -0.825723 -2.477168 -
3.302891 -3.302891 -2.477168 -0.825723 1.6514456 4.9543369; 
Contrast 'cubic' age -4.301569 1.4338564 3.5846409 3.1749677 1.2290197
 -1.22902 -3.174968 -3.584641 -1.433856 4.3015691; 
Contrast 'quartic' age 3.1930869 -3.902662 -3.015693 0.5321812 3.1930869
 3.1930869 0.5321812 -3.015693 -3.902662 3.1930869; 
Contrast 'quintic' age -2.038099 4.7555635 -0.339683 -3.736514 -2.038099
 2.0380987 3.7365142 0.3396831 -4.755564 2.0380987; 
Contrast 'sixtic' age 1.1078234 -4.062019 3.6927447 2.2156468 -2.954196
 -2.954196 2.2156468 3.6927447 -4.062019 1.1078234; 
Contrast 'lack of fit' age -0.499897 2.610574 -4.776795 2.3328534
 3.1104712 -3.110471 -2.332853 4.776795 -2.610574 0.4998972; 
covtest 0. / wald; covtest homogeneity / est restart; 
output out=secondsorted predicted=pred predicted(ilink)=ipred stderr=sd 
stderr(ilink)=isd student=studentresid student(noblup)=smresid residual=resid 
residual(noblup)=mresid; run; 
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4. The effect of alternative feeding strategies during rearing (from 3 
to 12 weeks of age) on the GIT development and functioning of 
broiler breeder pullets 

The effect of body weight on the GIT development and functioning was included in the 
model as a covariate. 

GIT development 

Proc glimmix data=work.length plots=all; 
Proc glimmix data=work.mass plots=all; 
Class treatment paircage cage neighbour tier side time age order floor location; 
model bw=treatment|age|time / ddf=betwithin; 
model emptybw=treatment|age|time / ddf=betwithin; 
model total=treatment|age|time bw / ddf=betwithin; 
model small=treatment|age|time bw / ddf=betwithin; 
model large=treatment|age|time bw / ddf=betwithin; 
model liver=treatment|age|time bw / ddf=betwithin;  
model gizzard=treatment|age|time bw / ddf=betwithin;  
model heart=treatment|age|time bw / ddf=betwithin;  
random tier cage floor cage side location order; 
random age / subject=paircage group=treatment residual; 
lsmeans treatment|age|time / pdiff adjust=tukey ilink slice=treatment*age; 
Estimate 'FF: non-daily vs dailies' treatment -4 1 1 1 1 / divisor=4; 
Estimate 'fibre vs non-fibre daily' treatment 0 1 -1 -1 1 / divisor=1; 
Estimate 'cap vs non-cap daily' treatment 0 1 1 -1 -1 / divisor=1; 
Estimate 'control vs 3 others' treatment 0 1 1 -3 1 / divisor=3; 
Estimate 'control vs 4 others' treatment 1 1 1 -4 1 / divisor=4; 
Contrast 'FF: non-daily vs dailies' treatment -4 1 1 1 1; 
Contrast 'fibre vs non-fibre daily' treatment 0 1 -1 -1 1; 
Contrast 'cap vs non-cap daily' treatment 0 1 1 -1 -1; 
Contrast 'control vs 3 others' treatment 0 1 1 -3 1; 
Contrast 'control vs 4 others' treatment 1 1 1 -4 1; 
covtest 0. / wald; covtest homogeneity / est restart; 
output out=secondsorted predicted=pred predicted(ilink)=ipred stderr=sd 
stderr(ilink)=isd student=studentresid student(noblup)=smresid residual=resid 
residual(noblup)=mresid; ods output lsmeans=mmm diffs=ppp; run; 
%include '/folders/myfolders/sasuser.v94/Codes/pdmix800.sas'; 
%pdmix800 (ppp,mmm,alpha=0.05,sort=no); 
%pdmix800 (ppp,mmm,alpha=0.05,sort=no,slice=treatment); 
%pdmix800 (ppp,mmm,alpha=0.05,sort=no,slice=treatment*age); run; 
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GIT functioning 

Proc glimmix data=work.content plots=all; 
Proc glimmix data=work.relwatercontent plots=all; 
Class treatment paircage cage neighbour tier side time age order floor location; 
model total=treatment|age|time bw / ddf=betwithin; 
model small=treatment|age|time bw / ddf=betwithin; 
model large=treatment|age|time bw / ddf=betwithin; 
model crop=treatment|age|time bw / ddf=betwithin; 
model duod=treatment|age|time bw / ddf=betwithin; 
model jejunum=treatment|age|time bw / ddf=betwithin; 
model ileum=treatment|age|time bw / ddf=betwithin; 
model colon=treatment|age|time bw/ ddf=betwithin; 
model colon=treatment|age|time bw / ddf=betwithin; 
model ceca=treatment|age bw / ddf=betwithin; 
random tier cage floor cage side location order; 
random age / subject=paircage group=treatment*time residual; 
lsmeans treatment|age|time / pdiff adjust=tukey ilink slice=treatment; 
Estimate 'FF: non-daily vs dailies' treatment -4 1 1 1 1 / divisor=4; 
Estimate 'fibre vs non-fibre daily' treatment 0 1 -1 -1 1 / divisor=1; 
Estimate 'cap vs non-cap daily' treatment 0 1 1 -1 -1 / divisor=1; 
Estimate 'control vs 3 others' treatment 0 1 1 -3 1 / divisor=3; 
Estimate 'control vs 4 others' treatment 1 1 1 -4 1 / divisor=4; 
Contrast 'FF: non-daily vs dailies' treatment -4 1 1 1 1; 
Contrast 'fibre vs non-fibre daily' treatment 0 1 -1 -1 1; 
Contrast 'cap vs non-cap daily' treatment 0 1 1 -1 -1; 
Contrast 'control vs 3 others' treatment 0 1 1 -3 1; 
Contrast 'control vs 4 others' treatment 1 1 1 -4 1; 
covtest 0. / wald; covtest homogeneity / est restart; 
output out=secondsorted predicted=pred predicted(ilink)=ipred stderr=sd 
stderr(ilink)=isd student=studentresid student(noblup)=smresid residual=resid 
residual(noblup)=mresid; ods output lsmeans=mmm diffs=ppp; run; 
%include '/folders/myfolders/sasuser.v94/Codes/pdmix800.sas'; 
%pdmix800 (ppp,mmm,alpha=0.05,sort=no); 
%pdmix800 (ppp,mmm,alpha=0.05,sort=no,slice=treatment); run; 
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GIT lesions, GIT feathers and its association 

Proc glimmix data=work.gitlesions plots=all; 
Class treatment paircage cage neighbour feeder tier side floor; 
model total=treatment|age / ddf=betwithin; 
Proc glimmix data=work.gitfeathers plots=all; 
Class treatment paircage cage neighbour tier side time age order floor location 
observers; 
model log(gizzardlesions+1)=treatment|age|time bw / ddf=betwithin;  
model log(intestinallesions+1)=treatment|age|time bw / ddf=betwithin;  
random tier floor cage side observers; random age / subject=paircage 
group=treatment residual;  
lsmeans treatment|age / pdiff adjust=tukey ilink slice=treatment; 
Estimate 'FF: non-daily vs dailies' treatment -4 1 1 1 1 / divisor=4; 
Estimate 'fibre vs non-fibre daily' treatment 0 1 -1 -1 1 / divisor=1; 
Estimate 'cap vs non-cap daily' treatment 0 1 1 -1 -1 / divisor=1; 
Estimate 'control vs 3 others' treatment 0 1 1 -3 1 / divisor=3; 
Estimate 'control vs 4 others' treatment 1 1 1 -4 1 / divisor=4; 
Contrast 'FF: non-daily vs dailies' treatment -4 1 1 1 1; 
Contrast 'fibre vs non-fibre daily' treatment 0 1 -1 -1 1; 
Contrast 'cap vs non-cap daily' treatment 0 1 1 -1 -1; 
Contrast 'control vs 3 others' treatment 0 1 1 -3 1; 
Contrast 'control vs 4 others' treatment 1 1 1 -4 1; 
covtest 0. / wald; covtest homogeneity / est restart; 
output out=secondsorted predicted=pred predicted(ilink)=ipred stderr=sd 
stderr(ilink)=isd student=studentresid student(noblup)=smresid residual=resid 
residual(noblup)=mresid; ods output lsmeans=mmm diffs=ppp; run; 
 
Proc glimmix data=work.all plots=all; 
Class treatment paircage cage neighbour feeder tier side floor location; 
model log(intestinallesions+1)=intestinalfeathers bw / ddf=betwithin; 
random cage tier floor block; 
random _residual_ / subject=paircage;  
covtest 0. / wald; covtest homogeneity / est restart; 
output out=secondsorted predicted=pred predicted(ilink)=ipred stderr=sd 
stderr(ilink)=isd student=studentresid student(noblup)=smresid residual=resid 
residual(noblup)=mresid; run; 
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5. The effect of alternative feeding strategies during rearing (from 3 
to 22 weeks of age) on welfare and productivity of broiler 
breeders 

Body weight and body weight uniformity 

Proc glimmix data=work.bwcov plots=all; 
Class treatment room age pen side location; 
model bw=treatment|age bwinitial / ddf=satterth; 
model sd=treatment|age sdinitial / ddf=satterth; 
model cv=treatment|age cvinitial / ddf=satterth; 
random pen side location room; random age / subject=pen group=treatment residual; 
lsmeans treatment|age / pdiff adjust=tukey ilink slice=treatment; 
Estimate 'alternative vs commercials' treatment 1 -3 1 1 / divisor=3; 
Estimate 'dailies vs non-dailies' treatment 1 -1 -1 1 / divisor=2; 
Estimate 'control vs other 3' treatment 1 1 -3 1 / divisor=3; 
Estimate 'control vs non-dailies' treatment 1 0 -2 1 / divisor=2; 
Contrast 'Diet: alternative vs commercials' treatment 1 -3 1 1; 
Contrast 'FF: dailies vs non-dailies' treatment 1 -1 -1 1; 
Contrast 'control vs non-dailies' treatment 1 0 -2 1; 
Contrast 'control vs 3 alternatives' treatment 1 1 -3 1; 
Contrast 'linear' age -3.005877 -1.502938 8.343E-17 1.1272037 3.3816112; 
Contrast 'quadratic' age 2.6591024 -0.951422 -2.350094 -1.947569
 2.589982; 
Contrast 'cubic' age -1.676514 3.3545062 0.3054846 -2.9762 0.9927236; 
Contrast 'quartic' age  0.5321473 -2.187067 3.6856125 -2.297525
 0.2668317; 
covtest 0. / wald; covtest homogeneity / est restart; 
output out=secondsorted predicted=pred predicted(ilink)=ipred stderr=sd 
stderr(ilink)=isd student=studentresid student(noblup)=smresid residual=resid 
residual(noblup)=mresid; ods output lsmeans=mmm diffs=ppp; run; 
%include '/folders/myfolders/sasuser.v94/Codes/pdmix800.sas'; 
*%pdmix800 (ppp,mmm,alpha=0.05,sort=no); 
%pdmix800 (ppp,mmm,alpha=0.05,sort=no,slice=treatment); run; 
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Percentage of mature pullets 

Proc glimmix data=work.maturity plots=all; 
Class treatment room pen side location; 
model log(2 – maturity)=treatment / ddf=residual; 
model maturity=treatment|bw; 
random room side location; 
random _residual_ / group=treatment; 
lsmeans treatment / pdiff adjust=tukey ilink slice=treatment; 
Estimate 'alternative vs commercials' treatment 1 -3 1 1 / divisor=3; 
Estimate 'dailies vs non-dailies' treatment 1 -1 -1 1 / divisor=2; 
Estimate 'control vs other 3' treatment 1 1 -3 1 / divisor=3; 
Estimate 'control vs non-dailies' treatment 1 0 -2 1 / divisor=2; 
Contrast 'Diet: alternative vs commercials' treatment 1 -3 1 1; 
Contrast 'FF: dailies vs non-dailies' treatment 1 -1 -1 1; 
Contrast 'control vs non-dailies' treatment 1 0 -2 1; 
Contrast 'control vs 3 alternatives' treatment 1 1 -3 1; 
Contrast 'daily at the end vs 4/3' treatment -3 1 1 1; 
covtest 0. / wald; 
covtest homogeneity / est restart; 
output out=secondsorted predicted=pred predicted(ilink)=ipred stderr=sd 
stderr(ilink)=isd student=studentresid student(noblup)=smresid residual=resid 
residual(noblup)=mresid; 
ods output lsmeans=mmm diffs=ppp; 
run; 
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Score variables 

Proc glimmix data=work.scores plots=all; 
Class treatment room age pen side location observer; 
model footlesions**0.4=treatment|age / ddf=satterth; 
model hockburns**0.35=treatment|age / ddf=satterth; 
model footlesions**0.4=treatment|age moisture / ddf=satterth; 
model hockburns**0.35=treatment|age moisture / ddf=satterth; 
model log10(feathercoverage + 1)=treatment|age / ddf=satterth; 
model log2(2 - skinlesions)=treatment|age / ddf=satterth; 
random side location room observer; 
random age / subject=pen group=treatment; 
lsmeans treatment|age / pdiff adjust=tukey ilink slice=treatment; 
Estimate 'alternative vs commercials' treatment 1 -3 1 1 / divisor=3; 
Estimate 'dailies vs non-dailies' treatment 1 -1 -1 1 / divisor=2; 
Estimate 'control vs other 3' treatment 1 1 -3 1 / divisor=3; 
Estimate 'control vs non-dailies' treatment 1 0 -2 1 / divisor=2; 
Contrast 'Diet: alternative vs commercials' treatment 1 -3 1 1; 
Contrast 'FF: dailies vs non-dailies' treatment 1 -1 -1 1; 
Contrast 'control vs non-dailies' treatment 1 0 -2 1; 
Contrast 'control vs 3 alternatives' treatment 1 1 -3 1; 
Contrast 'linear' age -2.42712 -1.88776 -1.3484 -0.80904 -0.26968
 0.2696799 0.8090398 1.3483997 1.8877596 2.4271195; 
Contrast 'quadratic' age  2.5584086 0.8528029 -0.426401 -1.279204 -
1.705606 -1.705606 -1.279204 -0.426401 0.8528029 2.5584086; 
Contrast 'cubic' age -2.221321 0.7404402 1.8511006 1.6395462 0.6346631
 -0.634663 -1.639546 -1.851101 -0.74044 2.2213207; 
Contrast 'quartic' age 1.648903 -2.015326 -1.557297 0.2748172 1.648903
 1.648903 0.2748172 -1.557297 -2.015326 1.648903; 
Contrast 'quintic' age -1.05247 2.4557625 -0.175412 -1.929528 -1.05247
 1.0524696 1.9295276 0.1754116 -2.455762 1.0524696; 
Contrast 'sixtic' age 0.5720776 -2.097618 1.9069252 1.1441551 -1.52554
 -1.52554 1.1441551 1.9069252 -2.097618 0.5720776; 
Contrast 'lack of fit' age -0.258146 1.3480946 -2.466726 1.2046803
 1.6062404 -1.60624 -1.20468 2.4667263 -1.348095 0.2581458; 
covtest 0. / wald; 
covtest homogeneity / est restart; 
output out=secondsorted predicted=pred predicted(ilink)=ipred stderr=sd 
stderr(ilink)=isd student=studentresid student(noblup)=smresid residual=resid 
residual(noblup)=mresid; 
ods output lsmeans=mmm diffs=ppp; 
run;  
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Feather traits: by feather 

Proc glimmix data=work.juvenile plots=all; 
Proc glimmix data=work.induced plots=all; 
Class treatment room side location; 
model cos(faultbarsj - 0.1)=treatment bw9 / ddf=24; 
model featherlengthj=treatment bw9 / ddf=24; 
model featherweightj=treatment bw9 / ddf=24; 
model faultbarsi=treatment / ddf=24; 
model featherlengthi=treatment bw17to21 / ddf=24; 
model featherweighti=treatment bw17to21 / ddf=24; 
random side location room; random _residual_ / subject=pen group=treatment; 
lsmeans treatment / pdiff adjust=tukey ilink slice=treatment; 
Estimate 'alternative vs commercials' treatment 1 -3 1 1 / divisor=3; 
Estimate 'dailies vs non-dailies' treatment 1 -1 -1 1 / divisor=2; 
Estimate 'control vs other 3' treatment 1 1 -3 1 / divisor=3; 
Estimate 'control vs non-dailies' treatment 1 0 -2 1 / divisor=2; 
Contrast 'Diet: alternative vs commercials' treatment 1 -3 1 1; 
Contrast 'FF: dailies vs non-dailies' treatment 1 -1 -1 1; 
Contrast 'control vs non-dailies' treatment 1 0 -2 1; 
Contrast 'control vs 3 alternatives' treatment 1 1 -3 1; 
covtest 0. / wald; covtest homogeneity / est restart; 
output out=secondsorted predicted=pred predicted(ilink)=ipred stderr=sd 
stderr(ilink)=isd student=studentresid student(noblup)=smresid residual=resid 
residual(noblup)=mresid; ods output lsmeans=mmm diffs=ppp; run; 
 
Feather traits: both feathers 

Proc glimmix data=work.faultbars plots=all; 
Class treatment room feather pen side location id; 
model acutefaultbars=treatment|feather / ddf=48; 
model moderatefaultbars=treatment|feather / ddf=48; 
model faultbars=treatment|feather / ddf=48; 
random pen side location room id;  
random feather / subject=pen group=treatment*feather residual; 
lsmeans treatment|feather / pdiff adjust=tukey ilink slice=treatment; 
Contrast 'Diet: alternative vs commercials' treatment 1 -3 1 1; 
Contrast 'FF: dailies vs non-dailies' treatment 1 -1 -1 1; 
Contrast 'control vs non-dailies' treatment 1 0 -2 1; 
Contrast 'control vs 3 alternatives' treatment 1 1 -3 1; 
covtest 0. / wald; covtest homogeneity / est restart; 
output out=secondsorted predicted=pred predicted(ilink)=ipred stderr=sd 
stderr(ilink)=isd student=studentresid student(noblup)=smresid residual=resid 
residual(noblup)=mresid; ods output lsmeans=mmm diffs=ppp; run; 

  



 

 

271 

 

Physiological indicators 

Proc glimmix data=work.blood plots=all; 
Class treatment age room pen side location day id observer; 
model bw=treatment|age|day / ddf=betwithin; 
*the effect of bw was assessed as a covariate factor by age due to collinearity (code 
not shown)* 
model glucose=treatment|age|day/ ddf=betwithin; 
model log(cort)=treatment|age|day / ddf=betwithin; 
model heterophil=treatment|age|day lymphocyte/ ddf=betwithin; 
model basophil=treatment|age|day lymphocyte / ddf=betwithin; 
h_l=heterophil/lymphocyte; model h_l=treatment|age|day / ddf=betwithin; 
b_l=basophil/lymphocyte; model b_l=treatment|age|day / ddf=betwithin; 
random id pen side location room observer; 
random age / subject=pen group=treatment*day; 
lsmeans treatment|age|day / pdiff adjust=tukey ilink slice=treatment; 
Estimate 'alternative vs commercials' treatment 1 -3 1 1 / divisor=3; 
Estimate 'dailies vs non-dailies' treatment 1 -1 -1 1 / divisor=2; 
Estimate 'control vs other 3' treatment 1 1 -3 1 / divisor=3; 
Estimate 'control vs non-dailies' treatment 1 0 -2 1 / divisor=2; 
Contrast 'Diet: alternative vs commercials' treatment 1 -3 1 1; 
Contrast 'FF: dailies vs non-dailies' treatment 1 -1 -1 1; 
Contrast 'control vs non-dailies' treatment 1 0 -2 1; 
Contrast 'control vs 3 alternatives' treatment 1 1 -3 1; 
Contrast 'linear' age -3.445866 -1.082986 1.6737062 2.8551459; 
Contrast 'quadratic' age 2.3421771 -3.342817 -1.348888 2.349528; 
Contrast 'cubic' age-0.800135 2.377544 -3.65776 2.080351; 
covtest 0. / wald; covtest homogeneity / est restart; 
output out=secondsorted predicted=pred predicted(ilink)=ipred stderr=sd 
stderr(ilink)=isd student=studentresid student(noblup)=smresid residual=resid 
residual(noblup)=mresid; ods output lsmeans=mmm diffs=ppp; run; 
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Feeding motivation: Feed intake test 

data fitfeedintaketest; set feedintaketest; 
data feedintaketest; set feedintaketest; feedintake=bwout - bwin; mbw=bwin**0.75; 
relfi=feedintake/bwin; mrfi=feedintake/mbw; run; proc print; run; 
 
Proc glimmix data=work.feedintaketest plots=all; 
Class treatment room age pen side location day id; 
model bwin=treatment|age|day / ddf=betwithin; 
model feedintake=treatment|age|day bwin / ddf=betwithin; 
model relfi=treatment|age|day / ddf=betwithin; 
random pen side location room id; 
random age / subject=pen group=treatment*day residual; 
lsmeans treatment|age|day / pdiff adjust=tukey ilink slice=treatment; 
Estimate 'alternative vs commercials' treatment 1 -3 1 1 / divisor=3; 
Estimate 'dailies vs non-dailies' treatment 1 -1 -1 1 / divisor=2; 
Estimate 'control vs other 3' treatment 1 1 -3 1 / divisor=3; 
Estimate 'control vs non-dailies' treatment 1 0 -2 1 / divisor=2; 
Contrast 'Diet: alternative vs commercials' treatment 1 -3 1 1; 
Contrast 'FF: dailies vs non-dailies' treatment 1 -1 -1 1; 
Contrast 'control vs non-dailies' treatment 1 0 -2 1; 
Contrast 'control vs 3 alternatives' treatment 1 1 -3 1; 
Contrast 'linear' age -3.098387 -1.549193 0 1.5491933 3.0983867; 
Contrast 'quadratic' age 2.6186147 -1.309307 -2.618615 -1.309307
 2.6186147; 
Contrast 'cubic' age -1.549193 3.0983867 0 -3.098387 1.5491933; 
Contrast 'quartic' age  0.58554 -2.34216 3.5132403 -2.34216
 0.58554; 
covtest 0. / wald; covtest homogeneity / est restart; 
output out=secondsorted predicted=pred predicted(ilink)=ipred stderr=sd 
stderr(ilink)=isd student=studentresid student(noblup)=smresid residual=resid 
residual(noblup)=mresid; ods output lsmeans=mmm diffs=ppp; run; 

  



 

 

273 

 

Litter moisture 

Proc glimmix data=work.littermoisture plots=all; 
Class treatment age room pen side location; 
model moisture=treatment|age moistureinitial / ddf=satterth; 
random pen side location room; random age / subject=pen group=treatment residual; 
lsmeans treatment|age / pdiff adjust=tukey ilink; 
lsmeans treatment*age / pdiff adjust=tukey ilink slice=treatment; 
Contrast 'Diet: alternative vs commercials' treatment 1 -3 1 1; 
Contrast 'FF: dailies vs non-dailies' treatment 1 -1 -1 1; 
Contrast 'control vs non-dailies' treatment 1 0 -2 1; 
Contrast 'control vs 3 alternatives' treatment 1 1 -3 1; 
Contrast 'linear' age -1.846761 -1.641565 -1.43637 -1.231174 -1.025978
 -0.820783 -0.615587 -0.410391 -0.205196 -2.28E-17 0.2051957
 0.4103913 0.615587 0.8207827 1.0259784 1.231174 1.4363697
 1.6415654 1.846761; 
Contrast 'quadratic' age 2.1451116 1.4300744 0.7991592 0.2523661 -
0.210305 -0.588854 -0.883281 -1.093586 -1.219769 -1.26183 -
1.219769 -1.093586 -0.883281 -0.588854 -0.210305 0.2523661
 0.7991592 1.4300744 2.1451116; 
Contrast 'cubic' age -2.164525 -0.721508 0.2970916 0.944327 1.2732499
 1.3369124 1.1883665 0.8806645 0.4668583 2.336E-17 -0.466858
 -0.880664 -1.188367 -1.336912 -1.27325 -0.944327 -0.297092
 0.7215083 2.1645248; 
*Contrast 'quartic' age 1.9820587 -0.220229 -1.256599 -1.467112 -1.146485
 -0.544095 0.1360236 0.7351754 1.1400076 1.2825086 1.1400076
 0.7351754 0.1360236 -0.544095 -1.146485 -1.467112 -1.256599
 -0.220229 1.9820587; 
*Contrast 'quintic' age -1.673594 1.115729 1.6079624 0.9516512 -0.049223
 -0.88602 -1.296215 -1.214176 -0.721942 -8.56E-17 0.7219423
 1.2141757 1.2962146 0.8860201 0.0492233 -0.951651 -1.607962
 -1.115729 1.6735935; 
*Contrast 'sixtic' age 1.3119793 -1.749306 -1.209079 0.2315258 1.2219415
 1.3377044 0.7212918 -0.211737 -1.001299 -1.306043 -1.001299
 -0.211737 0.7212918 1.3377044 1.2219415 0.2315258 -1.209079
 -1.749306 1.3119793; 
*Contrast 'lack of fit' age -0.957425 2.0212312 0.2690803 -1.285954 -
1.329757 -0.303498 0.8354005 1.336015 0.963683 2.839E-16 -
0.963683 -1.336015 -0.835401 0.3034976 1.3297574 1.2859536 -
0.26908 -2.021231 0.9574253; 
covtest 0. / wald; covtest homogeneity / est restart; 
output out=secondsorted predicted=pred predicted(ilink)=ipred stderr=sd 
stderr(ilink)=isd student=studentresid student(noblup)=smresid residual=resid 
residual(noblup)=mresid; ods output lsmeans=mmm diffs=ppp; run;  
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6. The effect of alternative feeding strategies during rearing (from 3 
to 22 weeks of age) on the behaviour of broiler breeders 

Behaviours were summed based on their category, and state behaviours are analysed 
according to their duration and events according to their frequency. The effect of 
treatments was separately analysed by age during the morning and by time of day at 18 
weeks of age.  

Behaviours 

data behaviour; set behaviour; 
orb=drinking+eating+gentle_feather_pecking+object_pecking+stereotypic_preening; 
arb=gentle_feather_pecking+object_pecking+stereotypic_preening; 
aggressive=chasing+fighting+severe_pecking+staring+threating; 
inactivity=resting+sleeping; 
comfort=dust_bathing+preening; 
activity=1 – inactivity – alert – freezing; 
relarb=arb/activity; ratioinactact=inactivity/activitiy; run; proc print; run; 

 
The effect of feeding strategy on broiler breeder behaviour: Age 
Duration 

Proc glimmix data=work.behaviouramdura plots=all; 
Class treatment age room pen side location day; 
model arb=treatment|age|day / ddf=betwithin; 
model orb**0.5=treatment|age|day / ddf=betwithin; 
model log2(comfort + 0.1) - log10(1- comfort)=treatment|age|day / ddf=betwithin; 
model log(1 - activity)=treatment|age|day / ddf=betwithin; 
model aggressive=treatment|age|day / ddf=betwithin; 
model inactivity=treatment|age|day / ddf=betwithin; 
random pen side location room; random age / subject=pen group=treatment*day 
residual; lsmeans treatment|age|day / pdiff adjust=tukey ilink slice=treatment; 
Estimate 'alternative vs commercials' treatment 1 -3 1 1 / divisor=3; 
Estimate 'dailies vs non-dailies' treatment 1 -1 -1 1 / divisor=2; 
Estimate 'control vs other 3' treatment 1 1 -3 1 / divisor=3; 
Estimate 'control vs non-dailies' treatment 1 0 -2 1 / divisor=2; 
Contrast 'Diet: alternative vs commercials' treatment 1 -3 1 1; 
Contrast 'FF: dailies vs non-dailies' treatment 1 -1 -1 1; 
Contrast 'control vs non-dailies' treatment 1 0 -2 1; 
Contrast 'control vs 3 alternatives' treatment 1 1 -3 1; 
Contrast 'linear' age -3.101906 -1.329388 1.0339685 3.3973252; 
Contrast 'quadratic' age 2.5073108 -2.030377 -2.834351 2.3574172; 
Contrast 'cubic' age -1.446228 3.4799853 -2.982845 0.9490869; 
covtest 0. / wald; covtest homogeneity / est restart; 
output out=secondsorted predicted=pred predicted(ilink)=ipred stderr=sd 
stderr(ilink)=isd student=studentresid student(noblup)=smresid residual=resid 
residual(noblup)=mresid; ods output lsmeans=mmm diffs=ppp; run; 
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The effect of feeding strategy on broiler breeder behaviour: Age 
Frequency 

Proc glimmix data=work.behaviouramfreq plots=all; 
Class treatment age room pen side location day; 
model comfort**0.5=treatment|age|day / ddf=betwithin; 
model aggressive=treatment|age|day / ddf=betwithin; 
random pen side location room; 
random age / subject=pen group=treatment*day residual; 
lsmeans treatment|age|day / pdiff adjust=tukey ilink slice=treatment; 
Estimate 'alternative vs commercials' treatment 1 -3 1 1 / divisor=3; 
Estimate 'dailies vs non-dailies' treatment 1 -1 -1 1 / divisor=2; 
Estimate 'control vs other 3' treatment 1 1 -3 1 / divisor=3; 
Estimate 'control vs non-dailies' treatment 1 0 -2 1 / divisor=2; 
Contrast 'Diet: alternative vs commercials' treatment 1 -3 1 1; 
Contrast 'FF: dailies vs non-dailies' treatment 1 -1 -1 1; 
Contrast 'control vs non-dailies' treatment 1 0 -2 1; 
Contrast 'control vs 3 alternatives' treatment 1 1 -3 1; 
Contrast 'linear' age -3.101906 -1.329388 1.0339685 3.3973252; 
Contrast 'quadratic' age 2.5073108 -2.030377 -2.834351 2.3574172; 
Contrast 'cubic' age -1.446228 3.4799853 -2.982845 0.9490869; 
covtest 0. / wald; covtest homogeneity / est restart; 
output out=secondsorted predicted=pred predicted(ilink)=ipred stderr=sd 
stderr(ilink)=isd student=studentresid student(noblup)=smresid residual=resid 
residual(noblup)=mresid; ods output lsmeans=mmm diffs=ppp; run; 
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The effect of feeding strategy on broiler breeder behaviour: Time of day 
Duration 

Proc glimmix data=work.behaviourampmdura plots=all; 
Class treatment room pen side time location day; 
model perching=treatment|day|time / ddf=betwithin; 
model standing=treatment|day|time / ddf=betwithin; 
model sitting=treatment|day|time / ddf=betwithin; 
model orb=treatment|day|time activity / ddf=betwithin; 
model aggressive=treatment|day|time / ddf=betwithin; 
model log2(inactivity + 0.1)=treatment|day|time / ddf=betwithin; 
model activity=treatment|day|time / ddf=betwithin; 
model arb=treatment|day|time activity / ddf=betwithin; 
model comfort=treatment|day|time / ddf=betwithin; 
random side location room; random time / subject=pen group=treatment*day residual; 
lsmeans treatment|day|time / pdiff adjust=tukey ilink slice=treatment; 
Estimate 'alternative vs commercials' treatment 1 -3 1 1 / divisor=3; 
Estimate 'dailies vs non-dailies' treatment 1 -1 -1 1 / divisor=2; 
Estimate 'control vs other 3' treatment 1 1 -3 1 / divisor=3; 
Estimate 'control vs non-dailies' treatment 1 0 -2 1 / divisor=2; 
Contrast 'Diet: alternative vs commercials' treatment 1 -3 1 1; 
Contrast 'FF: dailies vs non-dailies' treatment 1 -1 -1 1; 
Contrast 'control vs non-dailies' treatment 1 0 -2 1; 
Contrast 'control vs 3 alternatives' treatment 1 1 -3 1; 
covtest 0. / wald; covtest homogeneity / est restart; 
output out=secondsorted predicted=pred predicted(ilink)=ipred stderr=sd 
stderr(ilink)=isd student=studentresid student(noblup)=smresid residual=resid 
residual(noblup)=mresid; ods output lsmeans=mmm diffs=ppp; run; 
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The effect of feeding strategy on broiler breeder behaviour: Time of day 
Frequency 

Proc glimmix data=work.behaviourampmfreq plots=all; 
Class treatment room pen side location day time window; 
model log(aggressive+1)=treatment|day|time / ddf=betwithin; 
model log(comfort+1)=treatment|day|time / ddf=betwithin; 
random side location room; random _residual_ / group=time*treatment; 
lsmeans treatment|day|time / pdiff adjust=tukey ilink slice=treatment; 
Estimate 'alternative vs commercials' treatment 1 -3 1 1 / divisor=3; 
Estimate 'dailies vs non-dailies' treatment 1 -1 -1 1 / divisor=2; 
Estimate 'control vs other 3' treatment 1 1 -3 1 / divisor=3; 
Estimate 'control vs non-dailies' treatment 1 0 -2 1 / divisor=2; 
Contrast 'Diet: alternative vs commercials' treatment 1 -3 1 1; 
Contrast 'FF: dailies vs non-dailies' treatment 1 -1 -1 1; 
Contrast 'control vs non-dailies' treatment 1 0 -2 1; 
Contrast 'control vs 3 alternatives' treatment 1 1 -3 1; 
covtest 0. / wald; covtest homogeneity / est restart; 
output out=secondsorted predicted=pred predicted(ilink)=ipred stderr=sd 
stderr(ilink)=isd student=studentresid student(noblup)=smresid residual=resid 
residual(noblup)=mresid; ods output lsmeans=mmm diffs=ppp; run; 
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7. The effect of rearing feeding strategies on the performance, 
health and behaviour of broiler breeders during lay 

Hens and rooster were selected based on target body weight at the onset of lay, and 
the experimental design controlled for body weight and body weight uniformity for hens 
and roosters. Nevertheless, the model corrected for initial body weight and body weigh 
uniformity as a covariate. 

Body weight and body weight uniformity: Hens 

Proc glimmix data=work.henperformance plots=all; 
Class treatment room age pen side location id; 
model sin(bw/2000 + 3.4)=treatment|age bwinitial / ddf=betwithin; 
model sd=treatment|age sdinitial / ddf=betwithin; 
model cv=treatment|age cvinitial / ddf=betwithin; random id pen room side location;  
random age / subject=pen group=treatment residual; 
lsmeans treatment|age / pdiff adjust=tukey ilink slice=treatment; 
Estimate 'alternative vs commercials' treatment 1 -3 1 1 / divisor=3; 
Estimate 'dailies vs non-dailies' treatment 1 -1 -1 1 / divisor=2; 
Estimate 'control vs other 3' treatment 1 1 -3 1 / divisor=3; 
Estimate 'control vs non-dailies' treatment 1 0 -2 1 / divisor=2; 
Contrast 'Diet: alternative vs commercials' treatment 1 -3 1 1; 
Contrast 'FF: dailies vs non-dailies' treatment 1 -1 -1 1; 
Contrast 'control vs non-dailies' treatment 1 0 -2 1; 
Contrast 'control vs 3 alternatives' treatment 1 1 -3 1; 
Contrast 'linear' age -1.88127 -1.598372 -1.409774 -1.221175 -1.032577
 -0.843978 -0.65538 -0.466781 -0.278183 -0.089584 0.0990142
 0.2876127 0.4762112 0.6648097 0.8534081 1.0420066 1.2306051
 1.4192036 1.6078021 1.7964006; 
Contrast 'quadratic' age 2.3051262 1.3219043 0.755903 0.2614858 -
0.161347 -0.512597 -0.792262 -1.000343 -1.13684 -1.201754 -
1.195083 -1.116828 -0.966989 -0.745566 -0.452559 -0.087968
 0.3482067 0.8559657 1.4353086 2.0862356; 
Contrast 'cubic' age -2.360278 -0.449822 0.387629 0.9240959 1.2006927
 1.2585327 1.1387296 0.8823969 0.5306482 0.1245969 -0.294643
 -0.685959 -1.008236 -1.220362 -1.281223 -1.149705 -0.784695
 -0.145079 0.8102564 2.1224246; 
Contrast 'quartic' age 2.050748 -0.637332 -1.301121 -1.356523 -1.019739
 -0.474973 0.1255622 0.6616511 1.045071 1.219594 1.1609864
 0.877009 0.4074168 -0.176041 -0.76962 -1.237583 -1.412196
 -1.093734 -0.050475 1.9812966; 
Contrast 'quintic' age -1.548075 1.5099487 1.4742971 0.7284632 -0.179035
 -0.900056 -1.254734 -1.199371 -0.794333 -0.171946 0.4956089
 1.0283984 1.2708443 1.1238261 0.5767861 -0.260166 -1.12415
 -1.567407 -0.925199 1.7162975; 
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Contrast 'sixtic' age 1.052494 -1.967017 -0.911441 0.4398345 1.2556186
 1.3095332 0.7493461 -0.093674 -0.855379 -1.249338 -1.137416
 -0.56032 0.2718668 1.0291847 1.3513124 0.9771099 -0.085818
 -1.351532 -1.606151 1.3817861; 
Contrast 'lack of fit' age -0.664215 2.0356428 -0.050903 -1.366103 -
1.301652 -0.341328 0.72806 1.287517 1.0985473 0.3176977 -
0.627004 -1.237692 -1.166346 -0.392499 0.7010704 1.4146871
 1.0402033 -0.548478 -1.962745 1.03554; 
covtest 0. / wald; covtest homogeneity / est restart; 
output out=secondsorted predicted=pred predicted(ilink)=ipred stderr=sd 
stderr(ilink)=isd student=studentresid student(noblup)=smresid residual=resid 
residual(noblup)=mresid; 
ods output lsmeans=mmm diffs=ppp; run; 
 
Body weight and body weight uniformity: Roosters 

Proc glimmix data=work.roosterperformance plots=all; 
Class treatment room age id pen side location; 
model bw=treatment|age bwinitial / ddf=betwithin; 
model bw=treatment|age bwinitial rfi / ddf=betwithin; 
model sd**0.3=treatment|age sdinitial / ddf=betwithin; 
model cv**0.1=treatment|age cvinitial / ddf=betwithin; 
random room age pen side id location; 
random age / subject=pen group=treatment residual;  
lsmeans treatment|age / pdiff adjust=tukey ilink slice=treatment; 
Estimate 'alternative vs commercials' treatment 1 -3 1 1 / divisor=3; 
Estimate 'dailies vs non-dailies' treatment 1 -1 -1 1 / divisor=2; 
Estimate 'control vs other 3' treatment 1 1 -3 1 / divisor=3; 
Estimate 'control vs non-dailies' treatment 1 0 -2 1 / divisor=2; 
Contrast 'Diet: alternative vs commercials' treatment 1 -3 1 1; 
Contrast 'FF: dailies vs non-dailies' treatment 1 -1 -1 1; 
Contrast 'control vs non-dailies' treatment 1 0 -2 1; 
Contrast 'control vs 3 alternatives' treatment 1 1 -3 1; 
Contrast 'linear' age -1.804756 -1.614781 -1.424807 -1.234833 -1.044859
 -0.854884 -0.66491 -0.474936 -0.284961 -0.094987 0.0949871
 0.2849614 0.4749357 0.66491 0.8548842 1.0448585 1.2348328
 1.4248071 1.6147813 1.8047556; 
Contrast 'quadratic' age 2.1075005 1.441974 0.8503949 0.3327632 -
0.110921 -0.480658 -0.776448 -0.99829 -1.146184 -1.220132 -
1.220132 -1.146184 -0.99829 -0.776448 -0.480658 -0.110921
 0.3327632 0.8503949 1.441974 2.1075005; 
Contrast 'cubic' age -2.143839 -0.789836 0.1880561 0.8340841 1.1924968
 1.3075429 1.2234708 0.9845289 0.6349659 0.21903 -0.21903
 -0.634966 -0.984529 -1.223471 -1.307543 -1.192497 -0.834084
 -0.188056 0.7898356 2.1438394; 



 

 

280 

 

Contrast 'quartic' age 1.9848096 -0.104464 -1.1491 -1.435863 -1.21567
 -0.703594 -0.07886 0.5151492 0.9708976 1.2166944 1.2166944
 0.9708976 0.5151492 -0.07886 -0.703594 -1.21567 -1.435863
 -1.1491 -0.104464 1.9848096; 
Contrast 'quintic' age -1.699689 0.9840307 1.580413 1.071734 0.1640051
 -0.676192 -1.184871 -1.263804 -0.943687 -0.347305 0.347305
 0.9436872 1.2638042 1.1848712 0.6761922 -0.164005 -1.071734
 -1.580413 -0.984031 1.6996894; 
Contrast 'sixtic' age 1.3558831 -1.641332 -1.308308 0.0041978 1.0473462
 1.3509857 0.9465995 0.1364279 -0.691235 -1.200565 -1.200565
 -0.691235 0.1364279 0.9465995 1.3509857 1.0473462 0.0041978
 -1.308308 -1.641332 1.3558831; 
Contrast 'lack of fit' age -1.010616 1.9680409 0.4787126 -1.098223 -
1.393899 -0.605431 0.502179 1.2155547 1.1827018 0.4818415 -
0.481841 -1.182702 -1.215555 -0.502179 0.6054307 1.3938986
 1.0982231 -0.478713 -1.968041 1.0106156; 
covtest 0. / wald; covtest homogeneity / est restart; 
output out=secondsorted predicted=pred predicted(ilink)=ipred stderr=sd 
stderr(ilink)=isd student=studentresid student(noblup)=smresid residual=resid 
residual(noblup)=mresid; ods output lsmeans=mmm diffs=ppp; run; 
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Litter moisture and its effect of foot lesions and hock burns 

Proc glimmix data=work.littermoisture plots=all; 

Class treatment room age pen side location sex; 

model footlesionscore=treatment|age|sex / ddf=satterth; 

model hockburnscore=treatment|age|sex / ddf=satterth; 

model footlesionprevalence=treatment|age|sex / ddf=satterth; 

model hockburnprevalence=treatment|age|sex / ddf=satterth; 

random pen room side location; random age / group=treatment*sex residual;  

lsmeans treatment|age|sex / pdiff adjust=tukey ilink slice=treatment; 

Estimate 'alternative vs commercials' treatment 1 -3 1 1 / divisor=3; 

Estimate 'dailies vs non-dailies' treatment 1 -1 -1 1 / divisor=2; 

Estimate 'control vs other 3' treatment 1 1 -3 1 / divisor=3; 

Estimate 'control vs non-dailies' treatment 1 0 -2 1 / divisor=2; 

Contrast 'Diet: alternative vs commercials' treatment 1 -3 1 1; 

Contrast 'FF: dailies vs non-dailies' treatment 1 -1 -1 1; 

Contrast 'control vs non-dailies' treatment 1 0 -2 1; 

Contrast 'control vs 3 alternatives' treatment 1 1 -3 1; 

covtest 0. / wald; covtest homogeneity / est restart; 

output out=secondsorted predicted=pred predicted(ilink)=ipred stderr=sd 

stderr(ilink)=isd student=studentresid student(noblup)=smresid residual=resid 

residual(noblup)=mresid; ods output lsmeans=mmm diffs=ppp; run; 

 

Proc glimmix data=work.littermoisture plots=all; 

Class treatment room age pen side location sex; by sex; 

model footlesionscore=treatment|age moisture / ddf=satterth; 

model hockburnscore=treatment|age moisture / ddf=satterth; 

model footlesionprevalence=treatment|age moisture / ddf=satterth; 

model hockburnprevalence=treatment|age moisture / ddf=satterth; 

random pen room side location; 

random _residual_ / group=treatment; 

lsmeans treatment|age / pdiff adjust=tukey ilink; run; 
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The effect of rearing feeding strategy on the laying rate was independently analysed 
during early lay (23 -27 weeks of age), peak of lay (28 – 33 weeks of age), mid lay (34 – 
49 weeks of age) and late lay (50 – 64 weeks of age). 

Cumulative of egg production during late lay (50-64 weeks of age) 

Proc glimmix data=work.cumulative plots=all; 
Class treatment age room pen side location; 
model cumulative=treatment|age / ddf=satterth; 
random room pen side location; random age / subject=pen group=treatment residual; 
lsmeans treatment|age / pdiff adjust=tukey ilink slice=treatment; 
Contrast 'Diet: alternative vs commercials' treatment 1 -3 1 1; 
Contrast 'FF: dailies vs non-dailies' treatment 1 -1 -1 1; 
Contrast 'control vs non-dailies' treatment 1 0 -2 1; 
Contrast 'control vs 3 alternatives' treatment 1 1 -3 1; 
Contrast 'linear' age  -3.286335 -1.095445 1.0954451 3.2863353; 
Contrast 'quadratic' age 2.4494897 -2.44949 -2.44949 2.4494897; 
Contrast 'cubic' age 3 -1.095445 3.2863353 -3.286335 1.0954451; 
covtest 0. / wald; covtest homogeneity / est restart; 
output out=secondsorted predicted=pred predicted(ilink)=ipred stderr=sd 
stderr(ilink)=isd student=studentresid student(noblup)=smresid residual=resid 
residual(noblup)=mresid; run; 
 
Early lay (23-27 weeks of age) 

Proc glimmix data=work.eggproduction plots=all; 
Class treatment age room pen side location; 
model eggproduction=treatment|age / ddf=satterth; 
random room pen side location; random age / subject=pen group=treatment residual; 
lsmeans treatment|age / pdiff adjust=tukey ilink slice=treatment; 
Estimate 'alternative vs commercials' treatment 1 -3 1 1 / divisor=3; 
Estimate 'dailies vs non-dailies' treatment 1 -1 -1 1 / divisor=2; 
Estimate 'control vs other 3' treatment 1 1 -3 1 / divisor=3; 
Estimate 'control vs non-dailies' treatment 1 0 -2 1 / divisor=2; 
Contrast 'Diet: alternative vs commercials' treatment 1 -3 1 1; 
Contrast 'FF: dailies vs non-dailies' treatment 1 -1 -1 1; 
Contrast 'control vs non-dailies' treatment 1 0 -2 1; 
Contrast 'control vs 3 alternatives' treatment 1 1 -3 1; 
Contrast 'linear' age  -3.098387 -1.549193 0 1.5491933 3.0983867; 
Contrast 'quadratic' age 2.6186147 -1.309307 -2.618615 -1.309307
 2.6186147; 
Contrast 'cubic' age -1.549193 3.0983867 0 -3.098387 1.5491933; 
Contrast 'lack of fit' age -1.549193 3.0983867 0 -3.098387 1.5491933; 
covtest 0. / wald; covtest homogeneity / est restart; 
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output out=secondsorted predicted=pred predicted(ilink)=ipred stderr=sd 
stderr(ilink)=isd student=studentresid student(noblup)=smresid residual=resid 
residual(noblup)=mresid; run; 
 
Peak of lay (28-33 weeks of age) 

Proc glimmix data=work.eggproduction plots=all; 
Class treatment age room pen side location / ddf=satterth; 
model eggproduction=treatment|age; random pen room side location; 
random age / subject=pen group=treatment residual; 
lsmeans treatment|age / pdiff adjust=tukey ilink slice=treatment; 
Estimate 'alternative vs commercials' treatment 1 -3 1 1 / divisor=3; 
Estimate 'dailies vs non-dailies' treatment 1 -1 -1 1 / divisor=2; 
Estimate 'control vs other 3' treatment 1 1 -3 1 / divisor=3; 
Estimate 'control vs non-dailies' treatment 1 0 -2 1 / divisor=2; 
Contrast 'Diet: alternative vs commercials' treatment 1 -3 1 1; 
Contrast 'FF: dailies vs non-dailies' treatment 1 -1 -1 1; 
Contrast 'control vs non-dailies' treatment 1 0 -2 1; 
Contrast 'control vs 3 alternatives' treatment 1 1 -3 1; 
Contrast 'linear' age  -2.9277 -1.75662 -0.58554 0.58554
 1.7566201 2.9277002; 
Contrast 'quadratic' age 2.6726124 -0.534522 -2.13809 -2.13809 -
0.534522 2.6726124; 
Contrast 'cubic' age -1.825742 2.5560386 1.4605935 -1.460593 -2.556039
 1.8257419; 
Contrast 'quartic' age 0.9258201 -2.77746 1.8516402 1.8516402 -2.77746
 0.9258201; 
Contrast 'lack of fit' age -0.308607 1.5430335 -3.086067 3.086067 -
1.543033 0.3086067; 
covtest 0. / wald; covtest homogeneity / est restart; 
output out=secondsorted predicted=pred predicted(ilink)=ipred stderr=sd 
stderr(ilink)=isd student=studentresid student(noblup)=smresid residual=resid 
residual(noblup)=mresid; run; 
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Mid lay (34-49 weeks of age) 

Proc glimmix data=work.eggproduction plots=all; 
Class treatment age room pen side location; 
model eggproduction=treatment|age / ddf=satterth; 
random pen room side location; random age / subject=pen group=treatment residual; 
lsmeans treatment|age / pdiff adjust=tukey ilink slice=treatment; 
Estimate 'alternative vs commercials' treatment 1 -3 1 1 / divisor=3; 
Estimate 'dailies vs non-dailies' treatment 1 -1 -1 1 / divisor=2; 
Estimate 'control vs other 3' treatment 1 1 -3 1 / divisor=3; 
Estimate 'control vs non-dailies' treatment 1 0 -2 1 / divisor=2; 
Contrast 'Diet: alternative vs commercials' treatment 1 -3 1 1; 
Contrast 'FF: dailies vs non-dailies' treatment 1 -1 -1 1; 
Contrast 'control vs non-dailies' treatment 1 0 -2 1; 
Contrast 'control vs 3 alternatives' treatment 1 1 -3 1; 
Contrast 'linear' age -1.992633 -1.726949 -1.461265 -1.19558 -0.929896
 -0.664211 -0.398527 -0.132842 0.1328422 0.3985267 0.6642112
 0.9298956 1.1955801 1.4612646 1.726949 1.9926335; 
Contrast 'quadratic' age 2.268713 1.3612278 0.5833834 -0.06482 -0.583383
 -0.972306 -1.231587 -1.361228 -1.361228 -1.231587 -0.972306
 -0.583383 -0.06482 0.5833834 1.3612278 2.268713; 
Contrast 'cubic' age -2.220437 -0.444087 0.6978516 1.3029817 1.4689045
 1.2932216 0.8735346 0.3074451 -0.307445 -0.873535 -1.293222
 -1.468904 -1.302982 -0.697852 0.4440874 2.220437; 
Contrast 'quartic' age 1.9502322 -0.650077 -1.578759 -1.435885 -0.721514
 0.1643053 0.9215383 1.3501607 1.3501607 0.9215383 0.1643053
 -0.721514 -1.435885 -1.578759 -0.650077 1.9502322; 
Contrast 'quintic' age -1.560444 1.5604437 1.5604437 0.3601024 -0.840239
 -1.429497 -1.254902 -0.491049 0.4910487 1.2549023 1.4294974
 0.8402389 -0.360102 -1.560444 -1.560444 1.5604437; 
Contrast 'sixtic' age 1.1436999 -2.05866 -0.68622 1.0381276 1.5307984
 0.7917923 -0.439885 -1.319654 -1.319654 -0.439885 0.7917923
 1.5307984 1.0381276 -0.68622 -2.05866 1.1436999; 
Contrast 'lack of fit' age -0.768499 2.1005643 -0.563566 -1.667052 -
0.61874 0.92614 1.477883 0.6896787 -0.689679 -1.477883 -
0.92614 0.6187403 1.667052 0.563566 -2.100564 0.7684991; 
covtest 0. / wald; covtest homogeneity / est restart; 
output out=secondsorted predicted=pred predicted(ilink)=ipred stderr=sd 
stderr(ilink)=isd student=studentresid student(noblup)=smresid residual=resid 
residual(noblup)=mresid; run; 
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Late lay (50-64 weeks of age) 

Proc glimmix data=work.eggproduction plots=all; 
Class treatment age room pen side location; 
model eggproduction=treatment|age / ddf=satterth; random room pen side location; 
random age / subject=pen group=treatment residual;  
lsmeans treatment|age / pdiff adjust=tukey ilink slice=treatment; 
Estimate 'alternative vs commercials' treatment 1 -3 1 1 / divisor=3; 
Estimate 'dailies vs non-dailies' treatment 1 -1 -1 1 / divisor=2; 
Estimate 'control vs other 3' treatment 1 1 -3 1 / divisor=3; 
Estimate 'control vs non-dailies' treatment 1 0 -2 1 / divisor=2; 
Contrast 'Diet: alternative vs commercials' treatment 1 -3 1 1; 
Contrast 'FF: dailies vs non-dailies' treatment 1 -1 -1 1; 
Contrast 'control vs non-dailies' treatment 1 0 -2 1; 
Contrast 'control vs 3 alternatives' treatment 1 1 -3 1; 
Contrast 'linear' age -2.04939 -1.75662 -1.46385 -1.17108 -0.87831
 -0.58554 -0.29277 1.625E-17 0.29277 0.58554 0.8783101
 1.1710801 1.4638501 1.7566201 2.0493902; 
Contrast 'quadratic' age 2.3136424 1.3220814 0.4830682 -0.203397 -
0.737315 -1.118684 -1.347506 -1.42378 -1.347506 -1.118684 -
0.737315 -0.203397 0.4830682 1.3220814 2.3136424; 
Contrast 'cubic' age -2.235191 -0.319313 0.8596888 1.4246272 1.4983148
 1.2035643 0.6631885 6.81E-17 -0.663189 -1.203564 -1.498315
 -1.424627 -0.859689 0.319313 2.2351909; 
Contrast 'quartic' age 1.9284412 -0.826475 -1.674141 -1.356266 -0.479702
 0.4835552 1.1963656 1.4564451 1.1963656 0.4835552 -0.479702
 -1.356266 -1.674141 -0.826475 1.9284412; 
Contrast 'quintic' age -1.507532 1.7228935 1.4743993 0.0662651 -1.131025
 -1.506026 -1.016567 -1.61E-16 1.0165674 1.5060258 1.1310254
 -0.066265 -1.474399 -1.722894 1.5075318; 
Contrast 'sixtic' age 1.0728856 -2.145771 -0.412648 1.3204746 1.4780313
 0.3751348 -0.937837 -1.500539 -0.937837 0.3751348 1.4780313
 1.3204746 -0.412648 -2.145771 1.0728856; 
Contrast 'lack of fit' age -0.694962 2.0848859 -0.908796 -1.657217 -
0.160376 1.3364653 1.3364653 1.167E-16 -1.336465 -1.336465
 0.1603758 1.657217 0.9087964 -2.084886 0.694962; 
covtest 0. / wald; covtest homogeneity / est restart; 
output out=secondsorted predicted=pred predicted(ilink)=ipred stderr=sd 
stderr(ilink)=isd student=studentresid student(noblup)=smresid residual=resid 
residual(noblup)=mresid; run; 

  



 

 

286 

 

Reproductive performance: 
Settable eggs: weight and fertility 

Proc glimmix data=work.eggperformance plots=all; 
Class treatment age room pen side location; 
model log(1.2 - fertility)=treatment|age roosterpop / ddf=betwithin; 
model settableeggw=treatment|age / ddf=betwithin; 
model settableeggcv=treatment|age / ddf=betwithin; 
random room pen side location; 
random age / subject=pen group=treatment residual;  
lsmeans treatment|age / pdiff adjust=tukey ilink slice=treatment; 
Estimate 'alternative vs commercials' treatment 1 -3 1 1 / divisor=3; 
Estimate 'dailies vs non-dailies' treatment 1 -1 -1 1 / divisor=2; 
Estimate 'control vs other 3' treatment 1 1 -3 1 / divisor=3; 
Estimate 'control vs non-dailies' treatment 1 0 -2 1 / divisor=2; 
Contrast 'Diet: alternative vs commercials' treatment 1 -3 1 1; 
Contrast 'FF: dailies vs non-dailies' treatment 1 -1 -1 1; 
Contrast 'control vs non-dailies' treatment 1 0 -2 1; 
Contrast 'control vs 3 alternatives' treatment 1 1 -3 1; 
Contrast 'linear' age -2.39816 -1.85001 -1.301859 -0.753708 0.3425944
 1.4388963 1.9870473 2.5351982; 
Contrast 'quadratic' age 2.5918153 0.6187357 -0.86623 -1.863082 -
2.392445 -0.969353 0.4743641 2.4061945; 
Contrast 'cubic' age -2.17112 0.8426704 1.8929461 1.5510739 -1.023646
 -2.310553 -1.04266 2.2612882; 
Contrast 'quartic' age 1.5519247 -2.063483 -1.258716 0.9513574 2.5553243
 -1.26103 -2.055826 1.580449; 
Contrast 'quintic' age -1.060098 2.6587694 -0.502933 -2.437884 1.6293625
 1.071648 -2.242188 0.883323; 
Contrast 'sixtic' age 0.4642545 -1.717742 1.7579769 0.1299913 -1.733217
 2.915518 -2.420313 0.6035308; 
Contrast 'lack of fit' age -0.264099 1.4855585 -3.169191 2.7730425 -
1.386521 1.1884468 -0.792298 0.1650621; 
covtest 0. / wald; covtest homogeneity / est restart; 
output out=secondsorted predicted=pred predicted(ilink)=ipred stderr=sd 
stderr(ilink)=isd student=studentresid student(noblup)=smresid residual=resid 
residual(noblup)=mresid; run; 
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Reproductive performance (continued): 
Hatching eggs: weight, hatched of fertile, hatchability, egg weight loss, progeny sex 
ratio and chick live weight at hatch  

Proc glimmix data=work.hatching plots=all; 
Class treatment age room pen side location; 
model hatchingeggw=treatment|age / ddf=satterth; 
model hatchingeggcv=treatment|age / ddf=satterth; 
model fertility=treatment|age / ddf=satterth; 
model tan(hof)=treatment|age / ddf=satterth; 
model releggwloss=treatment|age / ddf=satterth; 
model hatchability**1.5=treatment|age / ddf=satterth; 
model tan(proportionmales)=treatment|age / ddf=satterth; 
model chickbw=treatment|age / ddf=satterth; 
model chickbw=treatment|age hatchingeggw / ddf=satterth; 
model chickcv=treatment|age / ddf=satterth; 
model chickcv=treatment|age hatchingeggcv / ddf=satterth; 
random room pen side location; random _residual_ / subject=pen group=treatment; 
lsmeans treatment|age / pdiff adjust=tukey ilink slice=treatment; 
Estimate 'alternative vs commercials' treatment 1 -3 1 1 / divisor=3; 
Estimate 'dailies vs non-dailies' treatment 1 -1 -1 1 / divisor=2; 
Estimate 'control vs other 3' treatment 1 1 -3 1 / divisor=3; 
Estimate 'control vs non-dailies' treatment 1 0 -2 1 / divisor=2; 
Contrast 'Diet: alternative vs commercials' treatment 1 -3 1 1; 
Contrast 'FF: dailies vs non-dailies' treatment 1 -1 -1 1; 
Contrast 'control vs non-dailies' treatment 1 0 -2 1; 
Contrast 'control vs 3 alternatives' treatment 1 1 -3 1; 
Contrast 'linear' age -3.098387 -1.549193 0 1.5491933 3.0983867; 
Contrast 'quadratic' age 2.6186147 -1.309307 -2.618615 -1.309307
 2.6186147; 
Contrast 'cubic' age -1.549193 3.0983867 0 -3.098387 1.5491933; 
Contrast 'lack of fit' age 0.58554 -2.34216 3.5132403 -2.34216 0.58554; 
covtest 0. / wald; covtest homogeneity / est restart; 
output out=secondsorted predicted=pred predicted(ilink)=ipred stderr=sd 
stderr(ilink)=isd student=studentresid student(noblup)=smresid residual=resid 
residual(noblup)=mresid; run; 
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Settable egg components 

Proc glimmix data=work.eggcomponent plots=all; 
Class treatment age room pen side location; 
model eggw=treatment|age / ddf=betwithin; 
model sin(yolk + 5)=treatment|age eggw / ddf=71, 71, 71, 71; 
model cos(shell + 2.5)=treatment|age eggw / ddf=71, 71, 71, 71; 
model relyolk=treatment|age / ddf=71, 71, 71, 71; 
model relyolk=reliver / ddf=24; 
model relyolk=relabdominalfat / ddf=24; 
model cos(relshell*2 + 3)=treatment|age / ddf=71, 71, 71, 71; 
random pen room side location; 
random age / subject=pen group=treatment residual; 
lsmeans treatment|age / pdiff adjust=tukey ilink slice=treatment; 
Estimate 'alternative vs commercials' treatment 1 -3 1 1 / divisor=3; 
Estimate 'dailies vs non-dailies' treatment 1 -1 -1 1 / divisor=2; 
Estimate 'control vs other 3' treatment 1 1 -3 1 / divisor=3; 
Estimate 'control vs non-dailies' treatment 1 0 -2 1 / divisor=2; 
Contrast 'Diet: alternative vs commercials' treatment 1 -3 1 1; 
Contrast 'FF: dailies vs non-dailies' treatment 1 -1 -1 1; 
Contrast 'control vs non-dailies' treatment 1 0 -2 1; 
Contrast 'control vs 3 alternatives' treatment 1 1 -3 1; 
Contrast 'linear' age -3.464102 0 3.4641016; 
Contrast 'quadratic' age 2  -4 2; 
covtest 0. / wald; covtest homogeneity / est restart; 
output out=secondsorted predicted=pred predicted(ilink)=ipred stderr=sd 
stderr(ilink)=isd student=studentresid student(noblup)=smresid residual=resid 
residual(noblup)=mresid; run;  
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Feeding behaviour: Proportion of hens feeding 

Proc glimmix data=work.henseating plots=all; 
Class treatment age room pen side location; 
model henseating=treatment|age / ddf=satterth; 
random pen side location room; 
random age / subject=pen group=treatment residual; 
lsmeans treatment|age / pdiff adjust=tukey ilink slide=treatment; 
lsmeans treatment|age / pdiff adjust=tukey ilink slide=treatment*age; 
Estimate 'alternative vs commercials' treatment 1 -3 1 1 / divisor=3; 
Estimate 'dailies vs non-dailies' treatment 1 -1 -1 1 / divisor=2; 
Estimate 'control vs other 3' treatment 1 1 -3 1 / divisor=3; 
Estimate 'control vs non-dailies' treatment 1 0 -2 1 / divisor=2; 
Contrast 'Diet: alternative vs commercials' treatment 1 -3 1 1; 
Contrast 'FF: dailies vs non-dailies' treatment 1 -1 -1 1; 
Contrast 'control vs non-dailies' treatment 1 0 -2 1; 
Contrast 'control vs 3 alternatives' treatment 1 1 -3 1; 
Contrast 'linear' age -2.484672 -1.836497 -1.350365 -0.70219 -0.054015
 0.7562046 1.2423361 1.8905115 2.5386868; 
Contrast 'quadratic' age 2.6166431 0.5720899 -0.563128 -1.545821 -
1.921737 -1.538352 -0.853239 0.5911761 2.642368; 
Contrast 'cubic' age -2.258845 1.0381247 1.8834559 1.5113883 0.1924743
 -1.513804 -1.941176 -1.083555 2.171937; 
Contrast 'quartic' age 1.5199074 -2.180183 -1.386749 0.9287585 2.1884848
 0.8074608 -1.006122 -2.348562 1.4770034; 
Contrast 'quintic' age -0.824635 2.2939035 -0.397048 -2.13296 -0.285816
 2.1133471 0.9682608 -2.650804 0.9157511; 
Contrast 'sixtic' age 0.4320915 -2.115514 2.2279389 0.8548222 -2.46988
 0.1879125 2.1521154 -1.652203 0.3827166; 
Contrast 'lack of fit' age -0.173933 1.3066404 -2.486523 2.0048448 -
0.096109 -2.264723 2.4679825 -0.900471 0.1422904; 
covtest 0. / wald; 
covtest homogeneity / est restart; 
output out=secondsorted predicted=pred predicted(ilink)=ipred stderr=sd 
stderr(ilink)=isd student=studentresid student(noblup)=smresid residual=resid 
residual(noblup)=mresid; ods output lsmeans=mmm diffs=ppp;run; 
%include '/folders/myfolders/sasuser.v94/Codes/pdmix800.sas'; 
%pdmix800 (ppp,mmm,alpha=0.05,sort=no); 
%pdmix800 (ppp,mmm,alpha=0.05,sort=no,slice=treatment); 
%pdmix800 (ppp,mmm,alpha=0.05,sort=no,slice=treatment*age); 
run; 
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Feeding behaviour: 
Feeding motivation: feed intake test and compensatory feeding 

Proc glimmix data=work.feedingmotivation65 plots=all; 
Class treatment room pen side location / ddf=betwithin; 
Feedintake=(feedin-feedout/hens) / ddf=betwithin; 
model feedintake=treatment bw / ddf=betwithin; 
relfi=feedintake/bw; 
model relfi=treatment / ddf=betwithin; 
relbwgain=(bwin-bwout)/bwin; 
model relbwgain=treatment / ddf=betwithin; 
random room side location; 
random _residual_ / subject=pen group=treatment; 
lsmeans treatment / pdiff adjust=tukey ilink slice=treatment; 
Estimate 'alternative vs commercials' treatment 1 -3 1 1 / divisor=3; 
Estimate 'dailies vs non-dailies' treatment 1 -1 -1 1 / divisor=2; 
Estimate 'control vs other 3' treatment 1 1 -3 1 / divisor=3; 
Estimate 'control vs non-dailies' treatment 1 0 -2 1 / divisor=2; 
Contrast 'Diet: alternative vs commercials' treatment 1 -3 1 1; 
Contrast 'FF: dailies vs non-dailies' treatment 1 -1 -1 1; 
Contrast 'control vs non-dailies' treatment 1 0 -2 1; 
Contrast 'control vs 3 alternatives' treatment 1 1 -3 1; 
Contrast 'daily at the end vs 4/3' treatment -3 1 1 1; 
covtest 0. / wald; 
covtest homogeneity / est restart; 
output out=secondsorted predicted=pred predicted(ilink)=ipred stderr=sd 
stderr(ilink)=isd student=studentresid student(noblup)=smresid residual=resid 
residual(noblup)=mresid; 
ods output lsmeans=mmm diffs=ppp; run; 
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The effect of body weight on the GIT development and functioning was included as a 
covariate and as the relative organ weight (not shown). 

Anatomy 

Proc glimmix data=work.anatomy plots=all; 
Class treatment room pen side location; 
model bw=treatment; 
model fullgit=treatment bw / ddf=24,24; 
model git=treatment|bw / ddf=24,24; 
model large=treatment bw / ddf=24,24; 
model ceca=treatment bw / ddf=24,24; 
model colon=treatment bw / ddf=24,24; 
model small=treatment bw / ddf=24,24; 
model duodenum=treatment bw / ddf=24,24; 
model jejunum=treatment bw / ddf=24,24; 
model ileum=treatment bw / ddf=24,24; 
model heart=treatment bw / ddf=24,24; 
model gizzard=treatment bw / ddf=24,24; 
model liver=treatment bw / ddf=24,24; 
model relliver=treatment relfat / ddf=24,24; 
model fat=treatment bw / ddf=24,24; 
model abdominalfat=treatment bw / ddf=24,24; 
model eggproductionlatelay=abdominalfat bw / ddf=24,24; 
model maleproportion64=abdominalfat bw / ddf=24,24; 
model mesentericfat=treatment bw / ddf=24,24; 
random room side location; random _residual_ / subject=pen group=treatment;  
lsmeans treatment / pdiff adjust=tukey ilink slice=treatment; 
Estimate 'alternative vs commercials' treatment 1 -3 1 1 / divisor=3; 
Estimate 'dailies vs non-dailies' treatment 1 -1 -1 1 / divisor=2; 
Estimate 'control vs other 3' treatment 1 1 -3 1 / divisor=3; 
Estimate 'control vs non-dailies' treatment 1 0 -2 1 / divisor=2; 
Contrast 'Diet: alternative vs commercials' treatment 1 -3 1 1; 
Contrast 'FF: dailies vs non-dailies' treatment 1 -1 -1 1; 
Contrast 'control vs non-dailies' treatment 1 0 -2 1; 
Contrast 'control vs 3 alternatives' treatment 1 1 -3 1; 
covtest 0. / wald; covtest homogeneity / est restart; 
output out=secondsorted predicted=pred predicted(ilink)=ipred stderr=sd 
stderr(ilink)=isd student=studentresid student(noblup)=smresid residual=resid 
residual(noblup)=mresid; ods output lsmeans=mmm diffs=ppp; run; 

 


