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ABSTRACT 

 

A COMPARISON OF IMMUNE RESPONSE AND ORGAN WEIGHTS IN BROILER 

CHICKENs  

Daniel Rothschild       Co-Advisors: 

University of Guelph, 2019      Dr. Stephanie Torrey 

         Dr. Niel Karrow 

 

 The objective was to benchmark data on immune response and organ weights of 

three slower growing strains and one fast growing strain of broiler chickens raised under 

the same conditions. Relative weights of cardiovascular, respiratory, hepatic, renal and 

lymphatic organs were compared across strains, as were antibody response to 

infectious bronchitis virus (IBV) vaccine and oocysts from Eimeria spp. A significant 

effect was seen on organ size when compared at the heavier of two target weights and 

at the same age. Conventional strain (C) had significantly smaller relative kidney and 

lung sizes, while slower strain H had significantly smaller relative hearts compared to all 

other strains. Significant effects for antibody concentration in response to vaccination for 

IBV, in which strain C had higher antibody titers compared to two slower strains M and 

H. The results from this study indicate that growth differences between strains impact 

organ weights and immune status.  
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Chapter 1: Literature Review 
 

1.1 Introduction 
 

Commercial Broiler Industry 

As a global protein source, broiler chicken production is more sustainable than other 

meat production, in terms of water consumption, energy requirements, and land use (de 

Vries and de Boer, 2010). Broiler chickens are the strain of poultry genetically selected 

and used for meat production (Manning et al, 2007). In 1945, the Atlantic and Pacific 

Tea Company held a competition for the “chicken of tomorrow”, which motivated 

breeders to select birds based on characteristics pertaining to faster growth, and 

improved feed efficiency (Elfick, 2012). Divergence from a dual purpose chicken used 

for egg and meat production occurred at this time (Elfick, 2012). Such selection criteria 

led to improvements in feed efficiency, resulting in less resources being used for broiler 

production (de Vries and de Boer, 2010), as well as more affordable food for consumers 

(Elfick, 2012).  Consumer preference for individual cuts as opposed to full carcasses led 

to further selection for larger breast yield as opposed to other muscle growth (Elfick, 

2012).  Compared to the broiler chicken of the 1950s, modern strains today reach 

market weight (2.1 kg) in fewer days using fewer resources; what would take more than 

84 days to reach 2.1 kg for 1950 strains, is achieved in approximately 42 days in 

modern strains (Havenstein et al, 2003). From 1990 to 2017, the number of broiler 

chickens used for production has increased 52.2% in North America alone (FAO, 2019), 

and continues to rise. This translates into a 120% increase in meat produced from 
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broiler chicken production from 1990 to 2017, with a 44.5% increase in carcass yield per 

broiler chicken from 1990 to 2017 (FAO, 2019). Incredible changes have been made in 

broiler chicken genetic selection; however, these changes have led to concerns 

regarding broilers’ health and welfare.  

 

Defining Animal Welfare 

 Welfare is a broad term that encompasses the physical (health, growth) and 

mental well-being (pain, depression, stress) of the animal (Brambell Report, 1965). 

Good animal welfare is said to be present if the animal is “healthy, comfortable, well-

nourished, and not suffering from an unpleasant state, such as fear, pain and distress” 

(OIE, 2010). A widely accepted framework defined by Fraser (2008) describes criteria 

necessary for good welfare: biological functioning of the animal (good health, proper 

growth, production), affective state (absence or minimization of pain, suffering, and 

negative feelings and emotions), and natural living (provision of natural environment 

and conditions that allow the expression of species-specific behaviours). Biological 

health can greatly impact the affective state of the animal and vice versa. Although it is 

impossible to directly ask an animal about their affective states, there are validated tests 

to infer their affective states through biological functioning (stress hormone levels in 

response to a stimulus) and/or behaviour (providing a choice for the animal; Dawkins, 

2006; Gigliuto et al, 2014). Intense genetic selection for fast growth has led to some 

health concerns in broiler chickens, which could greatly impact their welfare. 

Welfare concerns associated with conventional broilers 
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Due to selection for fast growth and high feed intake, numerous health, welfare and 

production issues have arisen for the commercial broiler industry (Manning et al, 2007; 

Huber, 2017). Genetic selection for fast growth in broiler chickens is causing 

prioritization of muscle growth at a critical time when the broiler chickens’ resources 

would otherwise be directed for ontogenic growth (physical and mental development to 

maturity; Huber, 2017). As a result, modern broiler chickens are at risk of developing 

cardiovascular and musculoskeletal disorders, which can significantly impact welfare 

and production (Julian, 1998; Wideman et al, 2013).  

Conventional broiler chickens reach a weight of 2 kg in approximately five weeks 

(Aviagen Ross 708 Performance Objectives, 2019). Due to this fast growth rate, a large 

proportion of chickens develop problems pertaining to cardiovascular, respiratory 

(Wideman, 1999), and immune function (Juul-Madsen et al, 2004), as well as leg 

development (Julian, 1998), and a reduction in species-specific behaviours (Wallenbeck 

et al, 2016). These welfare concerns are attributed to breeder focus on traits related to 

muscle production, fast growth rate, and high feed conversion (Julian, 1998; Huber, 

2017). As a result of selection, broilers are susceptible to poor biological functioning; 

pulmonary arterial hypertension (PAH) and right ventricle hypertrophy (RVH) are 

prevalent issues in broiler production (Wideman et al, 2013). Lameness is another issue 

associated with broiler production and faster growth (Julian, 1998). Furthermore, 

compromised immunity is a concern amongst broiler chickens (Juul-Madsen et al, 

2004), as the selection for fast growth favours muscle growth over other biological 

functions, such as development of a comprehensive immune system (Huber, 2017).  
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In addition to welfare issues mentioned above, various management practices and 

environmental issues can also contribute to reduced welfare. Broiler chickens are 

generally kept at high stocking densities, which may lead to heat stress induced by 

overcrowding if ventilation is not increased (McLean et al, 2001). Furthermore, high 

stocking densities can increase the prevalence of food pad and hock lesions, breast 

blisters, and leg problems (Algers and Svedberg, 1989). Management of litter quality, 

temperature, and humidity are of utmost importance when raising broiler chickens at 

high stocking densities, as the wet litter and high ammonia will produce more breast 

blisters and skin lesions, which are major welfare concerns as these lesions are known 

to cause pain (Weaver and Meijerhof, 1991; Ekstrand et al, 1997). Broilers are also 

often kept in barren environments, which may reduce behavioural activity further as 

their environments are not stimulating (Bessei, 2006).  

 

Future Directions 

Recently, more attention is being paid to broiler welfare by consumers, processors 

and retailers, and strategies the industry can take to enable natural behaviour and limit 

health issues and subsequently welfare concerns. However, few studies have been 

conducted comparing slower growing strains to conventional ones. Published studies 

have compared few strains with drastically different growth rates (Bokkers and Koene, 

2003; Comert et al, 2016), or under extensive conditions, such as organic systems 

(Eleroglu et al, 2015). Therefore, it is relatively unclear how various slower growing 

strains would fare under the same environment.   
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1.2 Resource allocation theory  
 

Resource allocation theory states that biological trade-offs are a result of limited 

caloric  resources being allocated amongst competing traits in an organism, including 

maintenance, ontogenic growth, muscle production, and reproduction (Roff, 2007; 

Rauw, 2008; Figure 1.1). Maintenance is the priority of any organism, as it is what 

enables an organism to survive throughout development to maturity (Gadgil and 

Bossert, 1970). An individual’s organs, tissues and cells are competing for resources, 

space and utilization by that individual (Moore, 2002). Distribution of resources is under 

genetic influence; during a time of abundant resources, traits sharing these resources 

will all benefit, and after satisfying biological maintenance and ontogenic growth, muscle 

growth occur (Rauw, 2008). However, when the distribution is altered by prioritizing one 

trait over another, the consequence is an increase in energy allocated for one trait at the 

expense of the other trait (Rendel, 1963; Rauw, 2008). For example, selection for larger 

and faster growth leads to issues with cardiopulmonary performance (see section 1.3; 

Olkowski, 2007). If the functional needs of an animal change, then structural 

components (e.g. organ systems) must also change to suit those functions (Bacigalupe 

and Bozinovic, 2002). Organs are generally multipurpose in function, which adds to the 

complexity of an animal responding to functional change (Weiner, 1992). For example, 

the gastrointestinal tract has various compartments that store, digest, and absorb food; 

depending on the feeding strategy of the species, certain compartments will be larger, 

such as the forestomach in ruminants (Weiner, 1992).  
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Artificial selection causes genetic change in livestock for improved production, 

however, this improved production must be supported through increased food 

resources, otherwise genetic changes are not sustainable (Beilharz, 1998). 

Advancements have been made in nutrition and formulation of diets (Illius et al, 2002; 

Olsson et al, 2006), thus allowing more energy and improved utilization when compared 

to unprocessed/wild diets (Rauw et al, 1998). Selection for production in livestock 

animals may have caused a genetic change in energy allocation, resulting in 

disproportionate energy distribution favouring the selected trait, at the expense of other 

demands such as ontogenic growth (Huber, 2017; Figure 1.1) and management of 

disease and stress (Siegel and Dunnington, 1997; Rauw et al, 1998). Under natural 

selection pressures, genetic changes occur slowly, allowing the organism to respond to 

such change and equilibrate; if genetic change occurs rapidly, these changes could 

disrupt proper resource allocation, leaving the animal at risk of homeostatic imbalance 

(Dunnington, 1990).  

Selection in favour of production for meat, milk, or eggs is often accompanied with 

behavioural, physiological, and immunological changes (Rauw, 2008). For example, 

selection for fast growth in conventional broiler strains has led to a reduction in relative 

(to body mass) lung volume compared to red jungle fowl (ancestral type species of 

modern domestic poultry; Julian, 1989; Wideman et al, 2013). If an animal is genetically 

selected for high levels of production, it may cause divergence of resources away from 

other traits that are not important in the breeding goals (Rauw et al, 1998; Rauw et al, 

1999). When insufficient time is given for a species or breed to adjust to genetic change 
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across generations, individual animals may be left unable to physiologically cope with 

such changes (Dunnington, 1990).  

 

Resource allocation in domestic agriculture animals 

Over the past few decades, broiler chickens have been intensely selected for 

heavier body weight at a younger age; cattle and pig selection has been described as 

less intensive, with selection pertaining to more traits (Rauw et al, 1998). Nevertheless, 

intense selection for production raises some welfare issues in these species as well, 

pertaining to biological function and behaviour (Rauw et al, 1998).  Intense selection for 

milk production in dairy cattle has been linked to clinical mastitis (Pryce et al, 1997; 

Negussie et al, 2008), leg and foot disorders (Pryce et al, 1997; Van der Waaij et al, 

2005), endometritis, ovarian cysts, ketosis (Klug et al, 1988), oedema, milk fever, 

retained placentas, and displaced abomasum (Van Dorp et al, 1998). Naturally, 

mammals are expected to be in a negative energy balance following parturition, and the 

degree to which an animal is in a negative balance is heritable. In dairy cattle, increased 

milk yield has led to a further negative energy profile, where even with increased 

feeding, cows are unable to recover from the negative energy balance caused by 

increased production (Veerkamp, 1998; Buckley et al, 2000). Similar to broiler chickens, 

pigs have been selected for increased growth rate and muscle deposition, resulting in 

bone weakness (Stalder et al, 2004), and relative heart sizes that are smaller than wild 

boars (Schurman, 1984; Yang and Lin, 1997). Heart capacity is reduced, which may 

limit proper functioning (Nabuurs, 1998; Nabuurs et al, 2001). As a result of selection for 

production, biological fitness may be indirectly compromised, (Rauw, 2008).  
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1.3 Cardiac, respiratory, and immune function in conventional broilers 
 

1.3.1 Cardiovascular and Respiratory Health 

In order for the heart to meet the metabolic demands needed to support the body 

weight of a 6 week-old conventional broiler chickens, absolute cardiac output must 

increase by 100-fold from hatch to slaughter weight. At the same time, broilers must 

develop a 100 fold increased in pulmonary capacity to oxygenate in order to supply the 

growing body with sufficient oxygen (Wideman, 1999). During this 6 week-period, there 

is a mismatch between the growth of skeletal muscle mass and various supporting 

organs that may result in organ dysfunction (Huber, 2017). Avian lungs are firm and 

fixed within the thoracic cavity; they are unable to expand and have little space to 

alleviate pressure issues that arise from increased blood flow, cardiac output and/or 

pressure. Therefore a slight increase in cardiac output would naturally lead to a drastic 

increase in pressure in the vascular bed of the lungs (Julian, 1993). Furthermore, blood 

capillaries near the lungs form a rigid network that only allows minimal expansion 

(Julian, 1993). Physical pressure from large pectoralis muscles further increases 

pressure on the lungs (Julian, 1993). The sequence in which cardiovascular and 

respiratory health may decline begins with pulmonary arterial hypertension (PAH), 

followed by right ventricle hypertrophy (RVH), causing valvular insufficiency which 

generally ends in ascites and/or death, as increased rise in pressure forces plasma fluid 

into body cavity (Julian, 1998). Conventional broilers have a lower percentage of 

oxygen saturation in comparison to leghorns (traditional laying hens; Julian, 1998), 
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suggesting that blood flow is at such a fast pace due to increases in cardiac output that 

proper oxygenation cannot occur (Henry and Fedde, 1970). As early as 1998, Julian 

stated that modern broiler chickens have reached their limit of blood flow through their 

lungs, further suggesting that breeding companies should try increasing lung capacities 

to support faster growth (Julian, 1998). Collins et al. (2014) reported that modern 

conventional strains have smaller relative lung weights compared to unselected lines, 

which may imply that selection for increased lung capacity was not implemented. 

 

1.3.2 Pulmonary Arterial Hypertension (PAH)   

PAH is a condition that develops due to the inability of the avian arteriole to expand 

despite increased rates of blood flow, which results in increased pressure (Wideman et 

al, 2013). Blood vessels of conventional broilers are constantly engorged, leaving little 

room to deal with an increase in blood flow, even under ideal conditions (Odom et al, 

2004). Unless vasculature becomes resistant to blood flow, normal pressures may be 

sustained; however, this is rarely the case due to rapid growth rates of broiler chickens 

(Wideman et al, 2013). Due to initial increases in pressure by the lungs (as avian 

respiratory systems are unable to respond), the right ventricle attempts to improve blood 

flow through the lungs by increasing cardiac output (Julian, 1993). As mentioned above, 

oxygen saturation in conventional broilers is reduced in comparison to layer chickens 

(Julian, 1998); blood rapidly flows through the pulmonary vasculature in order to support 

fast growth, therefore complete oxygen saturation and carbon dioxide removal is 

stunted (Henry and Fedde, 1970; Powell et al, 1985). As a result, blood entering 
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systemic circulation is hypoxemic (low levels of circulating O2) and hypercapnic (high 

levels of circulating CO2; Wideman et al, 2013).  

Hypoxic conditions stimulate erythropoiesis, in order to improve oxygen-carrying 

capacity resulting in increased hematocrit; these increases in red blood cell (RBC) 

production could increase blood viscosity, especially since RBCs are not deformable, 

which is detrimental due to already existing blood flow issues caused by increases in 

pressure and cardiac output (Ruiz-Feria and Wideman, 2001). High hematocrit can 

increase pulmonary vasculature thrombotic occlusion, which will further increase 

vascular resistance and the risk of developing PAH (Burton and Smith, 1967; Fedde 

and Wideman, 1996). Hypoxemia can result in changes to systemic circulation by 

causing an increase in blood flow through arteriolar vasodilation (Wideman and Tacket, 

2000) and an increase in venous returns to the right ventricle, stimulating a further 

increase in cardiac output (Peacock et al, 1989). Thus, rapid growth combined with poor 

pulmonary vascular capacity triggers a cascade of events resulting in hypoxemia, 

polycythemia (increased concentration of hemoglobin), systemic hypotension (caused 

by reduced blood flow to the left ventricle), increased venous return, and rapidly 

escalating PAH and RVH (Julian 1993; Wideman et al, 2007).  

 

1.3.3 Right Ventricular Hypertrophy (RVH) 

Following the progression of PAH in conventional broiler chickens, the right ventricle 

increases activity to alleviate pressure and flow issues, while meeting metabolic 

demands of the conventional broiler (Julian, 1998; Wideman et al, 2007). In response to 

the onset of PAH, the right ventricle increases its workload, resulting in ventricle wall 
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thickening and increased pulmonary pressure (Julian, 1998). While this is occurring, 

closure of the right atrioventricular valve becomes insufficient, limiting its function in 

separating blood flow from the atria into the ventricle (Chapman and Wideman, 2001; 

Lorenzoni et al, 2008). A poorly functioning atrioventricular valve results in accumulation 

of blood in both the right ventricle and systemic veins, leading to increased venous 

pressure (Wideman et al, 1991; Lorenzoni et al, 2008), and increase risk for right 

ventricular failure, and death (Julian, 1998). In response to RVH, the renin-angiotensis-

aldosterone cascade is activated, causing the kidneys to retain excessive sodium and 

water; this contributes to increased systemic pressure, and is the source of ascetic 

transudate (fluid accumulation as a result of increased systemic pressure; Wideman et 

al, 1993; Forman and Wideman, 1999).  

 

1.3.4 Ascites 

Ascites is a condition that results in leakage of plasma into the celomic space, due to 

increased hydrostatic pressure as a result of venous congestion, which can result in 

discomfort, pain, and/or death (Julian, 1998). In broilers, it is caused by right ventricular 

failure, which is induced by PAH and RVH development, and subsequently valvular 

insufficiency (Julian, 1998). Factors that contribute to the onset of ascites in an additive 

manner include higher blood flow due to metabolic requirements for growth, resistance 

to flow, hypoxemia inducing increased blood viscosity (due to increased hematocrit), 

and reduced vascular capacity in the lung (Julian, 1998) to which avian species are 

anatomically predisposed (Huber, 2017). The right ventricle, in turn, reacts to reduce 

blood flow by increasing workload, resulting in further RVH (Julian, 1998). Increased 



 12 

pressure in the veins, abdominal vessels, and liver forces plasma fluid into the celomic 

space, resulting in ascites (Julian, 1998). Due to improper blood flow and pressure, the 

lymphatic system is unable to resolve leakage issues and therefore fluid continuously 

builds up (Julian, 1998). Pressure on the air sacs caused by fluid buildup may lead to 

respiratory failure (Julian, 1998). Sudden death may be a consequence of ascites, and 

is a major concern for producers (Huber, 2017). Globally, this condition results in 

approximately $1 billion in losses annually due to condemnation of products or mortality 

(Maxwell & Robertson, 1997).  

 

1.3.5 Immune Health 

The immune system of chickens begins to develop during embryogenesis; however 

it takes a few weeks post-hatch to fully develop (Panda et al, 2015). A particularly 

important factor influencing the development of immunity is the transition from the use 

of yolk sac as a source of nutrients, to exogenous sources in feed (Geyra et al, 2001). 

The nutrients provided in feed are important for development of primary and secondary 

lymphoid organs (Dibner et al, 1998). In a commercial broiler system, feed is often 

delayed up to 2-3 days, as the hatch window may be up to 48 hrs long and newly 

hatched chicks may be transported over long distances prior to placement (Panda et al, 

2015). Therefore, broilers may be deprived of feed at a crucial period that will have an 

effect on the development of the immune system (Juul-Madsen et al, 2004; Panda et al, 

2010). If access to feed is delayed post-hatch,  it can have a negative effect on primary 

lymphoid organs such as the bursa (Dibner et al, 1998; Panda et al, 2010), by delaying 

the development of resident lymphocyte populations (Bar Shira et al, 2005; Panda et al, 
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2008). The bursa is a specialized avian lymphatic organ responsible for amplification 

and differentiation of B lymphoid cells (Davison et al, 2008). Without proper 

development and growth of the bursa and resident lymphocytes, secondary lymphoid 

organs (spleen, caecal tonsils etc.) will suffer (Bucy et al, 1988). 

Selection for increased growth in strains of broiler chickens decreases immune 

function, but selection for immune function does not significantly impact growth rate 

(van der Most et al, 2011). This is because growth is energetically more costly than 

maintenance of immune function; therefore, if an animal is prioritizing growth over other 

functions (such as development of immune system early on), fewer resources are 

leftover to establish a properly functioning immune system. In contrast, maintaining a 

proper immune system is said to be not as costly, therefore leftover resources can be 

directed to growth (van der Most et al, 2011).  Koenen et al. (2002) found that fast 

growing strains of broiler chickens are specialized in mounting a short-term humoral 

(innate) immune response, while layers (slower growing than broilers and selected for 

egg production) have better long-term humoral response and stronger cell-mediated 

response. Broilers are therefore at risk of being immunocompromised due to two 

factors: feed deprivation early in life (Panda et al, 2015), and their fast growth rate and 

resource allocation (Yunis et al, 2000; Juul-Madsen et al, 2004; Huber, 2017).  

Major diseases that concern the global poultry industry include infectious 

bronchitis virus (IBV) and coccidiosis. These diseases are contagious and difficult to 

diagnose as symptoms are sub-clinical.  
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1.3.5.1 Infectious Bronchitis Virus (IBV) 

IBV is a coronavirus of domestic fowl, primarily infecting the respiratory system; 

however, this infection can replicate in many non-respiratory cells, such as reproductive 

and renal tissues (Bolts et al, 2004). Vaccinated maternal flocks pass on antibodies to 

offspring, providing short-term immune protection, which lasts no more than 2-3 weeks 

(Davelaar and Kouwenhoven, 1976). Live vaccines are administered at hatch; however 

protection is short lived, and the effects of the vaccine eventually diminish (Gough, 

1979; Darbyshire, 1984). Symptoms of IBV include nasal discharge, sneezing, rales 

(vibration emanating from lower segments of the respiratory tract), watery eyes and 

lethargy (Cavanagh, 2005). There are many serotypes of this virus, which are poorly 

cross-protective (Cavanagh et al, 1997; Capua et al, 1999), resulting in a need to 

produce serotype-matched vaccines (Box et al, 1980; Bijlenga et al, 2004). IBV infection 

may lead to secondary infections that puts birds further at risk (Cavanagh, 2003). If a 

flock is infected, morbidity can reach 100% due to the virus’s ability to rapidly spread 

through aerosol means (Cavanagh and Gelb, 2008; Awad et al, 2014). Mortality rate is 

dependent on many factors such as flock age, secondary infections, immune status, 

management and environmental factors (Cavanagh and Gelb, 2008; Awad et al, 2014). 

In young chicks, mortality rate is approximately 25-30%, however, depending on the 

virulence of the strain, it can reach 80% (Bande et al, 2016). Control and prevention of 

the disease in broiler production is done through a live vaccine at hatch, as well as 

proper vaccination for maternal flocks (Cavanagh and Gelb, 2008; Awad et al, 2014). 
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1.3.5.2 Coccidiosis 

Coccidiosis is an intestinal disease caused by protozoa of the species of Eimeria 

spp. that are specific to poultry (Jordan et al, 2011). It is a major economic concern for 

producers (Chapman, 2014; Chapman et al, 2016), costing more than $450 million 

annually in the US (Allen and Fetterer, 2002), with approximately 80% of costs 

attributed to treatment of the disease and poor growth performance of broiler chickens 

(Vermeulen et al, 2001).  Coccidiosis can result in fluid loss, malabsorption of nutrients, 

hemorrhaging of intestines, and potentially death (Johnson and Reid, 1970). Symptoms 

may not be apparent, and can include reduced weight gain, weight loss, and bloody 

diarrhea (Johnson and Reid, 1970). Live vaccines are administered at hatch, which 

provides a dosage of coccidial oocysts that infect and cause the bird to mount an 

immune response (Price et al, 2014). In order for the vaccine to generate complete 

immunity, oocysts must be shed through feces and consumed in small amounts 

throughout growth (Price et al, 2014). Initial ingestion of sporulated oocysts during 

vaccination causes invasion of the gastrointestinal lining, which is then followed by 

continuous excretion in feces (Chapman et al, 2002). Clinical signs can develop if young 

birds ingest large amounts of oocysts (Price et al, 2014); Eimeria spp. will attach to 

intestinal cells, replicate within the cell and release oocysts which leads to the 

destruction of villi, and enteritis (inflammation of the intestine) preventing proper 

digestion and absorption of nutrients, and causing protein leakage (Kim et al, 2017). 

Factors that affect the pathogenesis include number of oocysts in the litter and ingested, 

susceptibility of the birds (as influenced by factors such as genetics, age of flock), and 

stocking density (Chapman et al, 2002). This condition also makes birds susceptible to 



 16 

secondary infections, especially Clostridium perfringens, as the intestinal surface is 

compromised, preventing proper protection from invading foreign substances (Kim et al, 

2017). Anticoccidials as feed additives has also been used to control coccidiosis 

breakouts, however this may select for drug resistant Eimeria strains and its use is a 

rising industry concern (Vermeulen et al, 2001). Similarly, anticoccidials are used for 

treatment of coccidiosis outbreaks, however there is concern for development of 

resistant strains (Vermeulen et al, 2001). If left untreated, coccidiosis can lead to high 

mortality in broiler chickens (Yegani and Korver, 2008). Yun et al. (2000) suggested that 

cell-mediated immune response is crucial for developing resistance to coccidiosis, as 

these parasites are intracellular. As mentioned above, fast-growing strains of broilers 

are better equipped than slow growing layers for short-term humoral responses, but less 

so for cell-mediated immune responses (Koenen et al, 2002).  

 

1.4 Breeding strategies for robust broilers 

Genetics companies have successfully incorporated some traits within selection 

schemes for conventional broilers to improve livability. Nevertheless, there is interest in 

whether breeds that have been selected for slower growth rates are more robust than 

conventional strains. Slower growing strains of broiler chickens are becoming more 

popular in mainstream production, as some suggest welfare improvements with slower 

growth (Wallenback et al, 2016). Slower growing broiler strains have also been selected 

for muscle production, efficiency and growth traits, however, the selection process has 

been less intense compared to conventional modern strains; and they take longer to 

reach target weight (Mikulski et al, 2011). The slower growing strains can range from 
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63-120 days (compared to 35-37 days) to reach 2.1kg, depending on the slow growing 

strain (Mikulski et al, 2011), however, even the definition of slower growing broilers is 

still widely debated. Based on resource allocation theory, this means that the animal 

has longer lifespan and more developmental time to allocate resources for proper 

ontogenic growth. Numerous studies have compared modern, conventional broiler 

chickens with 1957 strains of broiler chickens in terms of organ growth, carcass traits 

(Havenstein et al, 1994; Havenstein et al, 2003; Collins et al, 2014), and immune 

function (Cheema et al, 2003). Modern strains of broilers have smaller organs (as a 

percentage of body weight) and larger carcasses compared to 1957 strains (Havenstein 

et al, 2003; Cheema et al, 2003). Smaller organs may negatively impact welfare by 

reducing functional capacity, leading to pathology that results in a negative affective 

state such as pain, malaise or even breathlessness (difficult, labored breathing; refer to 

section 2.5; Mellema, 2008).   

Various research has shown that broiler chickens have smaller relative lung weights 

compared to unselected lines (Havenstein et al, 2003; Collins et al, 2014) and red 

jungle fowl (Julian, 1998). Furthermore, heart and bursal sizes were also significantly 

smaller when comparing modern strains with 1950 strains of broiler chickens, while 

carcass yield was higher (Havenstein et al, 2003; Cheema et al, 2003). Selection for 

faster growth negatively impacted immune function, however, selection for improved 

immunity had little impact on growth (van der Most et al, 2010). Van der Most et al. 

(2010) explained that if growth requires 20% of energy intake and immune function only 

requires 2%, then increasing growth requirements by 10% to be 22% of energy intake 

would divert all resources from immune function to supply growth demands. If energy 
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requirements for immune function increased by 10%, the result on resources available 

for growth is minimal (19.8% instead of 20%; van der Most et al, 2010). Selection for 

traits pertaining to robustness as opposed to production will allow the animal to 

successfully deal with its environment, improving animal health, production, and 

subsequently welfare (Knap, 2009; Rauw, 2012). Selection schemes for pig production 

that incorporate robustness traits within the breeding goal have led to economic values 

similar to those obtained from selecting for production traits alone (Knap, 2009). 

Furthermore, Knap (2009) states that selection for robustness and production can 

happen simultaneously, producing an animal with improved livability, health, and 

production.  

Selection for ascites resistance has resulted in a substantial reduction in prevalence; 

prevalence in males decreased by 85.3% and in females by 100% after two generations 

of selection (Thiruvenkadan et al, 2011). Selection against ascites did not have an 

impact on weight gain (Wideman and French, 2000; Anthony et al, 2001). However, 

ascites is still a major concern and accounts for 5-10% mortalities in broiler production 

(Druyan and Cahaner, 2007). Tibial dyschondroplasia and long bone deformations were 

prevalent issues, impacting 45-57% of birds in 2003 (Kapell et al, 2012). However, 

significant reductions in these leg conditions have been made through genetic selection, 

with a decrease of 37.7% in the UK over a 6 year period (Thiruvenkadan et al, 2011; 

Kapell et al, 2012). However, while leg disorders are still a major welfare concern for 

broiler chickens, this research shows that multi-trait selection for robustness and 

production is possible (Thiruvenkadan et al, 2011; Kapell et al, 2012). Robustness and 
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production can be selected for simultaneously through multi-trait selection, allowing for 

improvements in welfare, production, and economic gains.  

 

1.5 Project outline 

The overall objective of this project is to improve broiler welfare, focusing on 

immune and cardiovascular function, as well as relative organ weights, by 

benchmarking data on three slower growing strains to one conventional strain of broiler 

chicken. This research was conducted as part of a multidisciplinary study that included 

16 strains of broiler chickens that differ in growth rates over 8 replicates in time.  

The objective is to compare the various genotypes with regards to right ventricle 

hypertrophy (as indicated by the ratio of right ventricle to total ventricle) as an indicator 

of pulmonary hypertension, relative organ weights (heart, liver, lungs, kidneys, bursa) as 

a percentage of body weight as an indicator of disproportionate allocation of resources 

for skeletal muscle growth and supporting organs, bursal atrophy, oocysts shedding, 

and antibody production against infectious bronchitis virus vaccine.  

It was hypothesized that different strains of broiler chickens, differing in growth 

rates, would differ in antibody detection as a result of differences in innate immune 

response, and would differ in coccidial oocysts output as a result of differences in cell-

mediated immune response. Furthermore, it was hypothesized that conventional and 

slower growing strains would differ in relative organ weights.  
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Rationale & Purpose 

 The poultry market is increasing, resulting in higher demand for poultry products 

compared to previous years, and compared to products from other production animals. 

Negative welfare can affect the daily life of a broiler chicken, ranging from its inability to 

perform natural behaviours to poor health caused by their fast growth rates. Poor health 

is also an economic issue as it results in increased mortality and product 

condemnations. Public demand is putting pressure on the poultry industry to raise 

animals with welfare in mind, which may include using strains of broiler chickens with 

slower growth rates than what is conventionally used. Furthermore, the use of 

antibiotics on farm is becoming increasingly unpopular, due to risks associated with 

antimicrobial resistance, therefore individual broiler health is important as the market 

changes from using antibiotic-free feed. To date, there is little published data that 

compares health and welfare of broiler strains differing in growth rates under a 

conventional production system. Therefore, it is important to determine if welfare differs 

among these strains as the trend for slower growth is increasing.  
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Figure 1.1: The barrel model diagram for resource allocation. Used with permission, 

Huber (2017) adapted from Rauw et al. (2008). This image depicts resource allocation 

theory. Voluntary feed intake (FI), digestive (D), and absorptive (A) capacity function in 

intake and processing of resources. Resources are then pooled and allocated for 

maintenance (faucet 1), ontogenic growth (faucet 2), production (faucet 3), and 

reproduction (faucet 4). Adipose tissue is responsible for storing energy and endocrine 

regulation. Certain amounts of energy are dissipated as heat as a byproduct of 

metabolic function and/or for thermoregulation. 
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Chapter 2: Comparison of organ weights and immune 
response in slower growing vs. conventional strains of 

broiler chickens 
 

2.1 Abstract: 
 

One by-product of fast growth in conventional broiler chickens is a mismatch in 

nutrient allocation, which may lead to poor health which is a major welfare and 

production concern. There is increasing interest in the use of slower growing strains of 

broilers for their purported better welfare, but little is known about the relationship 

between growth rate and health among various broiler strains. As part of a large, 

multidisciplinary study, the objective of this study was to determine if relative organ 

weights and immune response differs amongst 4 strains of broiler chickens that vary in 

growth rates. A total of 1,760 mixed sex broilers were randomly allocated by strain into 

pens of 44 birds (30 kg/m2) at hatch. There were 40 pens in total, 8 for strain C 

(Average daily gain (ADG)0-48= 65.80 g/d), 8 for strain M (ADG0-62=54.32g/d), 12 for 

strain H (ADG0-62=50.46g/d), and 12 for strain D (ADG0-62=45.64g/d). In each pen, 2 

birds of each sex (n=160) were randomly selected and identified as sentinel birds. Fresh 

fecal samples were collected on a per pen basis on D5, 6, 7, 14 and 21 for determining 

the number of coccidia oocysts (per gram feces; OPG). Whole blood was collected on 

D21 and blood serum analyzed for infectious bronchitis virus (IBV) antibody detection in 

response to vaccination. Birds were euthanized via cervical dislocation at one of 2 time 

points based on target BW. The heart, lungs, liver, kidneys, and bursa of Fabricius were 

removed and weighed. Data were analyzed using Proc Glimmix in SAS 9.4 as an 

incomplete randomized block design with strain as a fixed effect by age and target 
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weight with final BW as a covariate. There was an effect of strain on IBV antibody 

detection which was compared using the sample optical density to positive kit control 

ratios (S/P); Strain C (S/P=0.43±0.09) was different (P=0.05) than strain M 

(S/P=0.22±0.09) and Strain H (S/P=0.27±0.08). There was no strain (P=0.28) or strain 

by day (P =0.97) effect when comparing OPG counts. No strain effect was seen at 

Target Weight 1 in any organs. At Target Weight 2, strain affected heart weight, with H 

having lighter relative heart weights than all the other strains (P=0.0003). H also had 

lighter relative liver weights compared to M and C (P=0.0001), and C had lighter kidneys 

(P=0.0008) and lungs (P=0.002) compared to the other strains. At the same age (D48), 

H had lighter hearts compared to M (P=0.049), and C had lighter kidneys (P=0.021) and 

lungs (P=0.0274) than the other strains. In conclusion, broiler chickens selected for 

variable growth rates differed in antibody production in response to IBV, and relative 

organ weights (as a percentage of body weight) when fed the same diet and reared 

under the same environment.  

 

2.2 Introduction: 
 

 Conventional broiler chickens are at risk of developing pulmonary hypertension, 

right ventricle hypertrophy, ascites (Julian, 1998; Wideman et al, 2013), immune health 

problems (Juul-Madsen et al, 2004), and lameness (Julian, 1998), which are all major 

welfare and production concerns. The prevalence of these conditions has been 

attributed to genetic selection for faster growth and larger muscle production (Huber, 

2017). Due to their fast growth, broiler chickens may have underdeveloped organs; the 
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mechanism behind this relates to resource allocation theory, which states that an 

individual has limited resources to allocate for maintenance, ontogenic growth, muscle 

production, and reproduction (Rauw, 2008). Selection for production traits may divert 

resources away from other biological functions, such as organ and immune 

development (Rauw, 2008; Huber, 2017). Conventional broiler strains have smaller 

relative lung volume compared to red jungle fowl and leghorns (Julian, 1989; Wideman 

et al, 2013) and decreased organ sizes (Havenstein et al, 2003) and immune responses 

(Cheema et al, 2003) compared to unselected broiler strains. Increased demand for 

faster and larger growth, coupled with underdeveloped organs, is considered to be a 

crucial factor in the health and welfare issues seen in broiler chickens (Julian, 1998; 

Rauw, 2008; Huber, 2017).    

Broiler chickens may encounter health challenges, with viral respiratory diseases 

and bacterial and parasitic gastrointestinal infections resulting in significant morbidity 

and mortality. Infectious bronchitis virus (IBV) and coccidiosis are two diseases that 

persist subclinically in commercial broiler production, and can cause significant losses 

(Ignjatovic & Sapats, 2000). IBV is a coronavirus of the domestic fowl, primarily infecting 

the respiratory system, with the capability of infecting other non-respiratory surfaces 

(Bolts et al, 2004). During outbreaks, mortality can reach 25% (Ignjatovic & Sapats, 

2000). Coccidiosis is a parasitic infection of the gastrointestinal tract that results in fluid 

loss, malabsorption of nutrients, hemorrhaging of intestines, and potentially death 

(Johnson and Reid, 1970). While vaccines exist for both these diseases, resistance 

depends on the chicken mounting an appropriate (either innate or cell-mediated) 

immune response (Koenen et al, 2002).  Koenen et al. (2002) found that broiler 
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chickens are specialized in mounting a short-term humoral (innate) immune response, 

while layer chickens are better suited for long-term cell-mediated response, which may 

be a result of differences in resource allocation and growth rates.  However, little is 

known about the differences in immune response among strains of broiler chickens that 

differ in growth rates.  

 There has been growing public and corporate interest in the use of slower 

growing strains of broiler chickens. While selected for growth and production, slower 

growing strains reach similar target weights at older ages compared to conventional 

broiler strains (Mikulski et al, 2011). Based on resource allocation theory, a longer 

production phase could provide slower growing strains with a longer development time 

where they are able to allocate more resources for ontogenic growth. One recent study 

found that a slower growing strain had a stronger immune response and birds were able 

to reduce the parasitic load in response to an Eimeria challenge compared to a fast 

growing strain (Giles et al, 2019). Another study found that slower growing strains of 

broiler chickens had lower Campylobacter infection loads following inoculation 

compared to faster growing strains (Williams et al, 2013). However, few studies have 

compared slower growing strains to conventional ones under commercial conditions. 

Some studies have compared few strains with drastically different growth rates (Bokkers 

and Koene, 2003; Comert et al, 2016; Giles et al, 2019), or under extensive conditions, 

such as organic systems (Eleroglu et al, 2015). In addition, most studies have focused 

on behaviour and production. However, it is relatively unclear how various slower 

growing strains would fare under the same environment as fast growing strains, and 

how it would impact their physiology, health, and welfare.  
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The objective of this study was to compare the physiology and immune response of 

different strains of broiler chickens that differ in growth rates. Humoral antibody 

response to IBV was measured, as well as, cell mediated response through oocyst 

output to determine differences between immune response across the strains. Relative 

organ weights at two targeted body weights, as well as at the same age, were 

determined as indicators of organ function and health. It was hypothesized that faster 

growing strains of broiler chickens would have a higher concentration of IBV antibody 

detected based on them having stronger humoral immune responses; however, it was 

hypothesized that differences in oocysts output resulting from stronger cell-mediated 

immune response in slower-growing strains. Furthermore, it was hypothesized that 

slower growing strains would have larger relative organ weights as a result of less 

intense selection for fast growth and therefore a longer development period to reach the 

market weight . 

 

2.3 Methods: 
 

Animals and housing 

A total of 1,760 broiler chickens from one conventional strain (Strain C) and 3 

slower-growing strains (Strain M, H, and D) were housed at Arkell Poultry Research 

Station (Guelph, ON, Canada). Fertile eggs were obtained from commercial breeding 

companies throughout North America and incubated and hatched at Arkell Poultry 

Research Station. Birds were sexed prior to placement. There were 40 pens in total (44 

birds/pen; 30 kg/m2), 8 for strain C, 8 for strain M, 12 for strain H, and 12 for strain D. 
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Pens were equipped with a round pan feeder (diameter=33.75cm; 1.53 cm/bird), 5 

nipple drinkers, a 25° ramp to a raised platform that was 30 cm above litter, a hanging 

round scale (diameter = 50.8cm), a mineral PECKstone (Vilofloss, Fredericia, 

Denmark), and nylon ropes as enrichment (Figure 2.1). Pen walls were solid white 

plastic. Wood shavings were used as litter. Temperature and lighting schedules 

followed the regimen shown in Table 2.1. Birds were vaccinated at hatch for infectious 

bronchitis virus (Live virus vaccine, Merial INC.; spray vaccine), Marek’s Disease Virus 

(CEVA), and coccidiosis (Immucox 5; spray vaccine). 

 

Diet 

An all vegetarian, antibiotic-free diet was provided ad libitum. Diets were 

formulated and milled at the University of Guelph. Diets were provided in three phases 

(starter, grower, and finisher); diets were changed based on when strains reached the 

same feed intake as the conventional strain. Starter diets were switched when each bird 

consumed approximately 500g of starter feed, and switched from grower to finisher 

when each bird consumed approximately 1470g. Diets were a fine crumble for starter 

phase, coarse crumble for grower phase, and short pellet for finisher stage. Table 2.2 

outlines the analyzed diet compositions by stage.  
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Experimental Design 

Birds were placed in a room with 28 floor pens installed. Sex was equally 

distributed in each pen. Males and females were marked using different coloured paint. 

In each pen, 12 birds were wing-tagged at hatch as sentinel birds. Trials ran over three 

replicates in time. The experiment was a randomized incomplete block design as not all 

replicates included all strains being examined. There were 40 pens in total used; 8 for 

strain C, 8 for strain M, 12 for strain H, and 12 for strain D with other non-experimental 

pens filled as well (Table 2.3). These non-experimental pens were filled with birds 

whose data are not reported here. For each replicate, the strains had one pen in each of 

the four blocks within the room.  

 

Growth  

Bodyweights (BW; Ohaus Valor 1000, New Jersey, USA; Accuracy: 0.002kg) 

were measured at hatch in order to balance pens by weight within strains, and prior to 

each processing day as final body weights. On day 14, 4 birds/pen (n=160) were 

randomly selected (2 males, 2 females) out of the tagged sentinel birds for a balanced 

sex ratio. Sentinel birds were weighed individually on D34 and 48 for strain C, and D48 

and D62 for the other strains.   

 

Eimeria oocyst count 

Fecal samples were collected on a per-pen basis on D5, 6, 7, 14, 21. Samples 

were stored at 4°C and oocysts were counted prior to 2 weeks storage time. Protocol for 
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counts followed the McMaster chamber counting technique adapted from Dr. Barta’s 

Lab, as outlined in Price et al. (2014). Feces were weighed and mixed with saturated 

NaCl water that acted as the flotation medium. Samples were then mixed and filtered 

with a metal strainer. Volume retrieved was recorded and then McMaster counting 

chambers were loaded. Samples were left for 5 minutes to allow oocysts to float to the 

top of the slide. Counts were conducted under a light microscope (Wild Heerbrugg, Jürg 

Dedual, Switzerland) at a 10x objective.  

 

Blood collection for antibody detection 

Blood samples (~3mL) were collected from the brachial wing vein of sentinel 

birds at D21 for antibody production in response to infectious bronchitis virus (IBV) 

vaccination. In each pen, 4 sentinel birds were chosen (2 males, 2 females; Table 2.4). 

Blood samples were collected in red-capped serum tubes (Fisher Scientific, Toronto, 

Canada; BD B366408) with no additive and coagulated at an angle. Serum was 

separated using a centrifuge at 2500rpm, at 4°C for 10 minutes. Serum was transferred 

to microcentrifuge tubes (Fisher Scientific, Toronto, Canada; BIP4000) and stored in a 

freezer at -20°C until analyzed. An ELISA test (IBV antibody test kit; Lot#: LN445; 

IDEXX; Maine, USA) was used, following the manufacturer’s instructions as described, 

however, instead of a 1:500 dilution, a 1:100 dilution was used as no readable results 

were detected using instructed dilutions. Optical density (OD) values were measure and 

sample to positive ratios were calculated. Results are presented as sample to positive 

ratio (S/P), as the log titre was not possible to determine, as the equation provided in 
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the manufacturer instruction was only valid using the 1:500 dilution. The sample to 

positive ratio relates the sample optical density value to kit controls. 

 

Organ weights 

Birds were euthanized via cervical dislocation at one of 2 time points based on 

anticipated BW. Selected birds were the same used for antibody detection (Table 2.4). 

After birds were euthanized, they were left to cool at 4°C and then kept frozen at -20°C 

until dissections occurred because of project logistics. Prior to dissections, birds were 

thawed out in the cooler room at 4°C for 48 hrs.  Strain C was euthanized at D34 and 

D48, and strains D, H and M were euthanized on D48 and D62. The heart, lungs, liver, 

kidneys, and bursa of Fabricius were removed (Figure 2.3, 2.4, 2.5) and weighed using 

an analytical scale (Mettler AC 88 digital balance; Mississauga, ON, Canada; Accuracy: 

0.0001 g). Heart ventricles were separated by an inferior cut from the medial aspect of 

the right atrium to the apex of the left ventricle; atria were removed to separate right 

ventricle and left ventricle, inclusive of the septum. Right ventricle (RV) to total ventricle 

(TV) weight ratios were determined, as well as RV, and left ventricle (LV) wall thickness 

measurements using digital calipers (Fisher Scientific carbon fiber composite digital 

calipers; Toronto, ON, Canada; Resolution: 0.1mm, Accuracy: ±0.2mm). Methodology 

was adapted from Julian (1998). Right ventricle (RV) to total ventricle (TV; comprised of 

LV+septum+RV) ratios were calculated. Bursal atrophy was defined as occurring when 

the bursal to BW ratio was <0.12 (Cazaban et al, 2015).  
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Statistical analyses 

Strains were compared at similar approximate target weights (~2.1 kg (Target 

Weight 1) and ~3.5 kg (Target Weight 2)) and at the same age (D48) to better 

understand the role of weight versus age on the dependent variables. Data were 

analyzed as an incomplete randomized block design with strain and sex as fixed effects, 

and replicate, block and pen as random effects using Proc Glimmix in SAS 9.4 with 

body weight as covariate. Strain and sex interactions were initially included in the 

model, however, if insignificant (P>0.10), then the interaction was removed from the 

model. IBV data was analyzed using Proc Glimmix in SAS 9.4. OPG data were 

analyzed using a mixed model with day as the repeated measure.  Data were tested for 

normality. Homogeneity of variance and outlier analysis was conducted. Tukey’s 

analysis was used for comparing means across treatments for all measurements. A X2-

test was performed for comparing bursal atrophy across the strains. Data presented as 

means ± SEM. Significance detected at P>0.05.  

 

2.4 Results 
 

Body Weight and Growth Rate and Mortality 

At Target Weight 1 (when C was 34 d of age and M, D, and H were 48 d of age), 

there was a significant difference in BW (P<0.0001), with strain M being the heaviest 

and strain C being the lightest (Table 2.5; Table 2.9). Body weight also differed by sex 

at Target Weight 1 (P<0.0001) with males being heavier than females (Table 2.5; Table 

2.9). There was no strain × sex interaction (P=0.67). At Target Weight 2 (when C was 



 32 

48 d of age and M, D and H were 62 d of age), strains M and C were heavier than strain 

D (P<0.0001; Table 2.6; Table 2.9). Strain H was intermediate, and did not differ from 

any other strain. Males were heavier than females at Target Weight 2 (P<0.0001; Table 

2.6; Table 2.9). There was no strain × sex interaction (P=0.24). At the same age (D48; 

Table 2.7; Table 2.9), BW was significantly different amongst the strains (P<0.0001), 

with strain C being heavier than all strains. Strain M was significantly heavier than strain 

H and strain D (P<0.05). No difference was found between strain H and strain D on 

D48. Sex affected BW at D48 (P<0.0001), with males being heavier compared to 

females (Table 2.7; Table 2.9). There was no strain × sex interaction (P=0.59). 

Average daily gains to Target Weight 2 differed by strain (P<0.0001). Strain C 

gained 65.80 ± 2.345 g/d through 48 d. Strain M gained 54.32 ± 1.518 g/d, strain H 

50.46 ± 1.021 g/d and strain D 45.64 ± 0.9228 g/d through 62 d of age. There was a sex 

effect (P<0.0001) on ADG, with males gaining more per day (57.01 ± 1.054 g/d) 

compared to females (44.70 ± 0.9218 g/d). There was no strain × sex interaction 

(P=0.21).  

Mortality rate did not significantly differ by strain across the replicates (P=0.17). 

Mean mortality rate for this trial was 2.1%.  

 

Coccidiosis oocyst  

There was no strain (P=0.2807) nor strain by day effect (P=0.9655) on oocysts 

per gram counts (Figure 2.6). There was a random pen effect when comparing OPG 
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counts (P<0.0001), the same pens within different replicates and different pens within 

the same replicates were significantly different from one another.    

 

IBV Antibody Detection 

There was a significant difference in S/P ratios amongst the strains (P= 0.05). 

Strain C had a higher ratio (0.43±009) than Strain M (0.20±0.09) and Strain H 

(0.27±0.08). Strain D (0.34±0.082) was not significantly different than any other strain 

(Figure 2.7). 

 

Organ Weights  

Heart weights  

There was trend (P=0.089) toward an effect of strain on relative heart weights at 

Target Weight 1 (Table 2.5; Table 2.8), with strain H tending to have the smallest 

relative heart size compared to strains C, strain M and strain D. There was a tendency 

for sex to affect heart weights (P=0.062), with males having larger relative hearts 

compared to females (Table 2.5; Table 2.8). There was no strain × sex interaction 

(P=0.85). At Target Weight 2, there was an effect (P=0.017) of strain on relative heart 

weights; strain H had smaller relative heart weights compared to all other strains (Table 

2.6; Table 2.8; Figure 2.8). Males had heavier relative heart weights than females at 

Target Weight 2 (P<0.0001; Table 2.6; Table 2.8). There was a trend for strain × sex 

interaction (P=0.051) on D48, with all excluding strain H (P=0.58), males (strain C = 
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0.33 ± 0.0066 g/g%; strain M = 0.33 ± 0.011 g/g%; strain D = 0.34 ±0.010 g/g%) having 

heavier relative heart weights than females (strain C = 0.28 ± 0.0077 g/g%; strain M = 

0.28 ± 0.0096 g/g%; strain D = 0.26 ± 0.0091 g/g%) within the same strain at Target 

Weight 2. 

At the same age (D48), relative heart weights differed (P=0.049) among strains; 

strain H had smaller relative heart weights compared to strain M (Table 2.7; Table 2.8; 

Figure 2.9). Sex also had a significant effect on relative heart weights at D48 (P = 

0.018), with males having larger relative heart weights compared to females (Table 2.7; 

Table 2.8). There was no strain × sex interaction (P=0.16). 

At target weight 1, RV:TV ratios were not significantly different by strain (P=0.32), 

or sex (P=0.24), and there was no strain by sex interaction (P=0.26; Table 2.10). At 

target weight 2, RV:TV ratios were not significantly different by strain (P=0.75), sex 

(P=0.54; Table 2.10) or strain × sex interaction (P=0.93). At the same age comparison 

(D48), RV:TV ratios were not significantly different by strain (P=0.43), sex (P=0.50) or 

strain × sex interaction (P=0.24; Table 2.10). 

Lung weights 

There was no strain (P=0.37), sex (P=0.63) or strain × sex interaction (P=0.49) 

effects on relative lung weights at Target Weight 1 (Table 2.5; Table 2.8). At Target 

Weight 2, relative lung weights differed across strain (P=0.0020); strain C had relatively 

smaller lungs than all other strains (Table 2.6; Table 2.8; Figure 2.8). There was no 

difference among the slower growing strains (P>0.05). No sex effect (P=0.77) was seen 
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when comparing lung weights at Target Weight 2 (Table 2.6; Table 2.8). There was no 

strain × sex interaction (P=0.53) at Target Weight 2.  

A significant strain effect (P=0.027) was seen when comparing relative lung 

weights at the same age (D48; Table 2.7; Table 2.8; Figure 2.9); Strain C had smaller 

relative lung weights compared to strain M, with strains H and D being intermediate. No 

sex effect was found for relative lung weights (P=0.30) at D48 (Table 2.7; Table 2.8). 

There was no strain × sex interaction (P=0.18) at D48.  

Liver weights  

There was a tendency for an effect of strain on relative liver weights at Target 

Weight 1 (P=0.077), with strain C and strain H having smaller relative liver weights 

compared to strain M and strain D (Table 2.5; Table 2.8). Liver weights between males 

and females were not different at Target Weight 1 (P=0.69; Table 2.5; Table 2.8). There 

was no strain × sex interaction (P=0.76) at Target Weight 1. At Target Weight 2, strain 

affected relative liver weights (P=0.0001; Table 2.6; Table 2.8; Figure 2.8), with strain H 

having smaller relative liver weights compared to strain C and strain M. No strain was 

different than strain D (P>0.05) at Target Weight 2. There was no sex effect (P=0.75; 

Table 2.6; Table 2.8) or strain × sex interaction at Target Weight 2 for relative liver 

weights (P=0.84). Neither strain (P=0.37; Table 2.7; Table 2.8; Figure 2.9) nor sex 

(P=0.72; Table 2.7; Table 2.8) nor the strain × sex interactions (P=0.62) had an effect 

on relative liver weights at D48.  

Kidney weights 
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No strain (P=0.10; Table 2.4; Table 2.8) or sex (P=0.53; Table 2.5; Table 2.8) or 

strain × sex interaction (P=0.67) effect was seen when comparing relative kidney 

weights at Target Weight 1. At Target Weight 2, there was a strain effect (P=0.0008; 

Table 2.6; Table 2.8; Figure 2.8); strain C had smaller relative kidney weights compared 

to strain M, strain H and strain D. There was no sex effect on relative kidney weights 

(P=0.51) at Target Weight 2 (Table 2.6; Table 2.8). There was no strain × sex 

interaction (P=0.64) at Target Weight 2. At D48 (Table 2.7; Table 2.8; Figure 2.9), 

relative kidney weights differed by strain (P=0.0021); strain C had relatively smaller 

kidneys compared to strain M, strain H and strain D. No sex effect was seen at D48 

(Table 2.7; Table 2.8; P=0.39). There was no strain × sex interaction (P=0.67) at D48.  

Bursal weights 

No strain (P=0.58; Table 2.5; Table 2.8) effect was seen when comparing relative 

bursal weights at Target Weight 1. A sex effect was seen at Target Weight 1 (P=0.019; 

Table 2.5; Table 2.8), with males having larger relative bursal weights compared to 

females. There was no strain × sex interaction (P=0.11) at Target Weight 1. No strain 

(P=0.15; Table 2.6; Table 2.8; Figure 2.8), sex (P=0.95; Table 2.6; Table 2.8) or strain × 

sex interaction (P=0.29) effects were seen at Target Weight 2. Strain did not influence 

relative bursal weights at D48 (P=0.79; Table 2.7; Table 2.8; Figure 2.9). A significant 

sex effect was seen when comparing relative bursal weights between males and 

females at D48 (P=0.016; Table 2.7; Table 2.8), with males having larger relative bursal 

weights compared to females. A significant strain × sex interaction was seen (P=0.035), 

with males in strain M (0.19 ± 0.020 g/g%) and strain H (0.21 ± 0.015 g/g%) having 

larger relative bursal sizes compared to females (strain M = 0.15 ± 0.018 g/g%; strain H 
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= 0.17 ± 0.012 g/g%) within those strains at D48. There was a trend for strain to have 

an effect on bursal atrophy (P=0.097); strain C had more birds with bursal atrophy (34% 

of birds below relative bursal weight of 0.11) than strain M (25%), strain H (23%) and 

strain D (10%).  

 

2.5 Discussion: 
 

Numerous health issues including pulmonary hypertension, ascites, and 

lameness have been well documented in the broiler industry (Julian, 1998; Havenstein 

et al, 2003; Juul-Madsen et al, 2004; Huber, 2017). Research has linked the prevalence 

of these issues to faster and larger growth and intense selection for production traits 

(Julian, 1998; Juul-Madsen et al, 2004; Wideman et al, 2013). In part due to the health 

problems prevalent in conventional broilers, there has been increasing interest in the 

use of slower growing strains of broiler chickens. However, little is known about the 

immune status, health, and welfare of these slower strains.  The current project was 

designed to compare oocysts shedding, antibody production, and organ weights in 4 

strains, when chickens were housed, fed and managed the same, under the same 

conditions.   

Anticipated growth rates to Target Weight 1 were provided by breeding 

companies. Strain C, anticipated to reach 2.1 kg in 37 days, grew slower to Target 

Weight 1, reaching a final weight of 1.69 kg in 34 d. This difference may have been due 

to a small sample size for that strain at Target Weight 1. Strain M also grew faster than 
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anticipated to Target Weight 1. Because of these differences, organ measurements 

were adjusted for body weight.  

In this study, one slower growing strain (strain H) had smaller relative heart 

weights compared to all other strains at the heavier Target Weight and on D48. As 

selection for conventional strains has included cardiovascular health traits (e.g. 

resistance to ascites) over the past couple decades (Thiruvenkadan et al, 2011), there 

may be no linear relationship between growth rate and heart weights. Heart weights in 

the current study were lighter than has been previously reported (Havenstein et al. 

2003). The difference may relate to current strains growing faster compared to the 2001 

strain used in that study, in addition to higher prevalence of RV hypertrophy that was 

more common in earlier strains. That strain H (a slower growing genotype) had smaller 

heart weights compared to all other strains is difficult to interpret; it could be that this 

strain has been exposed to similar selection processes as conventional strains prior to 

inclusion of ascites resistance in selection indices. Future studies should examine 

whether this strain’s smaller relative heart weights relate to ascites risk, issues with 

cardiac output, or is a consequence of resource allocation for this strain.  We also found 

a difference in relative heart weights between the sexes, similar to what has been found 

in other studies (Julian, 1998; Havenstein et al, 2003), with females generally having 

smaller relative heart sizes compared to males.  

Relative lung weights were smaller in the conventional strain C compared to all 

slower growing strains at the heavier Target Weight and compared to strain M at the 

same age. The lungs play a critical role in supplying the oxygen needed to support a 

fast-metabolic rate. Modern, conventional broiler chickens have a lower oxygen 
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saturation rate compared to leghorns (Julian, 1998), and a smaller relative lung size 

compared to 1950 broiler chickens that grow more slowly (Havenstein et al, 2003). Our 

results agree with these reports, that conventional broilers had small relative lungs than 

slower growing broilers. Relative lung weights were heavier in our study compared to 

Havenstein et al. (2003), although similar to a more recent study (Collins et al, 2014).  

There has been research that suggests the rise in meat defects, such as woody 

breast and white striping, are occurring due to poor oxygenation in the growing muscle 

(Kuttappan et al, 2016). These issues may be related to the fact that conventional 

broiler chickens have smaller relative lung sizes than other strains; however, further 

research is needed to determine if there is a relationship between smaller lung size and 

meat defects.  

In addition, due to their relatively smaller lungs, conventional broiler chickens 

may be experiencing breathlessness, which incorporates various respiratory sensations 

that can result in negative experiences for the individual (Beausoleil and Mellor, 2015). 

This is largely described as “difficult, labored breathing” (Mellema, 2008), that results in 

unpleasantness, which has many welfare implications (Beausoleil and Mellor, 2015). 

Parshall and colleagues (2012) described three sensations of breathlessness in 

humans – respiratory effort (the conscious awareness of increased muscle force 

required to support normal respiration), air hunger (described as increased urge to 

breathe, shortness of breath, unsatisfied inspiration, smothering and suffocation), and 

chest tightness (occurs due to bronchoconstriction, which causes tight feeling). 

Conventional broiler chickens may be experiencing air hunger, as this condition arises 

due to a mismatch between automatic motor demand and tidal volume (Lansing et al, 
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2009). Automatic breathing is increased by hypercapnia, hypoxaemia, hypotension, 

hyperthermia, and altered plasma osmolality (Lindinger and Heigenhauser, 2012). The 

increased discrepancy between demand and ventilator response may increase the 

sensation of air hunger (Parshall et al, 2012). Ventilatory response may be reduced for 

two main reasons; the command exceeds normal functional respiratory capacity 

(Adams et al, 1985) and because tidal volume is restricted, even under normal 

respiration (Tomczak et al, 2011). As mentioned above, broiler chickens have an 

increasing demand for oxygen supply, with lower levels of oxygen saturation, which 

leads to hypoxemia and hypercapnic blood in circulation (Wideman et al, 2013). 

Furthermore, Havenstein et al. (2003) found that relative lung weights in modern broiler 

chickens compared to unselected lines were significantly smaller, as was found in the 

study reported here, which could be indicative of reduced function (Havenstein et al, 

2003). Steenfeldt et al. (2019) showed that slower growing strains pant almost 70% less 

than fast growing strains while lying down. Therefore, broiler chickens may be 

experiencing what is described as the most unpleasant sensation of breathlessness, air 

hunger (Beausoleil and Mellor, 2015), due to their physiological constraints and 

increased demand for fast growth. In addition, conventional strains are generally more 

inactive compared to slower growing strains, which is often attributed to lameness or leg 

weakness, however, inactivity could be occurring due to reduced lung capacity and 

hypoxia. 

Relative kidney weights were smaller for strain C compared to the rest of the 

strains at the heavier Target Weight and at the same age. Little research has been 

conducted on broiler chicken kidneys, and avian hypoplastic kidney as a whole (Siller, 
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1981). Kidney hypoplasia (deficient development) may occur as a result of poor blood 

supply to the growing organ (Lierz, 2008). Hypoplastic kidneys may develop if there is 

an insufficient oxygen supply or lack of energy due to metabolic stress (Lierz, 2008). 

Furthermore, hypoplastic kidneys have smaller and fewer lobes than normal kidneys; 

however, it is unknown whether or not this is causing functional impairments in the 

growing broiler chicken (Siller, 1981). Kidney weight differences could also be a result of 

kidney atrophy (decrease in organ size; which is hard to distinguish from hypoplastic 

kidneys) which has been documented in birds with ascites, as this causes pressure on 

the kidneys (Siller, 1981), although no sampled birds in this trial were documented to 

have ascites. However, due to methodology in this experiment, fluid indicative of ascites 

could have shifted as a result of freeze/thaw cycles. If the smaller weight is a result of 

pressure from fluid buildup then it could be resulting in pain, decreasing animal welfare. 

Further research should be conducted to determine if functional impairment is occurring 

in broiler chicken kidneys as a result of smaller relative size, if this is a result of ascetic 

related issues that is seen in conventional broiler chickens, or if this is simply a 

consequence of resource allocation. 

At the heavier Target Weight, strain M and strain C had larger relative liver sizes 

compared to the other strains. Larger livers could be a result of their importance in 

metabolizing feed for fast growth, as larger livers result in more efficient nutrient 

metabolism (Zaefarian et al, 2019). Having a large liver early in life may be important for 

metabolizing feed for faster growth (Zaefarian et al, 2019). Further research should be 

conducted on comparing liver functionality in slow and fast growing strains of broiler 

chickens.   
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No effect was seen comparing relative bursal sizes at either of the Target 

Weights or age. A sex effect was found at the lighter Target Weight and D48, however, 

the effect diminished at the heavier Target Weight. In Cheema et al. (2003) study, 

relative bursal weights were larger in comparison to this study. Differences may be a 

byproduct of improvements in broiler growth since 2001 strains as current strains grow 

faster. In addition, many factors can impact bursal weights, for example Heckert et al 

(2001) reported that stocking density affected bursal weights. In this trial, stocking 

density was controlled at each processing by removing birds from each pen depending 

on the strain’s growth rates. However, the time between processing dates could have 

resulted in differences in stocking density as strains grew at different rates. Females 

had smaller relative bursas compared to males, which could be a result of differences in 

selection priorities between the two sexes, or hormonal differences. Larger bursal sizes 

are indicative of improved health, as lower sizes are shown to relate to bursal atrophy 

(Cazaban et al, 2011). Further research should be conducted to determine if there is a 

functional impact on female and male health and welfare as a result.  

Differences in relative organ weights in this study compared to other published 

studies could have related to methodology in which sampled birds were frozen following 

euthanasia and thawed prior to dissections. However, Barton and Houston (1992) found 

that freeze/thaw cycle had no effect on broiler chicken intestinal weights. Bowes and 

Julian (1988) found that there was no significant effect on relative heart weights or liver 

weights with increased time post-mortem. They found significant effect of time on lung 

weights, however, the differences were inconsistent. Regardless, all sampled birds 

dissected in our study were dissected after a similar freeze/thaw cycle. Additional 
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replicates in the larger study included strain C, which will increase the sample size for 

Target Weight 1 to be equal with strain M. However, no significant difference was found 

at Target Weight 1, besides for BW.  

Antibody detection was significantly different amongst the strains, as strain C had 

higher detection compared to strains M and H. Fast growing strains have strong short 

term humoral immune responses, which is related to antibody production in response to 

the vaccine (Cavanagh, 2007; Ignjatovi and Galli, 1994). Interestingly enough, the 

second fastest growing strain in this trial (strain M) had the lowest detection out of all 

sampled strains. This could be a by-product of its selection where immune function was 

not of high importance in the breeding goal as these slower growing strains are often 

reared (and selected) in lower stocking densities where they may not be as immune 

challenged as conventional strains.  

Although no differences were detected in oocysts per gram, there was a pen 

effect suggesting variation in the vaccination procedure and microclimate among pens. 

Relative humidity, temperature, and litter conditions play an important role in oocysts 

sporulation (Edgar, 1955; Reyna et al, 1983; Graat et al, 1994; Waldenstedt et al, 

2001). In addition, replicates were conducted over the course of a year, where seasonal 

effects may cause variation (Edgar, 1955; Reyna et al, 1983; Graat et al, 1994; 

Waldenstedt et al, 2001). The results from this study disagree with Giles et al. (2019), 

which found that slower growing strains had better parasitic resistance and higher 

immune response to coccidiosis compared to conventional broiler strains.   

Overall, there were significant differences among strains in terms of organ growth 

and antibody response. These differences may be explained by resource allocation 



 44 

theory and genetic selection in which certain traits such as weight have been prioritized 

over others; based on selection criteria, certain strains may prioritize some physiological 

components over others. Further research should be conducted determining if the 

differences have a functional effect on the welfare and production status of these broiler 

strains. Furthermore, breeding companies may use these measurements for future 

breeding goals, such as incorporation of phenotypes such as larger lung size. In 

addition, the findings from this research indicate that slower growing strains do not 

necessarily have better biological functioning; some strains may have larger relative 

organ weights; however, the conventional strain had the highest antibody detection in 

sample. Breeding companies prioritize different traits over others, which results in trade-

offs within strains for welfare outcomes.   
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Figure 2.1: Pen design. Enrichments provided included a ramp with 25° incline to a 
platform 30cm above the floor, a hanging scale, PECKStone mineral block, and hanging 
cotton cloth along one wall. Water lines were equipped with 5 nipple drinkers. Round 
pan feeders were provided with all vegetarian, antibiotic free feed. Wood shavings were 
used as litter substrate. Chick paper was removed after D7. 
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Figure 2.2: Room layout for the pens used in the experiment. Each block (indicated by 
colour) contained one pen from each strain. Location within block was balanced within 
and between replicate. 
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Figure 2.3: Schematic of dissection for relative organ weight measurements. Organs 
removed are highlighted in colour (Heart, lungs, kidney, liver, and bursa). Organs were 
weighed and measured, and adjusted relative to body weight measurements. 
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Figure 2.4: Image indicating separation of ventricle walls. An incision was made inferior 
from the medial aspect of the right atrium to the apex of the left ventricle. Atria were 
removed. Septum was left intact with left ventricle.  
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Figure 2.5: Image indicating location of bursa (circled portion) by cloaca. Bursa was 
removed fully intact.  
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Figure 2.6: Effect of strain (C, M, H, and D) on coccidiosis oocysts per gram (OPG± 
SEM). There was no strain nor strain by day effect (P>0.05).  
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Figure 2.7: Effect of strain (C, M, H, and D) on infectious bronchitis virus antibody 
levels (sample-to-positive (S/P) ratio, ±SEM) at D21. Strain C had higher antibody 
detection compared to strain M and strain H (P=0.05). a≠b, P<0.05 
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Figure 2.8: Effect of strain (C, M, H, and D) on organ weights (g/g%± SEM) at Target 
Weight 2. At this time, strain C was 44 d of age and strains D, H and M were 61 d of 
age. Strain H had lighter hearts than other strains (P=0.0003), and lighter livers than 
strains C and M (P=0.0001). Strain C had lighter lungs (P=0.0020) and kidneys 
(P=0.0008) than other strains. a≠b, P<0.05 
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Figure 2.9: Effect of strain (C, M, H, and D) on organ weights (g/g%± SEM) at D48. 
Strain H had lighter hearts than strain M (P=0.049). Strain C had lighter lungs than 
strain M (P=0.027) and lighter kidneys (P=0.021) than other strains. a≠b, P<0.05 
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Table 2.1: Temperature and lighting regimen throughout the trial period. Lights came on 
at 06:00, at a light intensity of 20 lux throughout the experiment. 
 
 

Day/Week Temperature °C Lighting 

Day 1 32 23L:1D  

Day 4 32 16L:8D  

Day 5 31 16L:8D  

Week 2 29 16L:8D  

Week 3 27 16L:8D  

Week 4 24 16L:8D  

Week 5 21 16L:8D  
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Table 2.2: Analyzed nutrient content of broiler diets, on as-fed basis. Approximately 500 
g/bird and 1470g/bird of starter and grower feed, respectively, was provided before 
transitioning to the next diet.  
 
 

Calculated 
nutrient content   

Starter  
 
Grower  

 
Finisher 

Metabolizable 
Energy Mcal/kg 2.87 2.97 3.01 

Moisture % 12.64 12.14 12.09 

Protein (N x 6.25) % 22.62 19.37 20.07 

Calcium % 0.99 0.88 0.89 

Phosphorus % 0.79 0.71 0.69 

Potassium % 0.83 0.82 0.74 

Magnesium % 0.16 0.15 0.15 

Sodium % 0.22 0.21 0.21 

Fat % 5.61 6.30 6.29 

Starch % 36.53 38.50 40.23 

ESC1 % 6.21 5.38 5.03 
                               1Ethanol soluble carbohydrates 
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Table 2.3: Number of pens occupied in each replicate, separated by strain. Twenty out 
of 28 pens were occupied in each replicate, with one empty pen per block. 
 

 Number of pens 

Replicate Months Strain C Strain M Strain H Strain D 
Other 
birds 

1  April-June 4 0 4 4 8 

2  June-August 0 4 4 4 8 

3  September-

November 

4 4 4 4 4 
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Table 2.4: Number of birds used for antibody detection and organ comparisons by 
strain and target weight or age. The total is the sum of target weight 1 and target weight 
2.  
 

Strain 
Target Weight 

1 
Target Weight 

2 
D48 Total birds 

C 8 24 24 32 
M 16 16 16 32 
H 16 32 16 48 
D 16 32 16 48 
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Table 2.5 Effect of strain (C, M, H, and D) and sex on body weight (BW, (mean±SEM) 
and relative organ weights at Target Weight 1 (when strain C was 34 d of age, and 
other strains were 48 d of age).  
 

 Target Weight 1 

Strain BW (kg) Heart/BW 
(g/g%) 

Lung/BW 
(g/g%) 

Liver/BW 
(g/g%) 

Kidney/BW 
(g/g%) 

Bursa/BW 
(g/g%) 

C 1.68±0.060d 

 

0.33±0.011 0.72±0.029 2.2±0.089 0.63±0.020 0.16±0.011 

M 2.65±0.097a 

 

0.34±0.016 1.10±0.089 2.3±0.11 0.71±0.029 0.17±0.014 

H 2.24±0.067b 

 

0.31±0.0067 1.08±0.095 2.2±0.092 0.68±0.022 0.19±0.011 

D 2.01±0.059c 

 

0.34±0.011 0.99±0.033 2.3±0.041 0.75±0.023 0.19±0.013 

P 
value 

P<0.0001 P = 0.089 P=0.37 P=0.077 P=0.10 P=0.58 

Sex       

M 
 

2.30±0.080a 0.34±0.011 0.99±0.062 2.2±0.12 0.67±0.027 0.19±0.018 

F 1.98±0.080b 0.32±0.018 0.95±0.096 2.3±0.097 0.72±0.041 0.17±0.016 

P 
value 

P<0.0001 P=0.062 P=0.63 P=0.69 P=0.53 P=0.019 

*Means within columns that share a superscript do not differ significantly (P>0.05) 
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Table 2.6: Effect of strain (C, M, H, and D) and sex on body weight (BW, (mean±SEM) 
and relative organ weights at Target Weight 2 (when strain C was 48 d of age, and 
other strains were 62 d of age). 
 

 Target Weight 2 

Strain BW (kg) Heart/BW 
(g/g%) 

Lung/BW 
(g/g%) 

Liver/BW 
(g/g%) 

Kidney/BW 
(g/g%) 

Bursa/BW 
(g/g%) 

C 

 

3.48±0.091a  0.33±0.0070a 0.67±0.042b 2.1±0.064a 0.48±0.016b 0.12±0.0090 

M 

 

3.41±0.15a 0.30±0.0091a 0.92±0.028a 2.1±0.062a 0.65±0.020a 0.13±0.011 

H 

 

3.31±0.072ab 0.28±0.005b 0.91±0.038a 1.7±0.058b 0.57±0.014a 0.12±0.0055 

D 

 

3.01±0.062a 0.32±0.010a 0.91±0.021a 1.9±0.046ab 0.62±0.015a 0.15±0.0093 

P 
value 

P<0.0001 P=0.0003 P=0.0020 P=0.0001 P=0.0008 P=0.15 

Sex       

M 3.51±0.082a 0.32±0.0083a 0.86±0.038 1.9±0.076 0.56±0.019 0.12±0.010 

F 2.84±0.080b 0.27±0.0091b 0.88±0.043 2.0±0.098 0.63±0.028 0.14±0.021 

P 
value 

P<0.0001 P=0.018 P=0.77 P=0.75 P=0.51 P=0.95 

*Means within columns that share a superscript do not differ significantly (P>0.05) 
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Table 2.7: Effect of strain (C, M, H, and D) and sex on body weight (BW, (mean±SEM) 
and relative organ weights at D48.  
 

 D48 

Strain BW (kg) Heart/BW 
(g/g%) 

Lung/BW 
(g/g%) 

Liver/BW 
(g/g%) 

Kidney/BW 
(g/g%) 

Bursa/BW 
(g/g%) 

C 

 

3.48±0.091a  0.33±0.0070ab 0.67±0.042b 2.1±0.064 0.48±0.016b 0.12±0.0090 

M 2.65±0.097b 

 

0.34±0.016a 1.1±0.089a 2.3±0.11 0.71±0.029a 0.17±0.014 

H 2.24±0.067c 

 

0.31±0.0067b 1.08±0.095ab 2.2±0.092 0.68±0.022a 0.19±0.011 

D 2.01±0.059c 

 

0.34±0.011ab 0.99±0.033ab 2.3±0.041 0.75±0.023a 0.19±0.013 

P 
value 

P<0.0001 P=0.049 P=0.027 P=0.37 P=0.0021 P=0.79 

Sex       

M 2.73±0.094a 0.34±0.010a 0.96±0.065 2.2±0.10 0.63±0.021 0.18±0.014a 

F 2.33±0.081b 0.31±0.016b 1.0±0.093 2.3±0.10 0.70±0.045 0.17±0.025b 

P 
value 

P<0.0001 P=0.018 P=0.30 P=0.72 P=0.39 P=0.016  

*Means within columns that share a superscript do not differ significantly (P>0.05) 
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Table 2.8: Absolute organ weights (g ± SEM) at each target weight and at Day 48 for one conventional (C) and three slower growing 
(M, H, D) strains of broiler chickens.  
  

 Strain Heart (g) Lungs (g) Liver (g)  Kidney (g) Bursa (g) 

Target 

Weight 1 

C 5.6 ± 0.31  12.1 ± 0.57 37.8 ± 2.6 10.6 ± 0.52 2.7 ± 0.17 

M 9.1 ± 0.46 29.5 ± 2.76 60.7 ± 3.19 18.7 ± 0.71 4.6 ± 0.43 

H 6.9 ± 0.28 24.2 ± 2.12 48.9 ± 2.38 12.1 ± 0.50 4.3 ± 0.31 

D 6.9 ± 0.25  19.8 ± 0.79 46.5 ± 1.4 15.1 ± 0.63 3.8 ± 0.28 

Target 

Weight 2 

C 11.3 ± 0.25 19.8 ± 0.79 46.5 ± 2.90 16.7 ± 0.65 4.0 ± 0.25 

M 10.4 ± 0.67 31.8 ± 1.91 72.2 ± 3.41 22.0 ± 1.13 4.3 ± 0.43 

H 9.4 ± 0.28 30.3 ± 1.74 57.2 ± 2.16 18.9 ± 0.58 4.0 ± 0.24 

D 9.7 ± 0.39 27.4 ± 0.86 56.9 ± 1.8 18.3 ± 0.48 4.5 ± 0.30 

D48 

C 11.3 ± 0.25 19.8 ± 0.79 46.5 ± 2.90 16.7 ± 0.65 4.0 ± 0.25 

M 10.4 ± 0.67 31.8 ± 1.91 72.2 ± 3.41 22.0 ± 1.13 4.3 ± 0.43 

H 9.4 ± 0.28 30.3 ± 1.74 57.2 ± 2.16 18.9 ± 0.58 4.0 ± 0.24 

D 9.7 ± 0.39 27.4 ± 0.86 56.9 ± 1.8 18.3 ± 0.48 4.5 ± 0.30 
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Table 2.9: Sentinel bird BW (mean ± SEM) by strain (C, M, H, D) and sex at Target Weight 1, Target Weight 2, and D48.

 Strain Sex BW (kg) 

Target Weight 1 

C M 1.78 ± 0.041 
F 1.58 ± 0.043 

M M 2.85 ± 0.082 
F 2.26 ± 0.062 

H M 2.21 ± 0.055 
F 2.18 ± 0.054 

D M 2.02 ± 0.034 
F 1.86 ± 0.057 

Target Weight 2 

C M 3.35 ± 0.099 
F 2.92 ± 0.063 

M M 4.09 ± 0.083 
F 2.97 ± 0.073 

H M 3.49 ± 0.052 
F 2.93 ± 0.055 

D 
 

M 3.16 ± 0.036 
F 2.58 ± 0.063 

D48 

C M 3.35 ± 0.099 
F 2.92 ± 0.063 

M M 2.85 ± 0.082 
F 2.26 ± 0.062 

H M 2.21 ± 0.055 
F 2.18 ± 0.054 

D M 2.02 ± 0.034 
F 1.86 ± 0.057 
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Table 2.10: Sentinel bird right ventricle (RV):total ventricle (TV) ratios (mean ± SEM) separated 

by strain (C, M, H, D) and sex for Target Weight 1, Target Weight 2, and D48 comparisons. 

Total ventricle = RV + LV + septum. 

 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

Strain 

Target Weight 1 Target Weight 2 D48 

RV:TV
1 

C 0.13 ± 0.010 0.11±0.0073 0.12±0.0077 

M 0.11 ± 0.0068 0.11 ± 0.0063 0.11±0.0049 

H 0.11 ± 0.0067 0.12 ± 0.0051 0.11±0.0057 

D 0.12 ± 0.0070 0.11 ± 0.0051 0.11±0.0069 

P value P =0.32 P=0.75 P=0.43 

Sex    

M 0.11 ± 0.0045 0.11 ± 0.0031 0.11±0.0031 

F 0.12 ± 0.0047 0.11 ± 0.0048 0.11±0.0049 

P value P=0.24 P=0.54 P=0.50 
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Chapter 3: Discussion 
 

 The purpose of this research was to evaluate various strategies for improving 

broiler chicken physiology, health, and overall welfare. The main objective was to 

determine if slower growing strains could have differences in organ weights and 

immune response compared to conventional strains when reared under the same 

environmental and dietary conditions.  

Restricted feeding regimens or reduced dietary intake were shown to reduce 

ascites within broiler populations (Julian, 1998). However, other research showed that 

genetics are the major factor in broiler chicken livability, where diet had no effect on 

cardiovascular or immune health (Cheema et al, 2003; Havenstein et al, 2003). 

Research shows that issues arise as a result of intense selection for faster growth and 

larger size in broiler chickens (Huber, 2017). The mechanism behind this relates to 

resource allocation theory, which states that animals prioritize certain traits over others 

based on genetic coding (Rauw, 2008; Huber, 2017). With domestic animals, artificial 

selection puts pressure on certain traits, such as faster and larger muscle development, 

which alters resource allocation in those animals (Rauw, 2008). As a result, resources 

may be diverted from proper organ development, which generally occurs at a young 

age, and is directed towards muscle growth, which generally occurs later on in life 

(Huber, 2017). In order to support a fast metabolic rate and muscle growth at a young 

age, broiler chickens must properly develop their cardiac and respiratory systems. 
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However, because they are processed at such an early age, broiler chickens may not 

be fully developing organs to support such growth.  

The objective of this thesis was to determine if there are differences in organ 

weights and immune response amongst three slower growing strains and one 

conventional strain at two market weights and at the same age. In addition, immune 

measurements were conducted by measuring IBV antibody production in response to 

vaccination and oocysts output in response to coccidiosis vaccination and strain cycling. 

Both diseases are major concerns for the industry, and can negatively impact broiler 

welfare.  

 The results from this study indicate major differences amongst the strains in 

terms of antibody production and relative organ sizes. Lungs and kidney sizes were 

found to be significantly smaller in the conventional strain compared to the slower 

growing strains. Lung size is something that has been reported to be smaller in modern 

broiler strains compared to unselected lines (Julian, 1998; Havenstein et al, 2003; 

Collins et al, 2014), and appears to still be a concern, with regards to PAH 

development. The lungs are critical when it comes gas exchange for oxygenating 

tissues for metabolizing resources to supply fast muscle growth (Wideman et al, 2013). 

The recent emergence of meat defects, such as woody breast and white striping have 

also been a major production concern, which some literature suggests is occurring due 

to poor oxygenation and hypoxic conditions in the growing muscle (Kuttappan et al, 

2016). This could be related to poorly functioning respiratory system that is stunted in 

function. Therefore, limited lung size could have negative impacts on the productive 

ability of conventional broiler chickens.  
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Poorly functioning lungs in animals may be leading to breathlessness, specifically 

air hunger. Air hunger results when there is an increased mismatch between the needs 

and response for respiration, and the physical capability to support such function (tidal 

volume; Parshall et al, 2012). Recent research has shown that slower growing strains 

pant significantly less compared to conventional strains when lying down when 

compared under various temperatures (Steenfeldt et al, 2019), suggesting that 

conventional broiler chickens are attempting to improve air intake to meet demands of 

growth. If this is the case, and broiler chickens are experiencing air hunger, then their 

welfare is suffering as this form of breathlessness is described to be the most 

unpleasant sensation (Beausoleil and Mellor, 2015). Further research should be 

conducted to determine if broiler chickens are experiencing breathlessness. 

 In terms of the kidneys, very little published literature has examined the 

functional efficiency of broiler kidneys. Kidney development may relate to lung 

capabilities (specifically tidal volume in the lungs) that may hamper growth if there is 

poorly oxygenated blood supply (Lierz, 2008). However, hypotrophic kidneys have been 

documented in birds with ascites as the pressure from fluid buildup on the kidneys may 

cause a reduction in size (Siller, 1981). Although no ascites were recorded in this trial, it 

could be that being susceptible to ascites could impact proper growth of broiler kidneys 

(Siller, 1981). If hypotrophic kidneys are a problem relating to pressure issues such as 

PAH, RVH, or ascites, then it could be leading to pain, and/or discomfort in the growing 

broiler chicken, substantially reducing their welfare. Further research should be 

conducted to determine if kidney weights relate to dysfunction or susceptibility to 
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ascites, or alternatively if there is no impact on the welfare and production status of 

these animals.  

 In addition to organ measurements, antibody production in response to IBV and 

shedding of Eimeria oocysts shedding were compared across strains. The results from 

antibody production show that conventional strains had the highest detection. This 

agrees with Koene et al. (2002) which found that fast growing broilers have improved 

short-term humoral immune responses compared to slow growing layer chickens. Fast 

growing stains may have better immune responses as the conditions in which they are 

generally kept in (such as high stocking densities) provide a higher immune challenge. 

Results from oocysts outputs were not significantly different by strain. This 

disagrees with Giles et al. (2019) who found that slower growing strain used in that trial 

had significantly higher parasitic resistance as seen by less Eimeria detection and 

higher immune response to coccidiosis. Pen and block were included as random effects 

in the model, and were highly significant. The reason why no significant differences are 

seen across strains may relate to two factors: 1) variation in immunization at hatch and 

2) variation in environmental control. Immunization was done by hand, rather than 

mechanically which is generally done in industry. This may have resulted in larger 

oocyst doses in some flocks/strains compare to others. In pilot experiments (not 

presented in this thesis), differences between pens within the environmental room were 

evident, which resulted in differences in temperature, air humidity, litter moisture, and 

ammonia levels in each pen. Favourable conditions for parasitic growth in some pens 

may have led to variation in the overall results (Edgar, 1955; Reyna et al, 1983; Graat et 

al, 1994; Waldenstedt et al, 2001), which may be why pen was highly significant. We 
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controlled for environmental effects through our block design within the room; the 

design was intended to control for temperature differences across the room by being 

perpendicular to heating sources, however, other issues pertaining to moisture were 

harder to control as some water lines would randomly leak more often than others. That 

being said, lack of significance can also relate to a lack of actual differences across the 

strains.  

 

3.3 Limitations 
 

 There were some limitations that occurred in this study. The first involved oocysts 

per gram measurements. As mentioned, vaccination procedures may have influenced 

results; there may have been variable amounts of oocysts given to each pen and across 

replicates. Furthermore, although no environmental measurements were taken in this 

study, litter moisture measurements were conducted which could help explain if there 

are significant differences across the room due to some pens leaking water from the 

drinkers, being hotter or colder than others, having higher ammonia etc. These factors 

may have affected parasitic growth differently across and within replicates. We 

attempted to limit these confounds through a block design as mentioned above. 

Furthermore, strains were repeated over replicates to account for seasonal effects.  

 Another limitation was scheduling of processing dates to be exactly when each 

strain reached the targeted market weight. Because each strain grows at a different 

growth rates, it would require multiple processing dates per strain. As this was not 

feasible logistically, slower growing strains were grouped together to be processed on 
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the same days. Therefore, there was variation in body weights at both target weight 1 

and target weight 2. That being said, all analyses incorporated bodyweight within the 

statistical model, therefore comparisons were still validly conducted.  

 One last limitation was use of the IDEXX kit to detect IBV antibodies at 3 weeks 

of age. The dilution provided with the kit was too high to yield any results; therefore, I 

had to reduce the dilution amount to detect antibodies in our samples. After contacting 

the company, they informed me that this kit is designed for detection at a later age, 

when flocks have been given a booster vaccine to IBV. Since broiler chickens have an 

early processing age, this kit is not suitable for use in antibody detection at this early 

age (as the birds did not receive booster vaccines prior to processing). In addition, 

maternal flock vaccination procedures were not possible to control for, therefore 

maternal transference of antibodies to offspring could have resulted in differences of 

uptake in IBV vaccine but we were unable to determine any maternal effect. Another 

way to measure immune response would have been to challenge the birds (e.g., with 

sheep red blood cells) and measure immune response, however, this was not feasible 

as various tests were being conducted with these birds, and we did not want to 

confound other data. That being said, it would have been more suitable measurement, 

as maternal flock conditions were not possible to control for, therefore this could have 

confounded results seen in offspring.  
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3.4 Recommendations 
 

 My recommendation would be to incorporate certain slower growing phenotypes 

within company breeding goals, as this could result in a more robust animal. Strain M 

for example appeared to grow uniformly, had good meat yield (ongoing analysis), and 

had the largest relative organ sizes. That being said, strain M may have issues with 

immune function, as indicated by lower IBV titers. Incorporating this strain with one that 

is highly productive and has improved immune response (cross-breeding/inclusion of 

traits in selection schemes) could result in an animal that can deal with the pressures of 

challenging commercial systems while also meeting the increasing consumer demand 

for chicken meat.  

 

3.5 Conclusion 
 

 Overall, this research has provided some insight into how broiler strains and 

growth rate could impact biological functioning aspects of welfare. The final stage of this 

multidisciplinary project will look at physiology, health, behaviour, and production, and 

incorporate all these factors in order to provide breeder recommendations for future 

genetic selection. For example, correlations between relative lung size and meat 

defects will be conducted to determine if there is a relationship between these two 

factors. Further research should be conducted to determine if differences in organ sizes 

are negatively impacting welfare and production, as well as, whether or not antibody 

production relates to overall immunity and if there are parasitic resistance differences.  
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Appendix 1 
 

Background 

The following was conducted as a pilot study to determine if a 2% decrease in 

crude protein (LD diet) would impact cardiovascular (relative heart weights, RV 

hypertrophy) and bursal relative weight and atrophy in two conventional strains of broiler 

chickens. The LD diet was formulated following slower growing broiler diet 

recommendations, while the control diet (CD) followed conventional broiler diet 

recommendations. The purpose of the study was to determine if future trials with 

various broiler genotypes that differ in growth rate could be conducted using one diet, 

as well as to determine appropriate sample size for future trials and to practice various 

dissections conducted.  

 

Methods: 

 

Animals and housing 

A total of 624 broiler chickens from two conventional strains (Strain A and Strain 

B) were obtained from local commercial hatcheries and placed as day-old chicks in 24 

pens (26 birds/pen; 23.2 kg/m2). Birds were hatched and sexed and evenly distributed 

within pens. Pens were equipped with a round pan feeder (diameter=33.75cm; 1.53 

cm/bird), 5 nipple drinkers, a 25° ramp to a raised platform that was 30 cm above the 

litter, a hanging round scale (diameter = 50.8cm), a PECKStone mineral block, and 
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hanging nylon ropes (Figure 2.1). Wood shavings were used as litter. Temperature and 

lighting schedules followed the regimen shown in Table 2.1. Birds were vaccinated at 

hatch for Infectious bronchitis virus (Live Virus vaccine, Merial, INC.), Marek’s Disease 

Virus (CEVA), and coccidiosis (Immucox 5).  

 

Experimental Design 

Birds were placed in a room with 28 floor pens. Twenty-four pens were used for 

this trial. The experiment was a randomized complete block design with a 2 × 2 factorial 

arrangement with strains and diet) as fixed effects. Conventional diet (CD) was provided 

to 12 pens, while lower-nutrient diet (LD) was provided to the other 12 pens. There were 

an equal number of pens per strain and diet (Figure 2.2).   

 

Diet 

Feed was provided ad libitum. Diets provided were all-vegetarian and antibiotic-

free and fed as a fine crumble for starter, coarse crumble for grower, and short pellet for 

finisher stage. The control diet followed guidelines for conventional growth (CD), while 

the low-nutrient diet (LD) followed breeding company recommendations for slower-

growing broilers. Diets formulated were provided in 3 phases; starter phase (D0-D14), 

grower phase (D14-D28) and finisher phase (D28-D46). Table AT.1 shows the analyzed 

diets for each stage. 
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Data collection 

Birds were weighed at placement on D0. In each pen, 12 birds were wing-tagged 

at placement for identification. Thereafter, individual birds and entire pens were weighed 

biweekly (Ohaus Valor 1000, New Jersey, USA; Accuracy: 0.002kg). On D28, 4 wing 

tagged birds/pen (n=96) were selected as sentinel birds based on body weight (2 heavy, 

2 light). On D42, birds were processed. Organs were weighed using an analytical scale 

(Mettler AC 88 digital balance; Mississauga, ON, Canada; Accuracy: 0.0001). Some 

organs were damaged during processing, leaving 88 samples. Each bursa was weighed 

and the ratio of bursa:BW was determined for each bird (Figure 2.3). Intact hearts were 

weighed. An inferior cut from the medial aspect of the right atrium to the apex of the left 

ventricle was made and atria removed to separate into right ventricle and left ventricle, 

inclusive of the septum (Figure 2.4). Right ventricle (RV) to total ventricle (TV) weight 

ratios were determined, as well as RV, and left ventricle (LV) wall thickness 

measurements using digital calipers (Fisher Scientific carbon fiber composite digital 

calipers; Toronto, ON, Canada; Resolution: 0.1mm, Accuracy: ±0.2mm). Methodology 

was adapted from Julian (1998). Right ventricle hypertrophy was measured as the ratio 

of RV to TV (which was comprised of LV+septum+RV) which is indicative of 

hypertrophy if greater than a ratio of 0.24 (Nijdam et al, 2006).  

 

Statistical analyses 

Data was analyzed as a complete randomized block design with a 2 × 2 factorial 

arrangement of strains (A and B), diet (CD and LD), and sex as fixed effects, as well as 
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the diet × strain interaction, with block as a random effect, using Proc Glimmix in SAS 

9.4. Body weight was used as a covariate for heart and bursal weights. Power analyses 

were conducted for factors approaching significance. Data was tested for normality. A 

beta transformation was used for ratios. Homogeneity of variance and an outlier 

analysis was conducted. Tukey’s analysis was used for comparing means across 

treatments. Significance was accepted at P<0.05. 

 

Results: 

 

Body Weight 

Body weight (BW) at placement did not differ across dietary treatments (Strain A 

= 0.041±0.0003 kg; Strain B = 0.036±0.0004 kg; P=1.000). Diet had no effect on BW at 

D14 (P=0.93), D27 (P=0.090), D31 (P=0.99), or at D42 (P=0.91). There was a 

significant difference between strains for group BW at all ages, with birds in Strain A 

being heavier than those in Strain B (P<0.0001; Figure AF1). At D42, sentinel birds in 

Strain A (3.43±0.117 kg) were heavier than those in Strain B (3.01±0.137 kg; P=0.0090; 

Figure AF2). There was no diet × strain interaction on final body weight (P=0.99). There 

was a sex effect on sentinel BW at D42; males (3.64±0.0841 kg) were significantly 

heavier (P=0.0001) compared to females (2.82±0.0746 kg), regardless of diet (P=0.26) 

or strain (P=0.33) or diet × strain interactions (P=0.91).  

 

 



 94 

Heart measurements 

Neither diet (P=0.57; CD =0.34±0.00566g/g%, LD = 0.35±0.00501g/g%) nor 

strain (P=0.44; Strain A = 0.34±0.00492 g/g%, Strain B = 0.35±0.00559 g/g%) had an 

effect on relative heart weight. There was no diet × strain interaction on relative heart 

weight (P=0.60). There was a significant difference between sexes (P=0.024), with 

males having heavier relative hearts (0.36±0.00583 g/g%) compared to females 

(0.34±0.00467 g/g%). There was no effect of diet (P=0.33; CD = 0.16±0.00452, LD = 

0.15±0.00456) or strain (P=0.73; Strain A = 0.16±0.00455, Strain B = 0.16±0.00453) or 

diet × strain interaction (P=0.76) on RV:TV weights.  No effect was seen for strain 

(P=0.76) on RV:TV wall thickness (Strain A = 0.20±0.007, Strain B = 0.19±0.0069). 

There was a trend for a diet effect on RV:TV wall thickness (P=0.086); birds fed the CD 

tended to have thicker right ventricle:total ventricle walls (0.20±0.007) than those fed the 

LD (0.19±0.007). Sex had an effect on RV:TV wall ratio thickness (P=0.027); males had 

larger RV:TV wall thickness (0.20±0.008) compared to females (0.19±0.007). There 

were no differences in the proportion of birds with healthy RV:TV ratio 

(0.14<healthy<0.24; Nijdam et al, 2005) across diet (P=0.33) or strain (0.73) or diet × 

strain interaction between diet and strain (P=0.76). Seventy-six percent of birds had 

RV:TV ratios in the healthy range.  

 

Bursa of Fabricius 

There was no effect of diet (P=0.91; CD = 0.13±0.00572 g/g%, LD = 

0.13±0.00649 g/g%) or strain (P=0.36; Strain A = 0.13±0.00626 g/g%, Strain B = 
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0.13±0.00607 g/g%) or diet × strain interaction (P=0.75) on relative bursal weights. Sex 

had an effect on bursal weights (P=0.0003) with males having larger relative bursal 

weights (0.14±0.00636 g/g%) compared to female (0.13±0.00600 g/g%) birds. There 

were no differences in the percentage of birds exhibiting normal B:BW ratio 

(0.11<healthy; Cazaban et al, 2011) across diet (P=0.54) or strain (P=0.78); 67% of all 

birds had ratios within the healthy range.  

Discussion 

The objective of this study was to determine if reducing nutrient content in the diet 

provided could improve on broiler cardiac myopathies and bursal atrophy. The reason we 

conducted this pilot study was to determine if one diet was suitable for use in the slower 

growing broiler trial. Initially, the plan was to feed conventional strains with conventional diets 

and slower growing strains with slower growing diets, however, breeding companies informed 

us that it was not necessary. We decided to compare the diets prior to making a decision to 

determine if one diet could be used. The first measurement used was right ventricle:total 

ventricle ratios that has been used extensively for measuring right ventricle hypertrophy, which 

is generally caused from pulmonary arterial hypertension in broiler chickens (Julian, 1998; 

Nijdam et al, 2006). The second was a measurement of bursa:bodyweight ratios as a 

measurement of bursal atrophy (Cazaban et al, 2015) 

Two different diets were provided to two conventional strains of broiler chickens; a 

conventional diet based on breeding company guidelines, and a slower growing diet that had a 

2% decrease in crude protein compared to the conventional diet. A 2% decrease in crude 

protein had no effects on heart and bursal health in our trial. My results support some 
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published studies (Cheema et al, 2003; Havenstein et al, 2003), however, disagree with what is 

seen in other studies (Julian, 1998; Camacho-Fernandez et al, 2002). Based on the studies that 

found a significant difference, diets were reduced enough to cause significant bodyweight 

reductions early in life. In our trial, diet had no effect on bodyweight at any stage of life, which 

means that at no point was growth reduced. This makes sense in terms of our results, as no 

differences were seen on organ measurements. There was a trend for right ventricle wall size to 

be thicker in CD diets compared to LD diets. After conducting a power analysis to determine if 

sample size was sufficient, it yielded a power of >0.99, which implies that sample size was not 

an issue. Therefore, diets did not differ to significantly impact growth and organ measurements. 

The results from this study gives some insight into how growth impacts broiler health and 

welfare. Restricting feed in highly feed motivated and fast growing animals is a welfare concern 

on its own, and although some improvements may be seen, this should not be the main 

strategy for improving broiler chicken welfare and production. Subsequent trials were 

conducted comparing slower growing strains of broiler chickens with faster growing, 

conventional strains under the same environment to determine if improvements can be seen as 

a result of genetics. Since there were limited effects of a slow growing diet and conventional 

diet on the organs measured, future trials conducted with the slower growing strains were 

done using the slower growing diet. This allowed our experiments to focus on different genetic 

lines rather than both genetics and diets. It would have been ideal to include more 

measurements in this pilot study that I conducted in chapter 3 to see how nutrition could 

impact antibody response, oocysts output, and other organ weights.  
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Conclusion 

In conclusion, the lower-nutrient diet provided in this trial did not significantly 

impact RV:TV ratios, heart weights, bursal weights, or B:BW ratios. Feeding a diet 

formulated for slow growing birds did not impact these measures that will be compared 

across genetic strain.  
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AT1: Analyzed diet composition of conventional diet (CD) and low-nutrient diet (LD) fed 

in three phases.  

 

  Starter (D0-14) Grower (D14-28) Finisher (D28-42) 
Analyzed 
nutrient 
content 

 CD LD CD LD CD LD 

Metabolizable 
Energy 

Mcal/

kg 

2.95 2.78 2.85 2.81 3.20 2.91 

Moisture % 12.46 12.69 12.58 12.40 11.9

4 

12.55 

Protein (N x 
6.25) 

% 21.06 18.02 23.43 22.74 21.6

2 

20.34 

Calcium % 0.97 0.94 1.04 1.22 1.08 1.01 

Phosphorus % 0.72 0.76 0.77 0.81 0.73 0.72 

Potassium % 0.76 0.80 0.89 0.85 0.86 0.86 

Magnesium % 0.16 0.16 0.17 0.17 0.16 0.17 

Sodium % 0.20 0.22 0.17 0.21 0.18 0.20 

Fat % 5.91 6.78 5.53 5.74 6.39 6.27 

Starch % 38.20 36.70 33.92 35.23 37.0 37.83 

Ethanol 
soluble 
carbohydrates 
(ESC) 

% 5.07 3.02 5.58 3.00 4.50 4.27 
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AF1: Biweekly average group body weight (BW, kg ± SEM) from placement at D0 until 

D31. There was no significant difference for diet on any day (P>0.90). Strain had an 

effect on BW on D13, D27 and D31 (P<0.0001), with Strain A being heavier than Strain 

B.  
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AF2: Average body weight (BW, kg ± SEM) at D42 for sentinel birds by strain and diet. 

There was no difference (P= 0.41) between those fed conventional diet (CD) and low 

0.00

0.50

1.00

1.50

2.00

2.50

3.00

3.50

4.00

Strain A Strain B

BW
 (k

g)

CD

LD



 101 

nutrient diet (LD). Strain had an effect on average BW (P=0.0090), with Strain A being 

heavier than Strain B, regardless of diet (P=0.99).  

 

 

 


