
 

 

 

 

 

 

Exploring the Relationships Between Behavioural Responses to Stress and 

Performance, Carcass Composition, Energy Expenditure and Macronutrient 

Oxidation in Restrict Fed Female Yorkshire Pigs  
 

by 

Stuart William Burdett 

 

 

A Thesis 

presented to 

The University of Guelph  

 

 

 

 

 

In partial fulfilment of requirements 

for the degree of  

Master of Science 

in  

Animal Biosciences 

 

 

 

 

 

 

 

 

 

Guelph, Ontario, Canada 

 

© Stuart William Burdett, October, 2019



ABSTRACT 
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YORKSHIRE PIGS  
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 Individual variation in pigs is well known, although poorly understood and is often 

overlooked. This thesis investigates the differences in individual pig performance, energy 

expenditure and macronutrient oxidation in growing pigs and how those indices are related to 

behavioural responses to stress. Behavioural responses of 19 female Yorkshire pigs during 4 

behavioural tests conducted at weaning were compared with performance variables, energy 

expenditure and macronutrient oxidation from weaning to finishing and carcass composition at 

slaughter. The data suggests that exploratory behaviour expressed during the Human Approach 

Test at weaning, can be indicative of the animal’s performance potential through to market 

weight. In the present study, increased exploratory behaviour was associated with advantages in 

average daily gain, gain to feed ratio and carcass fat content. This could be of great benefit to the 

pork industry as it could allow producers to select for more productive animals with the use of a 

simple and non-invasive behavioural tests while improving animal welfare. However further 

studies are warranted to more clearly understand the mechanisms behind these relationships. 
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Chapter 1: Literature Review  

1.1. Introduction 

 The growth of the pork industry has been rapidly increasing in recent years, with The 

United Stated Department of Agriculture (USDA) estimating that in 2019 pork production will 

be up 1.4% from 2018 and expected to be 3.8% above 2015 production (USDA, 2018). Given 

the increase in worldwide meat consumption over the last decades, producers are constantly 

looking for ways to increase efficiency on their farms. Current energy and nutrient requirements 

are determined on a pen basis. The predictive models attempt to estimate the herd variation and 

adjust feed intake accordingly and therefore fail to fully account for variation in individual 

animal’s production potential. Currently, reasonably coefficients of variation in the swine 

industry are 20% for weaning live weights, 12 to 15% for live weight leaving the nursery and 8-

12% for live weights during first pull from the finishing barns (Patience et al., 2004). Variation 

in live weights of pigs cause a number of problems for producers such as increased sorting losses 

ineffective barn utilization and negatively impacts the economic success of the operation 

(Varley, 2009). Having a means to predict performance potential in pigs early in life could help 

to reduce these inefficiencies and be more responsible economically and environmentally. A 

better understanding of the individual consistencies in behavioural responses to stress and how 

they are related to performance variables could potentially be utilized to identify animals during 

the early stages of life that will be efficient producers. Therefore, the present literature review 

will explore what we currently know about production parameters, energy expenditure and 

macronutrient oxidation, as well as concepts of stress, behavioural responses to stress, and their 

relationships. 
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1.2. Energy, metabolism and expenditure 

 Metabolism is defined as the chemical changes that occur in living organisms by which 

energy is provided for vital processes, activities, and new tissue assimilation (The Oxford 

companion to the Body, 2002). Energy metabolism is the process which encompasses food 

intake, oxidizing the food to release energy to be used by the animal for basal metabolism, 

growth (i.e. protein accretion), and storing the excess for the time of energy shortage. 

Furthermore, energy metabolism includes the metabolism of endogenous energy stores to 

support protein deposition (Naatjes and Susenbeth, 2014). These processes typically take the 

form of complex metabolic pathways within the cell, generally recognized as being either 

catabolic or anabolic (Saper at al., 2002; Elmquist et al., 2006; Spiegelman, 2001). Catabolism is 

the breakdown of complex molecules, resulting in the release of energy that is diverted to other 

biochemical reactions or is dissipated as heat. Alternatively, anabolism utilizes energy from the 

breakdown of organic matter in order to construct molecules for living organisms. In instances 

where anabolism exceeds catabolism, it is defined as growth or weight gain. While resting, 

weight gain is a representation of energy retention, while weight loss is attributed to the loss of 

energy equal to the production of heat by the body (Blaxter and Boyne, 1978). Protein 

catabolism and anabolism follow the same principle. During metabolism, the dietary nutrients 

are oxidized to provide energy in the form of adenosine triphosphate (ATP) and expended by the 

individual (van Milgen and Noblet, 2003). Total energy expenditure (TEE) is the sum of the 

energy expended: when at rest (Basal metabolic rate; BMR), during the breakdown of feedstuff 

(Heat increment of feeding; HIF), and during physical activity (activity thermogenesis). Basal 

metabolic rate is measured as the energy expended when the individual is completely at rest and 

is typically quantified in the morning following sleep, while the individual is in the post-
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absorptive state (Labussière et al., 2013). In animals that live a sedentary lifestyle such as 

livestock, BMR accounts for roughly 60-70% of the TEE and is highly predicted by lean body 

mass (Elwyn et al., 1981; Labussière et al., 2013). The energy utilized during the breakdown of 

dietary nutrients, also known as the heat increment of feeding, accounts for roughly 10% of the 

TEE in the animal and is a result of the energy input need to fuel the processes of  digestion, 

absorption, and subsequent storage of dietary macronutrients (Dallosso and James, 1984). 

Thermal effect of food is directly related to the substrate utilization by the animal and can be 

determined through the animal’s respiratory quotient (RQ; Ferrannini, 1988). 

The RQ is defined as the volume of CO2 released (VCO2) over the volume of oxygen absorbed 

(VO2). It is a dimensionless number that is useful in the determination of basal metabolic rate and 

responds to the substrate utilization by the animal (McClave et al., 2003). Macronutrients vary in 

their production of carbon dioxide and their requirements for oxygen for breakdown. Carbohydrate 

oxidation is completed by aerobic respiration, resulting in an equal amounts of CO2 produced as 

oxygen consumed, resulting in an RQ of 1.0 (Lusk, 1928). Subsequently, an RQ of 0.7 indicates 

pure fat oxidation, while an RQ of 0.80 indicates oxidation of a mixed meal or protein catabolism 

(Ferrannini, 1988). RQ can be calculated with stoichiometry, using the oxidation of 1.0 g of a 

substrate to determine CO2 produced to O2 consumed. The stoichiometric equations for 

carbohydrates, fat, and protein are as follows (Ferrannini, 1988):  

1 g Glucose + 0.746 L O2 → 0.746 L CO2 + 0.6 g H2O 

1 g Lipid + 2.029 L O2 → 1.430 L CO2 + 1.09 g H2O 

1 g Protein + 0.966 L O2 → 0.782 L CO2 + 0.45 g H2O 
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1.3. Energy partitioning for maintenance and growth/performance 

 Dietary energy is utilized for maintenance and growth, with maintenance having the first 

priority, and the remaining energy is used for tissue deposition. Energy for maintenance is 

utilized to maintain body tissues and supporting the overall health of the animal (ARC, 1981). It 

is the required energy to stay alive under thermally neutral circumstances, this is the energy 

required for vital functions such as circulation of blood, pulmonary ventilation, keeping the 

membrane potentials intact, protein turnover, kidney function, activity of neural tissue and 

compensation for insensible heat loss (Wenk, 2001: Verstegen, 2001). Maintenance energy also 

includes physical activity, ingestion, digestion and metabolism (Baldwin, 1995; Black and de 

Lange, 1995). Although precise measurements of maintenance energy requirements may be 

complex, it has been adopted by the majority of animal nutritionists in order to separate energy 

costs associated with maintenance verses that of growth and/or production(van Milgen and 

Noblet, 2003). The energy requirements for maintenance purposes have been determined on 

animals in a state of zero energy retention, as the case with pigs fed a restricted amount of energy 

or in fasted animals (Chwalibog, 1991). Furthermore, if the efficiencies of ME for protein and 

lipid synthesis are available, ME requirements for maintenance can be calculated with the 

difference between energy intake and energy needed for protein and lipid biosynthesis (Birkett 

and de Lange, 2001). Metabolizable energy is generally expressed on a metabolic body weight 

basis, with growing pigs a power of 0.75 (kg0.75) is commonly used (White and Seymore, 2005). 

Once the energy requirements for purposes of maintenance are satisfied, the remaining 

energy is diverted to production, more specifically, the accretion of body tissue (lean and adipose 

tissues; van Milgen and Noblet, 2003). 

 



5 

 

1.3.1. Growth curves in swine 

Growth rate increases as live weight increases, eventually reaching a plateau and then 

slowly declining after approximately 90.0 kg, due to a shift in the composition of pigs as a result 

of changes in the relative growth rates of fat-free lean tissue and carcass fat (Varley, 2009). 

During the normal phases of growth in pigs, lean tissue accretion is the first priority; however, 

lean deposition is coupled with a minimum level of fat deposition known as the minimum 

lipid:protein ratio and is an important determinant of body composition during this phase 

(Whittemore, 1998). As the pig ages, lean and adipose tissue are deposited at similar rates, that 

continue to increase until the maximum genetic potential for lean growth is satisfied in the 

animal (Van Lunen and Cole, 2001). However, beyond the maximum genetic potential for lean 

growth, any further increase in energy intake will not increase lean growth. Rather, the excess 

energy intake beyond maintenance requirements and minimum fat:protein deposition associated 

with protein gain, will simply increase the rate of body fat deposition, resulting in a carcass with 

increased fat to lean ratio (Van Lunen and Cole, 2001). The amount of lean gain per kg live 

weight gain increases slightly from 18 to 50 kg and then declines, while the amount of fat gain 

per kg of live weight gain increases uniformly from 18 to 118 kg (Varley, 2009).    

1.4. Energy systems in swine 

Given that the cost of ingredients supplying energy for pigs contributes the largest 

portion of feed cost (Noblet et al., 1994), efforts have been made to develop methods for the 

accurate determination of energy density of feedstuffs to meet whole body energy requirements 

of the animal. The priority of these methods is to model the amount of energy which the animal 

can utilize from a given ingredient to meet the requirements of maintenance and growth. The 

feed conversion rate (FCR), is the efficiency with which the body converts animal feed into the 



6 

 

desired output (Losinger, 1998). Feed conversion rate is a function of the animals genetics, age, 

and the quality and ingredients of the feed, and the conditions in which the animal is kept 

(Varley, 2009). In ad libitum feeding practices, newborn piglets exhibit FCR’s close to 1.0, due 

to the fact that at this time, the animal is predominately depositing lean tissue and bone (Losinger 

1998). Protein accretion is paired with water deposition in lean tissue, at a ratio of about 4:1. As 

the animal grows to market weight, the FCR increases to approximately 3.0. As pigs age towards 

slaughter weight they change nutrient partitioning and deposit greater amounts of lipid which is 

associated with lower FCR (Varley, 2009). The lower FCR observed during this time is a result 

of a higher energetic cost associated with lipid accretion than lean deposition. Fat deposition 

required approximately 16% more energy per unit of gain than lean deposition and additionally 

is not accompanied by water gain. Therefore, fat accretion is roughly 4 times less efficient than 

lean deposition (Whittemore and Kyriazakis, 2006). In 2015, the Janet Honey studied the growth 

rate of 11, 376 pigs. They determined, that on average pigs between 26-50 kg body weight had 

an FCR of 1.95, between 50-100 kg body weight, had an FCR of 3.00 and between 100-120 kg 

body weight had an FCR of 3.5 (Honey, 2015). This analysis is similar to what was found by 

Zebua et al., (2017) who determined that gilts at 90 kg body weight had an FCR of 3.29 and 

boars an FCR of 3.01. Furthermore, Losinger (1998) determined that the average FCR of finisher 

pigs contained within 212 producers in the United states had an FCR of 3.28. Feed conversion 

rate is affected by a variety of factors, of which, FCR is greatly affected by the energy and 

nutrient density of the feed, as well as the requirement of the animal. Therefore, an accurate 

supply of energy and nutrients is essential for optimizing pig production. 
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1.4.1. Gross energy  

Gross energy (GE), also known as heat of combustion, is the total chemical energy released 

when a compound undergoes complete combustion with oxygen and is determined through bomb 

calorimetry (Noblet and Henry, 1993). Moreover, GE can additionally be predicted relatively 

accurately using the complete chemical composition of the ingredient and the National Research 

Council’s (NRC) standard energy values for each of the macronutrients of the feed matrix (NRC 

2012). For protein, the standard value utilized for heat of combustion is commonly 5.6 kcal/g of 

organic matter, however this is largely dependent on the amino acid profile of the protein and as 

such typically ranges from 5.3-5.8 kcal/g of organic. For fats, the heat of combustion ranges 

from 8.7 – 9.5 kcal/g of organic matter and is dependent on the fatty acid composition of the 

feedstuff (i.e. saturation and chain length), however, a value of 9.4 kcal/g is commonly used 

(NRC, 2012). Lastly, the heat of combustion of carbohydrates fall within the range of 3.7-4.3 

kcal/g; depending on the composition. A value of 4.2 kcal/g of organic matter is commonly 

accepted for starch and cellulose, and a value of 3.7 kcal/g for glucose and simple sugars (Noblet 

et al., 1994).  

1.4.2. Digestible energy  

Digestible energy provides a measure of the potential available energy to be utilized by the 

animal after digestion. Digestible energy is determined as the dietary GE, minus the energy that 

is not absorbed and lost in the feces. Digestible energy is an easy and accurate measure in 

determination of the energy requirements of swine and the energy content of various feed 

ingredients and is therefore the preferred method (Farrell, 1978; ARC 1981; Morgan and 

Whittemore, 1982). In addition, DE values are available for most of the commonly used 

feedstuffs, however it is important to note that numerous factors heavily impact digestibility and 
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subsequent prediction of DE. As noted by Noblet and Shi (1993) and Le Goff and Noblet (2001), 

energy digestibility increases as the pig continues to mature, due to an increased digestibility of 

both dietary fat and fiber (Noblet and Bach Knudsen, 1997). Furthermore, digestibility of feed 

energy increases slightly with increasing body weight (Noblet and Shi, 1993) due to the 

increased microbial fermentation of undigested carbohydrates, resulting from the increased 

surface areac in the large intestine.  

1.4.3. Metabolizable energy 

Metabolizable energy, is determined through the use of DE, subtracting the energy that is lost 

by the animal to urine and fermentable gas production (Moehn et al., 2005). Metabolizable 

energy makes up a significant proportion of the total DE, accounting for roughly 92-98% (NRC, 

1981; 1998). However this value is influenced by many factors including: the composition of the 

diet, quality and quantity of the dietary protein, (May and Bell, 1971; Morgan, Cole and Lewis, 

1975), environmental temperatures (Holmes, 1973) and the physiological status of the pigs. The 

other contributors are rather minimal. Fermentable gas losses vary and account for 

approximately 0.5% of DE when conventional diets are fed to grower-finishers, however it can 

be as high as 3% when feeding a high-fiber diet to sows (Ramonet et al., 1999). These amounts 

are generally ignored because they are small and not easily measured. However, dietary protein, 

when not utilized for protein deposition is an energy inefficient process During the breakdown of 

amino acids ammonium ions are produced and are converted to urea to be excreted in the urine. 

This process requires four ATP molecules to produce 1 mol of urea (Le Bellego et al., 2001). 

This can partially explain the energy losses associated with protein-rich diets, therefore it is 

commonly estimated through the content of digestible crude protein of the diet or ingredients. A 

correction is sometimes made to the ME concentrations for the nitrogen that is gained or lost 
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from the body (Morgan et al., 1975). True metabolizable energy is corrected to nitrogen 

equilibrium as the energy that is deposited in the form of nitrogen is not totally recovered by the 

animal if the amino acids are catabolized for energy. This correction value is valid in mature 

pigs; however, it is not for growing pigs who retain considerable amounts of nitrogen (De Lange 

and Birkett, 2005). The correction factor is therefore utilized to derive the GE of urine per gram 

of urinary nitrogen. In pigs, different labs have used different correction factors. Diggs et al., 

(1959) used a correction factor of 6.77, Morgan et al., (1975) used 9.17, and Wu and Ewan 

(1979) used 7.83 kcal of ME/g of nitrogen for each gram of nitrogen above or below the nitrogen 

equilibrium. This correction factor is added to determine ME for pigs when in negative nitrogen 

balance and is subtracted when the animal is in positive nitrogen balance. Additionally, ME is 

decreased in poorer quality proteins sources or in instances where protein is in excess, as the 

amino acid content above the requirements are not utilized for synthesis of protein and as such 

are catabolized as a source of energy (Morgan et al., 1975). During the catabolism, the nitrogen 

is lost in urea and as such, nitrogen content of protein when in excess, is directly associated with 

urinary nitrogen and as such energy losses in the urine are inversely associated with the ME of 

the diet. 

1.4.4. Net energy  

Net energy (NE) is defined as the difference between metabolizable energy and the heat 

increment of feeding (HIF). The HIF is described as the total energy that is used or lost by the 

animal through the exothermic reactions of digestion and metabolism of nutrients and excretion 

of waste (Labussière et al., 2013). More specifically, these reactions include the transport, 

conversion, and subsequent storage of food products throughout the body following 

consumption. The HIF is directly related to the chemical composition of the food matrix and 
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therefore varies considerably between diets (van Milgen and Noblet, 2003). Consequently, NE is 

the energy that remains after these losses, and is the total available energy that can be directly 

utilized by the animal for means of maintenance, growth, and reproduction and is the only 

energy system that accounts for the real requirements of the animal.  

Therefore, it can be seen that NE is the most accurate measure in the determination of energy 

density of feedstuff. However, given the complexity and difficulty related to the measure of NE 

compared with DE or ME, it is far more common to see ME being utilized in practice (Moehn et 

al., 2005).  

1.5. Methods for determination of energy retention and heat production in swine 

      Determination of NE values requires measurements of energy retention or heat production as 

well as an estimation of the maintenance requirements of the animal. However, it was noted by  

van Milgen and Noblet (2003) that not all ME retained by the animal is dissipated as heat. The 

energy that is retained by the animal for maintenance (and expansion of tissue pools) purposes 

can be measured with the comparative slaughter technique while the metabolic processes that are 

responsible for the supply of energy to the body can be quantified through measurements of heat 

production by the animal through the measurement of gas exchange with indirect calorimetry or 

heat production with direct calorimetry.  

1.5.1. Comparative slaughter technique 

The preferential method to determine the NE content of feed has been the Comparative 

Slaughter Technique (Ayoade et al., 2012). In the comparative slaughter technique, the whole 

body energetics of two similar animals at the beginning and end of a time interval are 

determined, and the retention of energy is determined as the difference. However, no two 

animals are same; therefore, a large group of animals is needed to be slaughtered if the error 
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attached to the estimation of retention is to be minimized (Davidson et al., 1964). Therefore, 

although the comparative slaughter technique can be an utilized to predict the retention, it is 

limited by analytical accuracy and assumes that the two groups of animals have the same energy 

content at the start (Blaxter, 1966). 

1.5.2. Indirect calorimetry 

Energy is released from substrates through complete oxidation, resulting in absorptions of 

oxygen, and production of carbon dioxide and water (Ferrannini, 1988). Indirect calorimetry is a 

frequently used methodology in the determination of the ratio of oxygen consumption and carbon 

dioxide production for estimation of metabolic rate and substrate utilization (Ferrannini, 1988). 

Indirect calorimetry makes the assumption that that all oxygen is utilized in the oxidation of 

macronutrients and all carbon dioxide produced is recovered by the system. With these 

assumptions, it is possible to use measures of gas exchange for the determination of total energy 

production by the body, respiratory quotients (RQ), energy expenditure and substrate utilization 

in animals (Ferrannini, 1988). 

Coefficients used in the equations to predict heat production were determined from the 

complete oxidation of carbohydrates, fat, and protein. This is based on Hess’s law which states 

that heat production during chemical reactions occurring during the breakdown of macronutrients 

is independent of the pathways utilized to oxidize products from their initial to final stages 

(Daintith, 2008). Direct measurements of heat production in animals requires expensive equipment 

and installations, therefore indirect calorimetry is commonly used in its place. For indirect 

calorimetry, heat production can be calculated using the Abbreviated Weir Equation (Weir, 1912), 

which utilizes VO2 consumed and VCO2 eliminated by the animal during respiration. 
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Comparing these two methodology to assess which method is best to estimate true energy 

available is difficult due the differences in individual animals, feed ingredients as well as 

experimental procedures. Ayoada and colleagues (2012) reported that the NE content of wheat and 

corn distillers dried grains with soluble diets did not differ when determined using the indirect 

calorimetry and the comparative slaughter technique. However, many other studies have indicated 

that the NE value obtained with indirect calorimetry was greater than values determined with the 

comparative slaughter technique (Quiniou et al., 1995; Kil et al., 2011; Kil et al., 2013; Gutierrez 

et al., 2014), which may be attributed to the fact that in the studies where comparative slaughter 

technique was used, pigs were housed in facilities where they could move freely, therefore 

generating more heat production related to physical activity (Verstegen 2001).  

1.6. Stress in animals 

The concept of stress was first developed by Selye (1932). Stress is defined as the non-

specific response of the body to any external and internal stimulus that is perceived by the 

animals as a threat to homeostasis (Doswell, 1988). When homeostasis is disturbed by stress, the 

body deals with the stress through coordinated activation of behavioural, autonomic and 

neurological responses that help the individual adapt during the challenging situation (Moberg 

1985). During this time, a series of hormones are released that influence the sympathetic-

adrenal-medullary (SAM) system, the hypothalamic-pituitary-adrenal (HPA) axis, as well as 

inflammation, metabolism and immune function (Chrousos, 1995; O'Connor et al., 2000; 

Victoria Sanz Fernandez et al., 2015).  

  As one of the primary systems involved in the initiation and coordination of the stress 

response, the HPA axis becomes activated when the animal is faced with a unpredictable 

situation and is regulated through feedback from the hypothalamus, anterior pituitary and the 
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adrenal cortex (Smith and Vale, 2006). Upon activation, the HPA axis initiates the release of the 

corticotropin releasing hormone (CRH) from the paraventricular nucleus (PVN; Smith and Vale, 

2006) which then stimulates the anterior pituitary to release the adrenocorticotropic hormone 

(ACTH). Once released, the ACTH acts on the adrenal cortex to secrete glucocorticoids, 

specifically cortisol in mammals (O'Connor et al., 2000). Acting downstream, the 

glucocorticoids bind two types of receptors: the mineralocorticoid receptor (MR) and 

glucocorticoid receptor (GR), to which they bind to MRs with higher affinity (Smith and Vale, 

2006). During times of glucocorticoid fluctuations, the MRs become activated to maintain basal 

levels. During prolonged stress, when glucocorticoids levels are elevated, GRs additionally 

become activated and exerts several effects downstream. When bound by glucocorticoids, the 

ligand-dependent transcription factor translocates to the nucleus and binds to the glucocorticoid 

response element and recruits other transcription factors (Smith and Vale, 2006). This results in a 

variety of alterations in cardiovascular function, immune function, learning and memory, 

arousal, reproduction, and metabolism, specifically favouring gluconeogenesis through lipid and 

protein metabolism (Christiansen et al., 2007; Marques et al., 2009; Uchoa et al., 2014). The 

activation of the GRs results in the increase in the negative feedback on the HPA axis and the 

stress response is terminated in order to protect the animal from prolonged exposure (Smith and 

Vale, 2006). 

1.7. Effects of stress 

While the stress response to an acute stressor may have an adaptive value for the animal, 

chronic activation can have negative health effects on the body. Chronic stress can impair growth 

rate, meat quality, immune function, reproduction and welfare (Chrousos, 1995; Terlouw, 2005; 
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Prunier et al., 2010), all of which have major implications in production systems (Martínez-Miró, 

2016).  

Mixing pigs together is a fairly standard procedure in pig production and is perhaps the most 

challenging situation in the life of a pig (Barnett et al., 2001). In large-scale farming operations 

pigs are often regrouped with unfamiliar conspecifics at different times such as after weaning, 

during fattening period, and before transport to slaughter (Hyung et al., 1998). Under these 

circumstances, pigs sometimes fight in order to establish a dominance hierarchy and this act 

generates stress in the animal (Pitts et al., 2000). Hyung et al. (1998) reported that when pigs 

were subjected to crowding, it resulted in a 15.7% decrease in average daily gain, and when pigs 

were mixed with conspecifics, average daily gain was suppressed by 7.1%. Stress generated in a 

social context has the potential to affect the animal in both the short term (acute) and the long 

term (chronic). During regrouping with conspecifics, animals experience acute stress, whereas in 

situations in which an animal becomes isolated or becomes a subordinate in the dominance 

hierarchy of the herd , chronic stress can ensue. Furthermore, repeated regroupings with 

unfamiliar pigs can generate chronic stress (Barnett et al., 2001). 

Social stress is heavily influenced by factors such as group size, allowable space, gender, and 

genetics of the pig (Barnett et al., 2001). When assessing the effect of group size, larger groups 

are demonstrated to generate less social stress than smaller group, likely due to the increased  

competition over feed in larger groups (Anderson et al., 2004). In intensive commercial barns, 

housing generally involves reduced space availability per animal, restricting movement and 

allowing for less access to feeders and therefore increasing the stress generated (Verdon et al., 

2015). Furthermore, with increasing space availability, frequencies of social interactions and 

aggressive encounters were decreased in group-housed sows (Weng at al., 1998; Remience et al., 
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2008) and supports the findings of Randolph and colleagues (1981) who concluded that growth 

rate and space allowance has a positive relationship in which the growth rate decreases linearly 

as the space allowance per pig decreased. Additionally, Hyung and colleagues (1998) noted that 

when space availability was decreased, average daily gain and gain:feed ratio decreased by 15% 

and 10%, respectively. Aggressive behaviour exhibited following the regrouping with 

conspecifics varies greatly between individuals and are partially related to their genetics (Muráni 

et al., 2010). This has been demonstrated as some lines of pigs are less inclined to fight with 

conspecifics when unacquainted individuals are mixed (Muráni et al., 2010) 

When growing pigs are housed under barren and restricted environment, behavioural studies 

have frequently shown that such housing conditions negatively impact welfare (Beattie et al., 

1995; Schouten, 1986; Stolba and Wood-Gush, 1980). Cleanliness has also been shown to affect 

performance in weaner pigs. Lee and colleagues (2005) found that weaner pigs housed in a clean 

environment compared to those reared in a dirty environment consumed 8% more feed and grew 

roughly 10% faster, as growth is largely depended on feed intake (Kil, Kim and Stein, 2013). 

1.7.1. Impact of stress on metabolism  

Many of the effects of stress can be directly attributed to the release and action of cortisol, a 

glucocorticoid that is known to affect metabolism in a variety of ways. Cortisol plays a 

instrumental role in the breakdown of carbohydrates, fats, and proteins (Tataranni et al., 1996). 

Cortisol increases availability of all fuel substrates by increasing the rate of mobilization of 

glucose (Rizza et al., 1982; Dinneen et al., 1993), free fatty acids (Djurhuus et al., 2002), and 

amino acids from endogenous stores (Horber and Haymond 1990; Berneis et al., 1997). Thus, 

when in excess, cortisol is an overall catabolic hormone, favouring decreased lean body mass 

and muscle mass and increases in energy expenditure (Tataranni et al., 1996).  At the same time, 
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cortisol increases appetite and food intake (Tataranni et al., 1996) and may increase fat mass 

(Pirlich et al., 2002; Burt et al., 2006). Cortisol also induces insulin resistance (Rizza et al., 1982; 

Dinneen et al., 1993) and it has been proposed that glucocorticoids could contribute to metabolic 

syndrome and cardiovascular disease (Andrews and Walker, 1999; Darmon et al., 2006).  

1.7.2. Impact of stress on performance 

Any situation that produces stress in the animal can produce a reduction in performance 

variables of pigs such as feed intake, daily gain or body weight due to alterations in behaviour 

and physiology during the challenging situation (White et al., 2008;Pearce et al., 2013). For 

example, pigs housed at 32.2 °C had reductions in average daily feed intake, average daily gain, 

final body weight and gain:feed ratio by 32.3%, 39.3%, 9.8% and 16.3%, respectively, compared 

with pigs housed at 23.9 °C (White et al., 2008). Indeed, feed intake can decrease by up to 47 % 

in pigs housed at temperatures above the thermoneutral zone (Pearce et al., 2013). In pigs, the 

thermoneutral zone is impacted by a variety of factors such as body size and number of pigs, 

degree of insulation, body condition score, presence or absence of bedding and other physical 

characteristics of the pigs or their housing system (Bruce and Clark, 1979; Pearce et al., 2013). 

Therefore, the thermoneutral zone is described as the range of ambient temperatures within 

which a pig can maintain normal body temperatures (39.0°C) through control of sensible heat 

loss (Bruce and Clark, 1979).  

1.7.3. Impact of stress on carcass quality 

 Additionally, changes in physiological variables following stress has an effect on the 

carcass and meat quality (Foury et al., 2004). In pigs, the quality of meat is largely dependent on 

the nature of the post-mortem muscle pH decline and is a result of the rate and/or extent of post 

mortem glycolysis and conversion of glycogen into lactic acid (Fernandez and Tornberg 1991). 
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Pale, soft, exudative (PSE) and dark, firm, dry (DFD) meats are two main consequences of rapid 

port-mortem pH shifts that occurs when animals are exposed to stressors prior to slaughter and is 

directly related to the content of glycogen available in the muscles at the time slaughter (Warris, 

2000). 

PSE meats are characterized by a rapid decrease in muscle pH while body temperature remains 

high and appear to be related to the release of catecholamines, indicative of an acute stress response 

immediately prior to slaughter (Foury et al., 2005). Epinephrine has glycogenolytic effects in the 

muscles that is required to supply energy to the animal in order to drive physical active in the "fight 

or flight" response (Cannon, 1914). When epinephrine is released prior to slaughter, post-mortem 

glycogenolysis is accelerated and drive the breakdown of glycogen and subsequent production of 

lactic acid in the muscles (Fernandez and Tornberg, 1991). The production of lactic acid is rapid 

and results in an abnormally low pH that results in soft and pale meats with an excessive exudation 

of liquid due to the denaturation of proteins (Warriss, 2000; Barbut et al., 2005; Swatland, 2008). 

Pale, soft and exudative meats have less value and, in extreme cases, should be discarded (Warriss, 

2000). 

Dark, firm and dry meats are characterized by a final pH higher than expected and have been 

associated with prolonged stress or long and intense exercise prior to slaughter (Fernandez and 

Tornberg, 1991). When the animals experience prolonged stress prior to slaughter, glycogen 

reserves become depleted and lactic acid production and post-mortem acidification are insufficient 

(Fernandez and Tornberg 1991). With the high pH, there is less denaturing of the proteins and less 

exudates resulting in DFD meats, as the name suggests, are darker and drier than normal, and are 

less palatable (Warriss, 2000; Viljoena et al., 2002; Mounier et al., 2006).  

1.8. Variability in the stress responsiveness in pigs 
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Physiological, behavioural and metabolic responses to stress are highly variable between pigs 

and are in part, related to prior experiences and genotype (Martínez-Miró, 2016). Individual 

variation in pigs is well known, although poorly understood (Appleby et al., 1992) and is often 

overlooked as many regard variation as an obstacle on the path to understanding the patterns of a 

group (Martin and Kraemer, 1987). Various researchers have found that these responses to stress 

are unique to the individual but are consistent over time and within similar situations (Lawrence 

et al., 1991; Jensen, 1995; Jensen et al 1995a; 1995b) and as such, it has been suggested that this 

was a reflection of the coping mechanisms utilized by the animal (Henry and Stephens 1977; 

Hessing et al., 1993; 1994). Coping is defined as the adaptive strategy that describes an 

individual’s behavioural responses under challenging situations utilized in an attempt to reduce 

the harmful effect of the stimuli (Levine and Wiener, 1989). In human psychology, this term is 

used to describe behavioural responses to situations in which the stress lies outsides the 

individual’s competency (Simoni and Paterson, 1997). Some of the most convincing data that 

supports the existence of distinct coping strategies comes from the work by Benus and 

colleagues (1991) who demonstrated inter-situational consistency in certain behavioural 

reactions in mice. They demonstrated that mice with lower attack latencies towards humans, 

were less responsive towards minor alterations in a learning maze and more easily develop 

routine like behaviours. Animals demonstrating such behaviours were termed "active" copers 

whereas animals exhibiting longer attack latencies and more readily adapt their behaviour to 

changing environments were labelled as "passive" (Benus et al., 1991). In humans, various 

coping styles have been found, with some researchers stating 12 exist and other only 3 or 4 

(Pines and Kafry, 1982; Simoni and Paterson, 1997).  In pigs however, several theories exist. 

Hessing et al. (1993) found relationships between the way animals reacted during manual 
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restraint in the backtest and during social encounters and therefore suggested that, like mice, 

there were two distinct reaction patterns in response to stressors, active and reactive coping 

strategies. In the active coping style, the animal attempts to cope by removing the stimulus or 

fleeing from it in a fight or flight response, typical of behaviour relating to territorial control and 

aggression. In the reactive coping style, the animal adjusts to the stressor and accepts it as it is in 

a conservation withdrawal response, typically characterized behaviourally by immobility and 

low levels of aggression (Hessing et al., 1993;1994).  

However, subsequent research yielded inconsistent results and as such, the existence of 

coping styles in pigs have been heavily criticized by others, mainly on the fact that coping 

behaviour in pigs does not show a bimodal distribution (Lawrence et al., 1991; Forkman et al., 

1995; Jensen, 1995). Furthermore, in pigs there is very little reliable data supporting the 

existence of  inter-situational consistency in responses to stress. Lawrence et al. (1991) and 

Jensen's group (1995a; 1995b) failed to find correlations between social and non-social 

challenges in pigs and was later supported by Zebunke and colleagues (2015), who assessed the 

intra-situational backtest behaviour in a large group of piglets and found no evidence of 

definitive, separable coping strategies. Furthermore, Forkman and colleagues (1995) found that 

there was a large number of pigs assessed using the backtest that could not be classified as active 

or reactive, but as an intermediate between the two extremes. They concluded, that gilts 

responded consistently to specify challenges over the short term, however the same consistency 

is not found when testing under different contexts and there was an absence of multimodal 

distributions to inter-situational responses (Jensen et al., 1995a; 1995b; Forkman et al., 1995). 

Data analyses have indicated that responses to stress in pigs show a normal distribution and as 
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such, suggesting that there are not two distinct reaction patters in pigs but that animals respond 

along a continuum (Jensen 1995). 

1.9. Determination of stress in swine  

The current methods utilized to measure individual stress responses in pigs involve 

measuring its manifestations. When the animal perceives a stressful stimuli, it reacts 

autonomically, behaviourally and physiologically in order to prepare itself for the challenge 

ahead (Cannon, 1914). The HPA axis is one of the primary systems involved in the stress 

response and due to its relation to cortisol release, cortisol has been utilized as a measure of 

physiological responsiveness to stress in pigs. Behavioural responses on the other hand can be 

measured through direct observation of behaviour using behaviour scoring systems (Ruis et al., 

2001) or automated behaviour recognition video analysis (Nilsson et al., 2015). Commonly used 

behavior tests include, the backtest (Brajon et al., 2016) the open field test (OFT; Hessing et al., 

1994), the human approach test (HAT; Hemsworth et al., 1981) and the novel object test (NOT; 

Hessing et al., 1993). These tests are designed to evoke a stress response in the animals in order 

to measure the behavioural responses to novel and threatening stimuli. Given that exposure to 

humans and novelty are two common and potentially frightening events encountered by farm 

animals, Jones (1996) asserted that such tests would best mimic the difficult situation 

experienced by pigs on production farms. Behavioural indicators of stress may include abnormal 

behaviors such as, aggression, physical manipulation, vocalization, immobilization or abnormal 

urination/defecation as well as the cessation of normal behaviours such as exploration and 

locomotion (Ruis et al., 2001; Sonoda et al., 2013; Valros et al., 2013).  
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1.9.1. Physiological biomarkers 

 Cortisol is one of the most widely utilized biomarkers for the detection of stress in pigs 

(Bottoms et al., 1972). Many have demonstrated that increases in plasma and urinary cortisol are 

related to hypothalamic pituitary adrenal (HPA) axis activation (Lawrence et al., 1994; Barnett et 

al., 1996; Pol et al., 2002). However, despite its common use, cortisol is influenced by a variety 

of factors, including but not limited to, circadian rhythm, sampling method and genetics 

background, which could limit its use as a stress biomarker (Mormède et al., 2007; Désautés et 

al., 1997). Plasma cortisol concentrations follow a circadian rhythm in which morning levels are 

40 % higher than afternoon levels (Ruis et al., 1997; Möstl and Palme, 2002), however some 

authors have observed a peak during the afternoon (Hillmann et al., 2008; de Jong et al., 2000; 

de Leeuw and Ekkel, 2004). Furthermore, the average concentration of blood plasma cortisol in 

growing pigs decrease with increasing age. Researcher found that the plasma cortisol 

concentrations stabilize in pigs at roughly 20 weeks of age and are about 37 % lower than at 

12 weeks of age (Ruis et al., 1997; Ekkel et al., 1996). Furthermore, sex has an effect on plasma 

cortisol concentrations, with concentration in barrows being roughly 15 % higher than in gilts 

(Ruis et al., 1997). Other stress hormones secreted during the stress response such as 

catecholamines (epinephrine and norepinephrine) have been implicated as a biomarker of stress 

responsiveness in animals. However due to their low concentration, rapid degradation and 

hormone instability in the sample, they have largely been found as ineffective biomarkers of 

stress (Martínez-Miró, 2016). 

1.9.2. Behavioral tests  

The backtest is a social test that measures the reaction of piglets to fixation in the supine 

position by the experimenter. During the test, the animal’s response to the restraint has been 
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proposed as an indication of its coping style: active or reactive (Hessing et al., 1993). The human 

approach test, the novel object test and the open field test on the other hand, are performed in an 

arena, where the animal is free to explore under various test conditions, therefore assessing the 

animal’s fear and ability to explore in novel situations and in the presence of a human (Thodberg 

et al., 1999; van Erp-van der Kooij et al., 2002; Janczak et al., 2003; de Sevilla et al., 2009). 

During the human approach test, sometimes referred to as the reactivity to human test, the 

observer sits motionless on a stool in the pen for a predetermined duration and the latency of the 

animal to approach and touch the observer is recorded. In the open field test, the animal is placed 

in an empty arena where the willingness to explore the different zones is recorded. Lastly, during 

the novel object test, much like the human approach test, the animal is tested on its willingness to 

explore a novel object, however instead of a human, an object unfamiliar to the animal hangs in 

the area.  

1.10. Conclusions  

 Given the increase in worldwide demand and consumption of meat products over recent 

decades, producers are constantly assessing different ways to increase farm efficiency. Current 

energy and nutrient requirements are determined on a pen basis, and therefore fail to account for 

variation in individual animal’s production potential. Variation in live weights of pigs causes a 

number of problems for producers and negatively impacts the economic success (Patience at al., 

2004; Varley, 2009). In broiler operations, many producers can empty their production pens in 

the same day, whereas in the pig industry, it takes 3-5 weeks to accomplish the same thing 

(Patience et al., 2004). This results in sorting losses and reduced barn utilization and 

effectiveness of phase feeding programs (Patience et al., 2004). Having a means to predict 

performance potential in pigs early in life could help to reduce these inefficiencies and be more 
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responsible economically and environmentally. Stress can have a profound impact on mortality, 

carcass characteristics, performance, and metabolic functions (Dallman and Hellhammer, 2011) 

and generates behavioural and physiological responses that show individual consistency (Jensen 

1995). Many researchers have long attempted to use the animals ability to cope as a moderator of 

the relationship between stress and performance parameters and carcass quality. However, there 

is very little reliable evidence for inter-situation consistency to support the existence of distinct 

coping styles exist in pigs and instead the data shows normality in the behavioral responses to 

stress and therefore suggests that animals respond along a continuum of reactivity (Lawrence et 

al., 1991).  
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Chapter 2: Research Rationale and Objectives  

 The predictive models currently utilized in the industry for the determination of energy 

requirements of pigs considers the population and variation in start weight and feed intake and 

adjust nutrient requirements based on such estimated variation (NRC, 2012). Currently in the 

pork industry, reasonably coefficients of variation are 20% for weaning live weights, 12 to 15% 

for live weight leaving the nursery and 8-12% for live weights during first pull from the finishing 

barns (Patience et al., 2004). Variation in live weights of pig's cause a number of problems for 

producers and negatively impacts the economic success (Varley, 2009). In grower-finisher 

operations, least cost feeding programs are designed to maximize the responses of the population 

at the lowest feed costs (Hauschild et al., 2010). On production farms, herd performances are 

optimized through proving dietary nutrients at levels that meet the estimated requirements of 

80% of the individuals within the herd, resulting in roughly 20% of the herd receiving less 

dietary requirements than necessary to express their growth potential (Hauschild et al. 2010). In a 

commercial situation, this stems from the notion that underfed pigs exhibiting reduced growth 

performance and overfed pigs exhibiting near optimal performance. Feed costs are by far the 

greatest input cost in pork production (65-75%) and improving feed efficiency is of great 

economic importance (Mullan et al., 2011). Genotype, physiological state and the environment 

contribute to the differences in nutrient requirements expressed between pigs in a given 

population (Brossard et al. 2009; Hauschild et al. 2010) and these requirements change over time 

following patterns unique to the individual animals (Pomar et al. 2003). Breeding programs have 

long focused on improvement s in productivity, however it has results in an increase in 

susceptibility to stress (Rauw et al., 1998; Prunier et al., 2010) and has resulted in coping 
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difficulties in highly productive pigs in the face of environmental challenges (Schinchel et al., 

1999).  

Stress is the non-specific response manifested by the body to any external or internal 

stimulus that is perceived by the animal as a threat to homeostasis (Doswell, 1988). Stress has 

multifactorial causes that produce a physiological and behavioural responses that generates 

negative effects on animal health and production and therefore increases cost of production 

(Einarsson et al., 2008). Any challenging or unpredictable situation can negatively affect 

performance parameters in pigs such as decreased feed intake, daily gain and feed efficiency 

(Hyung et al., 1998; White et al., 2008). Given that the environment plays a major role in the 

generation of stress, its control to satisfy the requirements of the improves production and 

reduces stress (Black et al., 2001). However, in many situations it may neither be economically 

feasible nor necessarily possible control environmental conditions (Kerr and Hines, 2005). 

The behavioural and physiological responses to are highly variable in pigs and show intra-

situational consistency and are at least partly due to the genetics and may be evident at birth 

(Lawrence et al, 1991; Einarsson et al., 2008). While another aspect of this project is relating 

genetic markers to the stress response, little research has been done to explore whether 

behavioural responsiveness to stressful stimuli can be used as a predictor of inefficiencies in 

performance. Therefore, the focus of this thesis is to understand whether an animal's behavioural 

reactivity to stress is related to performance when food intake is held static among pigs and 

whether, behavioural responses to stress elicitation can be used to predict performance. The 

specific objectives for this thesis are: 
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1. To characterize the variability in performance, carcass composition, energy expenditure 

and macronutrient utilization over time for pigs fed similar amounts of feed, and 

therefore dietary nutrients, per kg body weight,  

2. To utilize a set of behavioural tests performed shortly after birth and predict the 

individual animals’ reactivity to stress, and 

3. To determine if the animals’ reactivity to stress is associated with their growth 

performance, carcass composition, and/or energy expenditure and macronutrient 

oxidation from weaning to finish. 

 

Based on the objectives of the present thesis it is hypothesized that:  

1. Performance, carcass composition, energy expenditure and macronutrient oxidation will 

significantly vary between pigs and over time when fed similar amounts of feed, and 

therefore dietary nutrients per kg body weight. 

2. The animal's behavioural responses to stress will be associated with their performance, 

carcass composition, energy expenditure and macronutrient oxidation. 

3. That performance, carcass composition, energy expenditure and macronutrient oxidation 

can be predicted using behavioural tests used to assess behaviours associated with 

emotional reactivity. 

 

 

 

  



27 

 

Chapter 3: Body weight, feed conversion rate, average daily gain, energy expenditure and 

macronutrient oxidation over time when female Yorkshire pigs are fed the same amount of 

feed and energy per kilogram of body weight  

 

3.1. Abstract  

 Current energy and nutrient requirements are determined on a pen basis, and therefore 

fail to account for variation in individual animal’s production potential. Variation in live weights 

of pigs cause a number of problems for producers and negatively impacts the economic success. 

This study seeks to determine the individual differences over time in feed efficiency, average 

daily gain, energy expenditure, respiratory quotient and carcass composition in female Yorkshire 

pigs control fed the same amount of feed per kg body weight from 65 to 142 days of age. 

Furthermore, we evaluated the relationship between carcass composition at 142 days of age with 

energy expenditure and respiratory quotient from weaning to finishing. Average daily gain (P < 

0.001) and energy expenditure per kilogram body weight (fed and fasted ; P < 0.001) decreased 

over time while feed conversion rate (P = 0.127) and fasted respiratory quotient increased 

through to market weight as expected (P < 0.001). Furthermore, the present study demonstrated 

that female pigs of similar age, body weight and raised in identical environments exhibit ranges 

in carcass composition at slaughter, and in performance variables, energy expenditure and 

macronutrient oxidation from weaner to finish. Understanding the mechanisms behind these 

individual differences is the basis of artificial selection and as such can be the foundation for 

improvement in performance parameters and on farm efficiency. Future work should focus on 

understanding the individual differences in production potential and whether these indices can be 

predicted early in life.  
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3.2. Introduction  

 While the energy requirements for growing pigs are well defined, the  

current predictive energy requirement models utilized by the swine industry consider the 

population variation in start weight and feed intake and adjust requirements based on estimated 

variation (NRC, 2012). To optimize population responses, dietary nutrients are provided at levels 

that satisfy the estimated requirements of 80% of the pigs in the herd and this results in roughly 

20% of pigs receiving less dietary energy and nutrients than they need to express their growth 

potential (Hauschild et al. 2010). Researchers agree that variability exists between individual 

animals, however little research has been done on restricted feeding and understanding the 

inherent population variability of energy expenditure (EE), macronutrient oxidation, feed 

efficiency, and carcass characteristics. Feed conversion rate is an important determinant when 

assessing the economic success of a swine production system (Edwards et al., 1989). Due to the 

high cost input of feed (70%), minor improvements in the feed-conversion ratio (FCR) can have 

major financial impact on the operation (Losinger, 1998). In ad libitum feeding practices, 

newborn piglets exhibit FCR’s close to 1.0, due to the fact that at this time, the animal is 

predominately depositing lean tissue and bone (Varley, 2009). Protein accretion is accompanied 

by the accretion of water in lean tissue, in a ratio of about 4:1. As the animal grows to market 

weight, the FCR increases to approximately 3.0. As pigs age towards slaughter weight they 

change nutrient partitioning and deposit greater amounts of lipid, which is associated with higher 

FCR (Varley, 2009). The higher FCR observed during the finishing period is a result of a higher 

energetic cost associated with lipid accretion as compared to lean deposition. Fat deposition 

requires approximately 16% more energy per unit of gain than lean deposition. Therefore, fat 
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accretion is roughly 4 times less efficient than lean deposition (Whittemore and Kyriazakis, 

2006).  

In 2015, Janet Honey studied the growth rates of 11, 376 pigs and determined that on 

average, pigs between 26-50, 50-100, and 100-120 kg body weight, had FCR’s of 1.95, 3.00, and 

3.5, respectively (Honey, 2015). Furthermore, Losinger (1998) determined that the average FCR 

of finisher pigs on 212 farms in the United States was 3.28. Feed conversion rate is affected by a 

variety of factors, such as the energy and nutrient density of the feed, as well as the individual 

nutrient and dietary energy requirements.  

Deriving metabolic energy from feedstuff requires the complete oxidation of 

carbohydrates, fats and proteins. During the breakdown these components, oxygen is consumed 

and carbon dioxide and water are produced that can be quantified through indirect calorimetry as 

it measures the total oxygen consumption and carbon dioxide production in the animal 

(Ferrannini, 1988). As such, gas exchange can be a useful measure for the determination of 

whole body energetics and respiratory quotients (RQ) in order to determine macronutrient 

utilization. Although comparing EE values from different studies is difficult because of the many 

variables that can affect energy expenditure, multiple studies utilizing ad libitum feeding practice 

suggest pigs between 20-35 kg body weight (BW) expend roughly 1,500 kcal/day when fasted 

and 2, 000 kcal/day in the post absorptive state (Noblet et al., 1994; Ettungalpadi Velayudhan, 

2013). Furthermore, as the animal ages to slaughter weight, EE decreases per kilogram body 

weight (Posada-Ochoa et al., 2017). Therefore, indirect calorimetry can be a useful tool to 

understand the animal’s nutrient and energy requirements throughout each stage of growth, in 

order to more accurately meet the demands.   
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 One of the major limitations of an ad libitum feeding practice is that the data obtained is 

an average over the herd or the pen and therefore variations in individual animal performance, 

such as EE and substrate utilization cannot be determined because feed intake is a major variable 

of these outcomes. Controlled feeding of each animal with the same amount of energy and 

nutrients per kilogram of body weight allows for the measurement of variability among animals 

within the herd or pen. This study seeks to determine the individual differences over time in feed 

efficiency, EE, RQ and carcass composition in female Yorkshire pigs control fed the same 

amount of feed per kg body weight from 65 to 142 days of age. 

3.3. Materials and methods  

 
All experimental procedures were reviewed and approved by the University of Guelph 

Animal Care Committee (ACC, AUP#3630). Pigs were housed and cared for at the University of 

Guelph, adhering to the guidelines of the Canadian Council on Animal Care (CCAC, 2017).  

3.3.1. Animals and housing   

 

           From a cohort of 300 pigs weaned at Arkell swine research station, a total of 19 female 

purebred Yorkshire piglets with 22.98  1.05 kg initial live body weight (mean  SD) were 

selected. Pigs were selected based on similar body weights, age and sex, and then transported to 

the University of Guelph (Guelph, ON, Canada). Pig were acclimated to the new housing 

facilities for 7 days prior to the initiation of the 12-week experimental period. For the entirety of 

 2m raised floor pens, measuring 1.67 ,housed in clean the experiment, pigs were individually

(0.91 m × 1.83 m). Flooring was made of poly-vinyl coated steel and each pig was allowed 

visual and nose-to-nose contact with the adjacent pigs. Additionally, each pen was equipped with 

a feeder (0.30 × 0.30 × 0.75 m) and a low-pressure nipple drinker. Subjects were provided with 

12 hours of light and 12 hours of darkness each day, and temperature and humidity were 
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recorded daily. Temperature and relative humidity ranged from 21-24C and 24-40%, 

respectively. 

3.3.2. Experimental diet    

 

 All pigs were fed the same commercial diet for the duration of the study (Floradale, ON, 

Canada) and it was formulated to meet or exceed NRC (2012) nutrient specifications for growing 

and finishing pigs (Table 3.1). During the 7-day acclimation period, pigs were fed ad libitum. 

On day 7, pigs were weighed (Model I-10, Ohaus Scales and Balances, Dundas, ON, Canada) 

and feed allowance was determined as 4% of body weight, provided in two equal meals at 8:00 

and 16:00 for the remainder of the study. Feed allowances were weighed (Model MIS1U, 

Sartorius, Göttingen, Germany) weekly and adjusted based on weekly body weight measures. 

Throughout the entirety of the experiment, animals were provided with free access to water. Any 

feed that remained in the feeder at the time of the next meal was removed, weighed and recorded 

and feed intake was calculated as the total feed offered minus orts. Average Daily Gain (ADG) 

was calculated as the difference between final and initial body weights, divided by the number of 

days in the period. Feed Conversion Rate was calculated as the ratio between average daily feed 

intake and average daily gain divided by the number of days in the period. 

3.3.3. Open-circuit indirect calorimetry  

 

 Respiratory gas exchange measurements were conducted via whole-body indirect 

calorimetry. Five calorimetry sessions were conducted on each of the pigs following the 

acclimation period. The first 3 calorimetry sessions occurred every 2 weeks and the final 2 

calorimetry sessions were conducted once per week.  
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3.3.4. Calorimetry chamber design 

The 2 calorimetry chambers used during the first 4 sessions were made of 1.91 cm thick 

pressure treated plywood with an internal dimension of 1.5 × 0.39 × 0.69 m (0.583 m3). Each 

chamber was fitted on the front and rear face with an inlet and outlet with a diameter of 2.54 cm. 

The outlet of the chamber was separated from where the animal was sequestered by a mixing 

column (0.25 × 0.39 × 0.69 m (0.067 m3) as show by Figure 3.1.A to ensure air being suctioned 

out was uniform. Each chamber was fitted with a hinged door to facilitate feeding while in 

chambers.  

During the last 2 calorimetry sessions, the chambers used were made of 1.27 cm thick 

acrylic and tempered glass, with a 0.635 cm thick steel encasing for additional support with the 

external dimensions of 1.5 × 0.64 × 0.94 m (0.902 m3)(Miracles Aquariums, Mono, ON, 

Canada). As with the chambers used during the first 4 calorimetry sessions, the new chambers 

were designed with an air inlet with a diameter of 2.54 cm. Outlet of the chamber was separated 

from the animal by a mixing column with the dimensions of 0.20 × 0.20 × 0.08 m (0.003m3) as 

shown by Figure 3.1.B. The top of both chambers were fitted with a hinged door to allow 

feeding of the pigs while contained within the chambers. All pigs in the chambers had visual 

contact with each other but were not allowed visual contact with the experimenters. At all times 

during calorimetry, sufficient room was provided for the pigs to sit, stand and lie down.  

3.3.5. Open calorimetry circuit 

 Figure 3.2 depicts the setup of the complete respiratory system. A rotary pump (model 

0523-101Q-SG588DX, Gast Manufacturing, Benton Harbor, MI, USA) was connected by a hose 

with an internal diameter of 1.27 cm to an outlet attached to the respiratory chamber. The pumps 

created negative pressure within the chambers allowing air to be pulled out of the chambers 
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through the outlet mixing chamber. Air was then directed through two Drierite™ columns (stock 

#26480, W.A. Hammond Drierite Company, Xenia, OH, USA) to adsorb and remove moisture 

from the outflowing air. Flow rate was determined to maintain CO2 levels in the chambers less 

than 1.5% CO2 (CDC-NIOSH 1988) and measured by a Mass Flow Meter (MFM)(model QU-

MW-40SLPM-D-30PSIA/10M, Qubit Systems, Kingston, ON, Canada). Prior to the MFM, 150 

ml/min subsample was diverted from the main line by a small pump (model P650, Qubit Systems 

Inc., Kingston, ON, Canada) and routed to gas analyzers. Carbon dioxide and oxygen were 

measured by CO2 (model Q-S151, Qubit Systems Inc., Kingston, ON, Canada) and O2 analyzers 

(model Q-S102-P, Qubit Systems Inc., Kingston, ON, Canada). Real time volume of CO2 data 

was collected using Qubit calorimetry software (Qubit C950-MCGES; Qubit System Inc., 

Kingston, ON, Canada).  

3.3.6. Calorimetry sessions  

On calorimetry day, subjects being put in the chambers were fasted for 16 h. Prior to 

calorimetry, subjects were weighed and given as much time as needed to lie down before data 

collection began. While calming down and before any measurements were recorded, the O2 and 

CO2 analyzers were calibrated with standard gases. Standard gases used for calibration included 

1.5% CO2 Compressed Gas (GP-520143, Praxair Canada Inc., Mississauga, ON, Canada) and 

Nitrogen Compressed Gas (GP-520076A, Praxair Canada Inc., Mississauga, ON, Canada). Pigs 

were determined as calm once the animal remained lying in a recumbent position and the 

experimenter was able to record 2 similar fasted measurements (1-2 hours). Pigs were then 

provided with 0.5% BW kg in feed, equivalent to ¼ of their morning ration, determined based on 

the BW measurement recorded prior to entering the calorimetry chamber. Additionally, 200 ml 

of water was provided with the feed to the animals in the chambers. After the feed was consumed 
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by the animal, oxygen consumption and carbon dioxide production continued to be recorded for 

an additional 4 hours to determine fed and post absorptive EE and RQ for each animal at 30-, 60-

, 90-, 120-, 150-, 180-, 210- and 240 min post feeding. Animals were immediately returned to 

their pens following each session.   

3.3.7. Calculations 

Energy expenditure was calculated from O2 consumption and CO2 production (VO2 and 

VCO2) using the abbreviated Weir equation ([1], Weir, 1912) and expressed on a per kg BW 

basis.  Respiratory quotient was calculated using the ratio of O2 consumption and CO2 

production [2] (VO2 and VCO2). Average Fed EE and RQ were determined as the average EE 

and RQ over the 240 min post feeding during each calorimetry session. 

𝑬𝒏𝒆𝒓𝒈𝒚 𝒆𝒙𝒑𝒆𝒏𝒅𝒊𝒕𝒖𝒓𝒆 (
𝒌𝒄𝒂𝒍

𝑩𝑾 (𝒌𝒈)
) =

(𝟑.𝟗𝟒  𝒙 𝑽𝑶𝟐)+(𝟏.𝟏𝟏 𝒙 𝑽𝑪𝑶𝟐)

𝑩𝑾
                [1] 

 

𝑹𝒆𝒔𝒑𝒊𝒓𝒂𝒕𝒐𝒓𝒚 𝒒𝒖𝒐𝒕𝒊𝒆𝒏𝒕 =  
𝑽𝑪𝑶𝟐

𝑽𝑶𝟐
                                                                            [2] 

  

3.3.8. Carcass composition and chemical analysis 

 

  Two days following the last calorimetry session, all 19 pigs were slaughtered at 142.11  

0.58 days of age. After 15 hours of fasting, pigs were weighed, stunned, and killed by 

exsanguination by severing the carotid artery and jugular vein. During the exsanguination 

process, two 5 ml blood samples were drawn into plastic syringes. The blood samples were 

transferred to a BD Vacutainer® SST™ Tube (Waltham, MA, United States), capped and placed 

in an ice bath until being centrifuged for 20 min at 2500 × g following the last slaughter, and the 

serum was frozen at -80 C until assayed for cortisol. 

The carcass was split down the midline from the groin to the chest cavity and the viscera 

was removed and weighed. The carcass was weighed (Model 2181, Mettler Toledo, Columbus, 

OH, USA) to determine the hot carcass weight (HCW) and stored at 4C. After 24 hours, the 
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carcasses were moved to the freezer and stored at -20C until further processing and proximate 

analyses to determine carcass composition. All visceral organs were separated and weighed 

individually (heart, lungs, liver, spleen, stomach, caecum, small and large intestine). The spleen, 

stomach, small and large intestines prior to weighing were flushed with distilled water to clear 

digesta. The length of the small and large intestines was additionally determined by separating 

the intestines from the other organs and laying on a workbench using a measuring tape. 

Fourteen days following slaughter, frozen carcasses were weighed for cold carcass 

weight (CCW) and were ground 3 times through a 24-mm die in a grinder (model B-801, Autio 

Company, Astoria, OR, USA) to ensure proper mixing. Two ~250 g subsamples were taken and 

stored at -20C. Ground subsamples were weighed before and after freeze drying to determine 

water loss. Freeze dried ground samples were finely ground using a coffee grinder for chemical 

analysis. Freeze dried ground samples were analyzed for DM, ash, nitrogen, and fat contents. 

The extraction of fat from the carcasses was determined by heating ground, freeze dried carcass 

in an oven at 100C for 3 h (Isotemp Oven 700 Series, Fischer Scientific, Hampton, NH, USA). 

Samples were then placed in an extraction carousel (ANKOM XT15 Extractor, ANKOM 

Technology, Macedon, NY, USA) and fat was extracted by ether extraction for 60 min at 90C. 

Samples were then dried for 60 min at 100C. Weight loss was considered to be ether extract. 

Protein content (N x 6.25) was determined using the DUMAS method, where a 0.2 g samples 

were combusted at 950°C using the LECO Protein/Nitrogen Analyzer to determine the nitrogen 

content (AOAC, 1997).  

3.3.9. Statistical analysis  

Body weight, feed intake, FCR and ADG data were analyzed using the PROC MIXED 

procedure in SAS (Version 9.4, SAS Inst. Inc., Cary, NC, USA) with the repeated measures 
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option; session (week) was the fixed effect and pig as the random effect. Individual means within 

session were compared using a least squared means with a Tukey adjustment. The EE and RQ 

were analyzed within calorimetry session using PROC MIXED procedure with the repeated 

measures option; time (minutes post feeding) was the fixed effect and pig was the random effect. 

Individual means were compared using a least squared means with a Tukey adjustment. 

Additionally, EE and RQ between sessions were analyzed using the PROC MIXED model in 

SAS with session as the repeated measure and as a fixed effect and pig within session as a 

random effect. Individual means were compared using a least squared means with a Tukey 

adjustment. The CORR procedure of SAS statistical program was used to determine the 

relationship between carcass chemical composition and EE and RQ, using the Pearson 

correlation coefficient. Given that this research is exploratory and not confirmatory, all 

correlations between carcass composition and EE and RQ were analyzed for relationship. For all 

statistical analyses, the relationship among variables was considered significant at P ≤ 0.05 and 

trends at 0.05 < P ≤ 0.10. 

3.4. Results  

 

3.4.1. Performance  

 

Throughout the 12-week experiment, pigs reached a final weight of 81.62  10.6 kg. As 

depicted in Figures 3.3 and 3.4, BW and ADG increased throughout the 12-week experiment, as 

expected. From week 2 until week 3, FCR (Figure 3.5) increased and dropped back down during 

weeks 3-4. Additionally, during week 8 of the experiment, FCR was higher than during the other 

weeks (P < 0.001). 
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3.4.2. EE and RQ over time  

 As depicted in Figure 3.6 when measuring the effect of time on RQ, with the exception 

of RQ at 240 min post feeding, all RQ values (fasted, 30-, 60-, 90-, 120-, 150-, 180- 210- and 

average fed) were the lowest during calorimetry session 1, although not significantly different 

from other sessions (P > 0.10).  

 Energy expenditure at 30- (Figure 3.7), 60-, 90-, 120-, 150 min post feeding and average 

fed EE expenditure (AFEE) were significantly greater during calorimetry session 1 compared to 

sessions 3 and 5 (P < 0.05). Fasted EE in calorimetry session 1 tended to be higher than session 4 

(P = 0.074) and was significantly higher than session 5 (P < 0.001). Fasted (P = 0.03) and 30 min 

post fed EE (0.038) were significantly higher during calorimetry session 1 and tended to be 

higher at 90 min post feeding (P = 0.062) when compared to session 4. At 90- and 150 min post 

fed, EE was significantly higher during calorimetry session 1 compared to session 2 (P = 0.024 

and P = 0.03). 

3.4.3. Carcass composition correlations  

 Crude protein and ash contents were negatively correlated with body weight of the 

animal at 142.2 days of age (DOA) (i.e. the end of the study) with Pearson correlation 

coefficients of -0.725 for crude protein (P < 0.001) and -0.738 for ash content (P < 0.001) 

(Figure 3.8, Table 3.2). Fat on the other hand was positively (P < 0.001) correlated with body 

weight (r = 0.758).  

 During calorimetry session 1 (77.47 DOA), ash content was negatively correlated (r = -

0.611, P = 0.027) with AFEE. Crude protein tended to be negatively correlated with AFEE ( r= -

0.520, P = 0.069). When comparing carcass composition against EE and RQ during calorimetry 

session 2 (90.42 DOA) ash content was positively correlated with fasted RQ (r = 0.531, P = 
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0.019) and fed RQ (r = 0.564, P = 0.012). No other significant correlations were found during the 

second calorimetry session. No significant or trending correlations (P > 0.10) were found 

between the carcass composition of the animals and EE or RQ both in the fed and fasted state 

during the third calorimetry session (107.89 DOA). During the fourth calorimetry session 

(127.26 DOA), ash tended to be positively correlated with fasted RQ (r = 0.411, P = 0.080) and 

fed RQ (r = 0.394, P = 0.095). During the final calorimetry session (136.74 DOA), crude protein 

was positively correlated with fasted EE (r = 0.716, P < 0.001) and AFEE (r = 0.579, P = 0.010) 

and tended to be positively correlated with fasted RQ (r = 0.417, P = 0.076). Fat was negatively 

correlated with fasted EE (r = -0.620, P = 0.005), AFEE (r = -0.478, P = 0.039) and tended to be 

negatively correlated with fasted RQ (r = -0.435, P = 0.063). Ash content was positively 

correlated with fasted RQ (r = 0.574, P = 0.010) and tended to be positively correlated with 

fasted EE (r = 0.407, P = 0.084).  

3.5. Discussion  

 

 The current study aimed to evaluate the differences in performance, carcass composition, 

EE and macronutrient oxidation when female Yorkshire pigs of similar age were fed the same 

amount of feed and energy per kilogram of body weight. When reared under these conditions, on 

average, weight gain was similar to weight gain observed in female pigs fed ad libitum (Bell, 

1964; Boddicker, 2010; Shull, 2013). Additionally, when controlled for age, diet composition, 

feed and energy intake, pigs exhibited variability in their performance and EE throughout a 12-

week period. 

Pigs experienced growth over time on the restricted diet (Figure 3.3) similar to that 

observed in ad libitum feeding practices (Bell, 1964; Boddicker, 2010; Shull, 2013). In both the 

present study, and traditional ad libitum feeding regimens utilized in practice, pigs reached 80 kg 
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body weight in roughly 20 weeks from birth (Bell, 1964; Boddicker, 2010; Shull, 2013) and in 

some cases, growth rates in the present study exceeded the growth rates observed on some pig 

farms where an additional 1-2 weeks were needed to obtain the same weight (Bell, 1964; 

Boddicker, 2010). This increased growth however, may be due to in part, the housing condition, 

as pigs in the current study were individually penned, which has been suggested as a means to 

increase rate of gain in growing pigs (de Haer and de Vries, 1993). Furthermore, pigs were 

housed in clean environment, which favours increased growth when compared to those housed in 

a dirty environment (Kil, Kim and Stein, 2013). Average daily gain increased with weight as 

expected and peaked at approximately 73 kg. These results agree with those of Schinckel et al. 

(2006) who reported a peak in growth rate for gilts at approximately 74 kg, respectively. In the 

present study, FCR remained stable throughout the study (Figure 3.5). In contrast, in pigs fed ad 

libitum, FCR has been found to increase as live weight increases for the pigs (Boddicker, 2010; 

Shull, 2013). In previous studies, researchers have found that restricting feed intake can result in 

an improved feed efficiency (Cai et al., 2008; de Haer et al., 1993; Gilbert et al., 2007, Johnson 

et al., 1999). 

 Pigs at slaughter (81.62 kg body weight) had an average crude protein content of 44.07%, 

fat content of 45.06%, and an ash content of 8.66% on a dry matter basis. These values differ 

from what has been previously reported in the literature. White and colleagues (1995) found that 

growing gilts fed ad libitum at a body weight of 57.6 kg body weight had a carcass crude protein 

content of 45.55%, a fat content of 50.52%, and an ash content of 7.84% on a dry matter basis. 

Furthermore, at 96.1 kg body weight, carcass crude protein, fat and ash contents were 35.27%, 

57.63% and 6.45%, respectively. These differences in carcass composition may be attributed to 

the different feeding regimen used in the present study compared to the literature and helps to 
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support the differences observed in FCR. Restricting feed and energy has been shown to improve 

carcass quality through a decrease in fat deposition associated with the reduced energy intake 

and improved FCR without having major alterations to growth rate (Cai et al., 2008; de Haer et 

al., 1993; Gilbert et al., 2007, Johnson et al., 1999). Therefore, the results of the present study are 

in line with the literature that states that when feed and energy is restricted slightly in the 

growing pig, less energy is available for lipogenesis, resulting in an improved FCR without 

reducing growth rate. Therefore, it is important that as pigs grow and consume more feed, the 

diet should be changed so that the pigs are eating a diet containing nutrients matching the 

requirements for each growth phase.  

During the first calorimetry experiment, the fasted RQ measurements indicated pigs were 

metabolizing proportionately more fat (RQ = 0.779) and this suggests that the animals during 

this period returned to a fasted state more rapidly than during the later calorimetry sessions and 

were in negative energy balance by the end (i.e. at 240 min post feeding). The pigs had recently 

been transitioned from a nutrient dense, highly digestible feed, to a less digestible and nutrient 

dense feed. Under ad libitum feeding regimens, pigs adjust their feed intake in order to satisfy 

their energy requirements and as such would increase feed intake if available following a 

transition from more nutrient dense and bioavailable to less; however, in the present study, feed 

was additionally restricted at this time. Taken together, these results suggest animals may have 

reduced nutrient delivery and returned to fast more rapidly immediately following the transition 

and were deriving energy from endogenous fat stores. A more rapid return to fast has been found 

by various researchers that restricted feed intake in chickens (Geelissen et al., 2006), humans 

(Luscombe et al., 2002), rodents (Westbrook et al., 2013; Even and Nicolaidis, 1993) and pigs 

(Lovatto et al., 2006). In the present study, energy expenditure, both fasted and numerous times 
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post prandially, was significantly higher during the first calorimetry session than the remaining 4 

calorimetry sessions. This is likely a function of age, as it has been repeatedly determined that as 

the animal ages, energy expenditure per unit body weight decreases (Freetly et al., 1995; Freetly 

et al., 2002; Mount and Rowell, 1960; Mount and Rowell; 1960b), explaining the high EE during 

the first session and the decreasing fasted EE through the 5 calorimetry sessions. Furthermore, 

pigs during the first calorimetry session had a higher proportion of lean body mass (LBM) 

compared to the other calorimetry session, which would help explain the higher EE during the 

first calorimetry session due to the higher proportion of metabolically active tissue (Freetly et al., 

1995). However, it is important to note that the decrease in fasted EE between calorimetry 

sessions 1 and 2 is markedly higher than previously reported in pigs (Mount and Rowell, 1960; 

Mount and Rowell; 1960b). This data may indicate that increased energy expended during the 1st 

calorimetry session may be a function of stress as the metabolic crates would be seen as a novel 

object to the pigs. During stressful events, the hypothalamic pituitary axis activity is increased in 

order to supply the host with the necessary energy to cope with the stressor, resulting in an 

increase in energy expenditure (Chrousos, 1997), like that observed during the first session. 

Taken together, this suggests that the increased energy expenditure in the animals is driving the 

mobilization and oxidation of fat stores during times of negative energy balance, resulting in a 

decrease in carcass fat content.  

 During the first calorimetry session, time to peak in EE occurred at 60 min post feeding, 

however for the remainder of the calorimetry sessions, time to peak occurred at 30 min post 

feeding. This may be an indication of a slower gastric emptying rate in calorimetry session 1 and 

largely due to the change in feed and feeding regimen. The grower/finisher diet introduced prior 

to the first calorimetry session included a higher content of fiber, which has been shown to 
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decrease gastric emptying and therefore delay the digestion and absorption of nutrients into the 

bloodstream (Müller et al., 2018). However, contradictory to this, feed intake has a significant 

influence on the gastric emptying rate. Hellström and colleagues (2006) found that feed intake is 

negatively associated with gastric emptying rate. Therefore, in times of feed restriction, the 

reduced meal size would result in an increased rate of gastric emptying and time to peak would 

be reduced, indicating that another factor is influencing the time to peak in energy expenditure 

observed in the present study. Furthermore, Mistiaen and colleagues (2002) have shown that 

stress can influence gastric emptying. They concluded that when beagles were stressed, half 

gastric emptying time was reduced by 20 min compared to beagles not experiencing stress. 

Given that, the first calorimetry session was the pigs first experience with the calorimetry 

chambers, it is reasonable that they were experiencing stress and can therefore potentially 

explain the delay in onset of thermal effect of feeding observed in the first calorimetry session 

and is further supported by the increases in EE observed at this time.  

During the first 3 calorimetry sessions, percent carcass crude protein and ash content 

 were negatively correlated with EE, whereas fat content was positively correlated to EE. 

However, it is important to note that these relationships were not significant with the exception 

of ash content and AFEE during calorimetry session 1. Furthermore, carcass composition was 

only measured at the end of the experiment, 1 week following calorimetry session 5. Therefore, 

it is reasonable that EE during the first 3 calorimetry sessions would not yield significant 

relationships to carcass composition and suggests that early EE is not predictive of carcass 

composition. In the 4th and 5th calorimetry experiments, the relationships were inverted, as 

expected, such that carcass crude protein and fat contents were correlated to energy expenditure 

measured in the 5th calorimetry experiment. This relationship observed between crude protein 
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content and fasted, and average fed EE agrees with the literature and suggests that animals who 

have more lean tissue have greater metabolically active tissue and will therefore expend more 

energy (McLean and Tobin, 2008; Kolstad and Vangen, 1996; Ferrell, 1988).  

Additionally, the results of the present study yielded a significant positive correlation 

between fasted RQ and ash content and suggests that there is in some way a link between 

glucose metabolism and bone formation. This is consistent with literature as recent discoveries in 

bone biology implicate the skeleton as a crucial participant in the regulation of energy 

metabolism (Motyl, McCabe and Schwartz, 2010; Shao et al., 2015). Glucose has long been 

recognized as an important energy source for cells in the osteoblastic lineages. Osteoblasts, the 

bone forming cells, appear to metabolize glucose and current literature suggests that glycolysis in 

the osteoblastic lineage cells are directly stimulated by various anabolic signals produced by the 

skeleton (Lee et al., 2007b). Of the hormones secreted by osteoblasts, osteocalcin has been 

suggested as a regulator in the breakdown and metabolism of  glucose and energy. Osteocalcin is 

an hormone that has been known to increase energy expenditure, improve insulin sensitivity and 

secretion and improve glucose tolerance (Booth et al., 2013). Mechanistic studies have 

demonstrated that in mice, osteocalcin promotes glucose oxidation through promoting insulin 

secretion from β cells (Pi, Wu and Quarles, 2001), glucose uptake by myofibrils (Mera et al., 

2016) and increasing energy expenditure (Ferron et al., 2012). In the normal process of bone 

turnover, osteocalcin is produced, activated and released into the blood stream where it improves 

insulin sensitivity and secretion (Pi, Wu and Quarles, 2001), glucose tolerance (Mera et al., 

2016) and increases energy expenditure (Ferron et al., 2012). This is further supported by the 

findings that furin knockout mice at 6 and 9 months of age show reduced levels of circulating 

uncarboxylated osteocalcin, increased in blood glucose, and decreased insulin, and decreased 
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energy expenditure (Lee et al., 2007). Overall, the positive relationship between carcass ash 

content and fasted and AFEE observed in the present study suggests a potential functional link 

between glycolysis and bone function. In practice, poor skeletal development in pigs can lead to 

a variety of problems for producers. Weak bones fracture easily and can cause animals immense 

pain and result in severe lameness, impeded growth, financial losses and pose a significant 

welfare issue (Turner, 2002). Understanding how metabolism can affect skeletal growth could 

help mitigate economic losses and welfare issues associated with poor skeletal development. 

It is important to note that at 20 weeks of age, when restricted fed, pigs showed variation 

in body weight, ranging from 61.8 kg to 103 kg. Other researchers have also found significant 

variation in body weight, but the present study found higher coefficients of variation than 

previously reported. In one study, researchers found that at 14 weeks of age, within pen 

coefficient of variation was 12.4% and continued to lower as the pigs grew (Shull, 2013). 

Similarly, in the present study, coefficient of variation (CV) continued to decrease as the pigs 

gained weight, but the CV was 15.26% at week 14. Furthermore, FCR rate showed even more 

variability throughout the current study. Feed conversion rate on average varied from 1.94 – 3.74 

during the 12-week experiment, with a coefficient of variation ranging from 6.95 – 28.10%. 

Fuller and Livingstone (1978) found that restricted feeding has a major influence on the 

variability in FCR and has been shown to increase variability during times of energy and feed 

restriction, as some animals become more efficient than others during these times. This further 

supports the increased variation in body weight at the time of slaughter present in this study. The 

variability in body weight and efficiency in growing pigs results in a number of problems for 

pork producers and can result in significant financial losses. Variation in birth weight has major 

implications on the growth rates and live weights of pigs as they grow through to market weight 
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(Mahan and Lepine, 1991). Future studies should investigate differences in carcass composition 

at weaning to determine if the variations in growth rate, efficiency and carcass composition in 

the present study were influenced by carcass composition. 

Additionally, variation remained in fasted and average fed EE per kilogram body weight 

(Figures 3.8, 3.9) among the pigs when fed a restricted diet. On average, throughout the 

experiment fasted and average fed EE per kilogram of body weight had a coefficient of variation 

of 20.82% and 21.72% respectively. Variation in the EE among pigs’ results from differences in 

age, sex, genotype, physiological state, environment, and feeding strategy (Labussière et al., 

2013). In the present study, all but genotype and physiological state were controlled for and still 

variation was observed. This may be attributed to the differences in the individual animal’s 

reactivity to stressful stimuli as stress has been known to heavily influence the maintenance 

requirements (Bray et al., 1997; Verstegen, 2001). Future work should focus on determining how 

reactive an animal is during the stress response and how it affects the growth, FCR, EE and 

macronutrient oxidation to allow producers to predict the production potential of the animal at an 

early age. 

3.6. Conclusion 

In summary, the growth patterns, carcass composition, energy expenditure and 

macronutrient oxidation data generated in the present study was consistent with previous 

literature. We further demonstrated that when female Yorkshire pigs are fed the same amount of 

energy per kilogram body weight and raised in the same environment, variations in growth 

patterns, energy expenditure and macronutrient oxidation remained. It is important to reduce 

variation in performance and EE within a population in order to raise pigs with similar 

production potentials. This will allow producers to improve efficiencies in barn utilization, in 
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phase feeding programs and to reduce sorting losses. Understanding the root causes of these 

differences is the foundation of artificial selection and as such would be instrumental for genetic 

improvement in performance parameters. Therefore, approaches to managing variation should 

focus on determination of production potential early in life to remove inefficient pigs in order to 

maximize production at the herd level. 
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3.7. Tables and Figures 

 

Table 3.1 Guaranteed Analysis of the Experimental 

Diet 

Nutrient Composition 

Crude Protein (minimum) 17.0 % 

Crude Fat (minimum) 4.0 % 

Crude Fibre (maximum) 3.7 % 

Calcium (actual) 0.58 % 

Phosphorus (actual) 0.50 % 

Sodium (actual) 0.20 % 

Copper (actual) 25 mg/kg 

Zinc (actual) 160 mg/kg 

Vitamin A (minimum) 8, 000 IU/kg 

Vitamin B (minimum) 1, 500 IU/kg 

Vitamin E (minimum)  35 IU/kg 

Selenium (actual) 0.5 mg/kg 

*Diet composition expressed on an as-is-basis 
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Figure 3.1. Schematic representation of the metabolic chambers used throughout the duration of 

the study. (A) represents the metabolic chambers utilized for the first three calorimetry session. 

(B) represents the metabolic chambers utilized for the last two calorimetry sessions. 

A B 
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Figure 3.2 Schematic representation of the respiratory system. The system was connected to a 

large-capacity vacuum pump (d) that pulls > 100 L/min. Mass flow (L/min) for each chamber 

was set using a ball (I) and measured by the Mass Flow Meter (c) and logged by the computer in 

real time. Subsampling line (150 ml/min) is pulled by the Small air pump (e), with flow rate 

measured by the Air flow meter (f). Carbon dioxide and oxygen is measured by the CO2 

analyzer (g) and the O2 analyzer (h). 
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Figure 3.3 Body weights of pigs throughout the 12-week experimental period. Red lines indicate 

upper and lower coefficient of variation of the cohort (n = 19). 
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Figure 3.4 Average Daily Gain of pigs throughout the 12-week experimental period. Red lines 

indicate upper and lower coefficient of variation of the cohort (n = 19). 
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Figure 3.5 Feed conversion rate of pigs throughout the 12-week experimental period. Red lines 

indicate upper and lower coefficient of variation of the cohort (n = 19). 
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Figure 3.6 Comparison between means of Respiratory Quotient during five 7-h calorimetry 

sessions (RQ 1 to 5) in growing Yorkshire female pigs using indirect calorimetry 
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Figure 3.7 Comparison between means of EE per kilogram of body weight during five 7-h 

calorimetry sessions (EE 1 to 5) in growing Yorkshire female pigs using indirect calorimetry 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

* Indicate significantly different mean (P < 0.05) compared to EE 1 
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Figure 3.8 Relationship between carcass composition (crude protein, fat, ash; dry matter basis) 

and body weight of pigs (n = 19) at 142.2 days of age fed equal amounts of energy per kilogram 

of body weight. Pearson correlation coefficient is indicated by “r”. 
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Table 3.2 Pearson correlation between carcass composition (crude protein, fat, ash; dry matter 

basis) and fed and 16-hr fasted EE and respiratory quotient during five 7h calorimetry sessions in 

growing Yorkshire female pigs using indirect calorimetry 

 Crude Protein, % Fat, % Ash, % 

 Pearson 

Correlation 

Coefficient 

P-value Pearson 

Correlation 

Coefficient 

P-value Pearson 

Correlation 

Coefficient 

P-value 

Fasted EE 

Calorimetry 

Session 1 

-0.051 0.858 0.102 0.717 -0.375 0.169 

 

AFEE 

Calorimetry 

Session 1 

-0.520 0.069 0.453 0.120 -0.611 0.027* 

 

Fasted RQ 

Calorimetry 

Session 1 

-0.183 0.515 0.107 0.704 0.080 0.776 

 

AFRQ 

Calorimetry 

Session 1 

-0.214 0.482 0.173 0.572 -0.163 0.594 

 

Fasted EE 

Calorimetry 

Session 2 

-0.296 0.219 0.344 0.150 -0.357 0.134 

 

AFEE 

Calorimetry 

Session 2 

-0.168 0.491 0.145 0.553 -0.288 0.231 

 

Fasted RQ 

Calorimetry 

Session 2 

0.300 0.212 -0.293 0.224 0.531 0.019* 

 

AFRQ 

Calorimetry 

Session 2 

0.220 0.366 -0.266 0.271 0.564 0.012* 

 

Fasted EE 

Calorimetry 

Session 3 

-0.037 0.880 0.083 0.734 -0.169 0.488 

 -0.094 0.703 0.134 0.584 -0.158 0.518 
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*Values are determined as significant at P < 0.05 

*Crude protein, fat and ash values are presented on a dry matter basis 

* AFEE = Average fed energy expenditure, AFRQ = Average fed respiratory quotient 

 

AFEE 

Calorimetry 

Session 3 

Fasted RQ 

Calorimetry 

Session 3 

0.103 0.675 -0.022 0.928 0.126 0.607 

 

AFRQ 

Calorimetry 

Session 3 

-0.294 0.222 0.329 0.169 -0.386 0.103 

 

Fasted EE 

Calorimetry 

Session 4 

0.168 0.491 -0.157 0.522 0.101 0.682 

 

AFEE 

Calorimetry 

Session 4 

0.160 0.514 -0.184 0.450 0.348 0.144 

 

Fasted RQ 

Calorimetry 

Session 4 

0.288 0.231 -0.327 0.172 0.411 0.080 

 

AFRQ 

Calorimetry 

Session 4 

0.257 0.288 -0.221 0.364 0.394 0.095 

 

Fasted EE 

Calorimetry 

Session 5 

0.716 0.001* -0.620 0.005* 0.407 0.084 

 

AFEE 

Calorimetry 

Session 5 

0.579 0.009* -0.478 0.039* 0.214 0.379 

 

Fasted RQ 

Calorimetry 

Session 5 

0.417 0.076 -0.435 0.063* 0.574 0.010* 

 

AFRQ 

Calorimetry 

Session 5 

-0.254 0.294 0.212 0.385 0.147 0.537 
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Chapter 4: Assessing the relationship between performance parameters, carcass 

composition, energy expenditure macronutrient oxidation with behavioural responses to 

stress in female Yorkshire pigs  

 

4.1. Abstract 

 

 Physiological, behavioural and metabolic responses to stress are highly variable between 

pigs and show individual patterns that are consistent over time. The objectives of this study were 

to evaluate individual differences in behavioural responses to stress utilizing the Human 

Approach Test, the Open Field Test, the Novel Object Test and the backtest. Furthermore, we 

evaluated the relationships between the behavioural responses measured during the behavioural 

tests and carcass composition at slaughter (142.2 days of age) as well as performance variables 

(average daily gain, gain:feed), energy expenditure and macronutrient oxidation from weaning to 

finish. The present study showed that there are individual differences in the behavioural 

responses to stress in pigs. Furthermore, we found that exploratory behaviour expressed during 

the Human Approach Test was associated with advantages in average daily gain, gain:feed, 

carcass fat content and reduced energy expenditure. Further research should focus on 

understanding the mechanisms behind these relationships and the motivations behind the 

different behavioural responses pigs express in challenging situations. 
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4.2. Introduction 

 

Variation in performance is an innate characteristic of all populations of animals and creates 

operational difficulty in pigs (Huang and Miller, 2004). In the broiler industry, production barn 

can be emptied in a single day, whereas it typically takes 3 to 5 weeks to accomplish the same in 

the pig industry due to the large variation in growth rates (Huang and Miller, 2004; Toudic, 

2006). The variability in live weight and efficiency in growing pig’s results in numerous 

problems for pork producers and can result in significant financial losses (Mahan and Lepine, 

1991). Having a means to predict production potential of an individual animal within the herd 

shortly after birth would help improve herd feed efficiency by allowing for the selection of 

highly efficient animals, and reduce herd variability in performance. This would additionally 

allow producers to be more responsible economically and environmentally through reduction in 

feed input and waste as the animal’s nutrient requirements can be more accurately matched. 

The worldwide increase in the demand for meat products over recent decades has led to the 

development and implementation of intrinsic systems for increase production output, however 

these husbandry systems have been demonstrated to generate stress, fear and anxiety in farm 

animals (Martínez-Miró, 2016). Stress can have profound effects on mortality (Dallman and 

Hellhammer, 2011), meat quality, carcass characteristics (Pale, soft and exudative, (PSE); Dark, 

firm and dry, (DFD)), chemical composition (Warriss, 1988; Dokmanovic et al., 2015; Foury et 

al., 2007), growth performance (feed intake, daily gain, body weight and gain:feed ratio; White 

et al., 2008) and metabolic function (gluconeogenesis, protein and lipid metabolism; Christiansen 

et al., 2007), all of which have major implications for livestock industries.   

Physiological, behavioural and metabolic responses to stress are highly variable between pigs 

and are related to prior experiences and genotype (Martínez-Miró, 2016), which likely 
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contributed to the variability in performance, carcass composition, energy expenditure and 

macronutrient oxidation described in Chapter 3. Various researchers have suggested that these 

responses to stress are unique to the individual and show intra-situational consistent over time 

(Henry and Stevens, 1977). There could be enormous benefit to the swine industry and pig 

welfare if behavioural traits expressed during weaning could be good predictors of individual 

production potential in finishing pigs.   

Behavioural responsiveness to stressful stimuli can be measured through direct 

observation of behaviour using behaviour scoring systems (Ruis et al., 2001) or automated 

behaviour recognition video analysis (Nilsson et al., 2015). Commonly used behavior tests 

include, the backtest (Brajon et al., 2016), the open field test (OFT; Hessing et al., 1994), the 

human approach test (HAT; Hemsworth et al., 1981) and the novel object test (NOT; Hessing et 

al., 1993). These tests are designed to evoke a stress response in the animals in order to measure 

the behavioural reactivity to novel and threatening stimuli. Exposure to humans and novelty are 

two of the most common and potentially frightening events encountered by farm animals and as 

such, Jones (1996) asserted that tests involving human-animal interaction would best portray the 

animal’s reactivity to stress.  

Few studies have been conducted on the use behavioural tests early in life to assess a 

relationship between body weight gain and emotional reactivity. However, of the studies, Seve et 

al. (1991) only utilized the OFT to classify the animal as emotional or none emotional and 

Giroux et al. (2000) utilized the OFT, reactivity to humans and rank order based on competition 

for restricted feeders, however they only followed the growth patterns through 18 – 46 days of 

age. This study will use indirect calorimetry to explore the relationship between behavioural 

responses to stress and energy expenditure and macronutrient utilization in Yorkshire female 
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pigs. Therefore, the objective of the present study is to assess whether the behavioural responses 

to stress during the OFT, NOT, HAT and the backtest show a relationship over time with 

performance (start weight, end weight, FCR and ADG), energy expenditure or substrate 

utilization through the growth period. Furthermore, this study will explore the relationship 

between carcass composition at market weight and behavioural reactivity to stressful stimuli. 

4.3. Materials and methods 

 

All experimental procedures were reviewed and approved by the University of Guelph 

Animal Care Committee (ACC, AUP#3630). Pigs were housed and cared for at the University of 

Guelph adhering to the guidelines of the Canadian Council on Animal Care (CCAC, 2017). Full 

materials and methods relating to: experimental diet, performance, body composition, energy 

expenditure and respiratory quotient can be found in Chapter 3. 

4.3.1. Subjects, diet and housing  

  

Nineteen female Yorkshire piglets were weaned at 21 days of age and moved to nursery 

pens at Arkell Swine Research Station (University of Guelph, Arkell, ON, Canada). Pigs were 

ear tagged and no teeth clipping or tail docking were performed. At 65.89  0.58 days (mean  

SD) of age the subjects with 22.98  1.05 kg initial live body weight (mean  SD) were taken to 

the Animal Sciences and Nutrition building at the University of Guelph and housed individually. 

For the entirety of the experiment, pigs were individually housed in clean raised floor pens, 

measuring 1.67 m2 (0.91 m × 1.83 m). Flooring was made of poly-vinyl coated steel and each pig 

was allowed visual and nose-to-nose contact with the adjacent pigs. Additionally, each pen was 

equipped with a feeder (0.30 × 0.30 × 0.75 m) and a low-pressure nipple drinker. Subjects were 

provided with 12 hours of light and 12 hours of darkness each day, and temperature and 
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humidity were recorded daily. Temperature and relative humidity ranged from 21-24C and 24-

40%, respectively. 

Feed intake was estimated as the total feed offered minus orts averaged over the 12-week 

period. Average daily gain was calculated as the difference between final and initial body 

weights divided by the number of days in the 12-week experiment. Feed conversion rate was 

calculated as the ratio between average daily feed intake and average daily gain during the 12-

week experiment. Start weight was determined as the average body weight of the 19 subjects at 

the start of the experiment (25.72  3.81 kg body weight, mean  SD) and End weight was 

determined at the end of the 12-week experiment (81.82  10.64 kg body weight, mean  SD). 

4.3.2. Calorimetry sessions 

 Five calorimetry sessions were conducted on each of the pigs following the acclimation 

period. The first 3 calorimetry sessions occurred every 2 weeks and the final 2 calorimetry 

sessions were conducted once per week. During each calorimetry session, energy expenditure 

(EE) and respiratory quotient (RQ) were measured at fasting, 30-, 60-, 90-, 120-, 150, 180-, 210- 

and 240 min following feeding. Average EE and RQ were determined and expressed as the area 

under the curve (AUC). A full description of the calorimetry design and methodology can be 

found in Chapter 3. 

4.3.3. Behavioural tests 

 All tests were conducted at the University of Guelph’s Arkell Research Station’s Swine 

Unit by the same person to ensure consistency. Each piglet was subjected individually to four 

behaviour tests that have been used to assess the emotional responsiveness to novelty and fear of 

humans; OFT, NOT, HAT and the backtest. Each test was videotaped using a digital camera 

(backtest: Panasonic HDC-HS9PC, Newark, US; OFT, NOT, HAT: Color GigE, Noldus 



63 

 

Information Technology, Wageningen, The Netherlands) for analysis of behavioural responses. 

The EthoVision video tracking software (VT8.5, Noldus Information Technology, Wageningen, 

The Netherlands) was additionally used to measure behavioural traits during the OFT, NOT and 

HAT. 

4.3.3.1. Backtest 

The backtest took place during the suckling period and was done on each pig at 10 days 

of age. Pigs were removed from their pen and taken to a separate room where no animal were 

present to avoid disturbances. Pigs were placed on their back in a supine position and restrained 

for one minute on a flat plastic surface. To restrain the piglets, the left hand was placed over the 

piglet’s neck and chest, with the thumb placed around the piglet’s front left leg. The right hand 

was placed around the base of the abdomen with the thumb around the left hind leg as described 

by Hemsworth et al. (1993).  

Video recordings of each pig were analyzed for 3 behaviours indicating varying stress 

responses. During the test, pigs were classified as flat immobile, curved immobile or curved 

paddling (attempted escape) and the time that the pigs spent in each position was recorded. A piglet 

in the flat immobile (FI) position had its ears and/or tail touching the table. If the ears were not 

touching the table but the tail was, the legs had to be behind the vertical line for the pig to be 

considered in the FI position. Curved immobile (CI) occurred when the piglet’s legs were curved 

in front of the vertical and the tail was not touching the table. The ears may or may not be touching 

the table as well. Curved paddling (CP) occurred when the pig was in a curved position and the 

legs were moving frantically as if attempting to escape. The frequency of vocalizations was 

additionally recorded (high pitch squeals and grunts). 
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4.3.3.2. Open field test 

Open-field tests were conducted individually on each of the piglets on day 41 of age for a 

duration of five minutes. Piglets were taken to a separate room and placed in an arena (2.62 m x 

2.62 m) with a plastic-coated slatted floor. The arena was divided into nine equal zones by 

EthoVision. At the beginning of each test, subjects were placed in a previously determined start 

corner. Variables such as mean velocity (cm/s), and total distance travelled (cm) were 

automatically recorded by EthoVision behaviour tracking system. The observer also noted the 

frequency of escape attempts manually. An escape attempt was classified as an attempt to jump 

out of the arena, by lifting at least the front legs up against the solid wall.  

4.3.3.3. Novel object test 

Directly following the OFT, pigs were also tested using the NOT. Pigs were placed back 

in the start corner of the arena used in the OFT, and an unfamiliar object, a 20 cm Jolly Ball 

(Jolly Pets, Streetsboro, OH) filled with sand, was dropped from the ceiling in the centre of the 

arena using a rope and pulley system (Brajon et al., 2016). Using EthoVision, the arena was split 

into two equal zones. The first was a circular zone that encompassed the area directly around the 

novel object. The second zone took up the remaining area of the arena. During the NOT, 

variables such as distance travelled (cm), mean velocity (cm/s), frequency to enter zone around 

object (s), and duration spent in zone around object were recorded with EthoVision. Latency to 

enter zone around object (s) was recorded by the observer. 

4.3.3.4. Human approach test  

On day 42, behaviour was additionally tested using the HAT (Hemsworth et al., 1981). 

Pigs were returned to the arena that was used for the OFT and NOT and were exposed to an 

unfamiliar human sitting motionless on a stool in one corner of the pen, opposite to the start corner. 
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EthoVision was used to divide the pen into 7 zones, which were used to determine how close the 

pig came to the observer. The observer sat in zone 1, and the pig began the test in the start corner 

of zone 7. The observer remained seated waiting until the pig snout made physical contact with 

the observer. Thirty seconds after each physical contact, or 4.5 min if no contact had been made, 

the observer would reach her arm out in an attempt to touch the pig. First an attempt was made to 

touch the snout followed by the ears. A reactivity score was recorded as 4 if the piglet made no 

attempt to approach the observer, 3 if the subject approached the observer but did not allow touch, 

2 if the handler was only able to touch the snout, 1 if the handler touched both the snout and ear, 

and 0 if the observer was able to touch the snout and ear multiple times throughout the test. Escape 

was defined as backing up more than one body length or turning away from the handler (more than 

90 degrees). Mean velocity (cm/s), duration in zone 1 (s), and total distance travelled (cm) were 

automatically recorded by EthoVision and reactivity score, escape attempts and latency to enter 

zone 1 were recorded by the observer. 

4.3.4. Cortisol analysis    

 

After being transported to the University of Guelph, pigs were observed for 82 days 

(Chapter 3) and then slaughtered for chemical body composition analysis. During the 

exsanguination process, two 5 ml blood samples were drawn into plastic syringes. The blood 

samples were transferred to a BD Vacutainer® SST™ Tube (Waltham, MA, United States), 

capped and placed in an ice bath until being centrifuged for 20 min at 2500 × g, and the serum 

was frozen at -80 C until assayed for cortisol. 

Plasma cortisol concentrations were determined using a cortisol ELISA kit (Enzo Life 

Sciences, Farmingdale, NY, USA) and detected using a POLARstar Omega plate reader (BMG 

Labtech GmbH, Offenburg, Germany). Standards and samples were run in duplicate. 
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4.3.5. Statistical Analysis  

The CORR procedure of SAS (SAS Version 9.4, Cary, North Carolina, USA) was used to 

determine the relationship between carcass composition, EE and RQ and the behavioural 

variables using the Pearson correlation coefficient. For all statistical analyses, the relationship 

among variables were considered significant at P ≤ 0.05 and trends at 0.05 < P ≤ 0.10.  

4.4. Results  

 Plasma cortisol concentrations were not significantly different between pigs (P > 0.10) and 

showed minimal variation and as such were removed from the correlation analysis. 

4.4.1. Correlations between behaviour and performance variables  

No significant relationships were observed between the growth performance variables and 

the behavioural variables in the present study. However, the behavioural traits measured during 

the HAT tended to be correlated with performance over the experiment and we chose to present 

these because of the pilot nature of the present study. Latency for the animals to approach zone 1 

during the HAT test (HAT lat, Table 4.1) tended to have a negative relationship to start weight (r 

= -0.445, P = 0.056), end weight (r = -0.415, P = 0.078) and feed intake (r = -0.452, P = 0.052). 

Distance travelled during the HAT (HAT cm) tended to have a positive relationship with start 

weight (r = 0.423, P = 0.071), end weight (r = 0.422, P = 0.072), feed intake (r = 0.450, P = 0.053) 

and ADG (r = 0.401, P = 0.089). Furthermore, mean velocity during the HAT (HAT cm/s) tended 

to have a positive relationship with start weight (r = 0.423, P = 0.071), end weight (r = 0.422, P = 

0.071), feed intake (r = 0.450, P = 0.053) and ADG (r = 0.400 P = 0.089).  
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4.4.2. Correlations between behaviour and carcass composition 

 Escape attempts (Table 4.2) during the OFT (OFT esc) tended to have a negative 

relationship with whole body crude protein concentration (r = -0.415, P = 0.077). The latency to 

enter zone 1 during the HAT had a significant positive relationship with crude protein (r = 0.463, 

P = 0.046) and ash content (r = 0.538, P = 0.018) and a significant negative relationship with 

carcass fat content (r = -0.473, P = 0.041). The reactivity score (HAT score) tended to have a 

negative relationship with carcass fat content (r = -0.404, P = 0.086). Distance travelled during the 

HAT had a significant negative relationship with ash content (r = -0.522, P = 0.022), and tended 

to have a positive relationship with carcass fat content (r = 0.427, P = 0.068). Furthermore, mean 

velocity during the OFT (OFT cm/s) had a significant negative relationship with ash content (r = 

-0.522, P = 0.022), and tended to have a positive relationship with fat content (r = 0.427, P = 

0.068). 

4.4.3. Correlations between 16-hr fasted respiratory quotient and behaviour 

 As depicted in Table 4.3 time spent in the curved immobile position during the backtest 

(CI Duration) tended to have a negative relationship with fasted RQ during the first calorimetry 

session (r = -0.526, P = 0.065).  

 The latency to enter zone where the observer was during the HAT had a significant positive 

relationship with fasting RQ during calorimetry session 4 (r = 0.544, P = 0.016). Fasted RQ during 

the 3rd calorimetry session tended to have a negative relationship with escape attempts (HAT esc, 

r = -0.396, P = 0.093), distance travelled (r = -0.392, P = 0.097), and mean velocity (r = -0.392, P 

= 0.097) during the HAT.  
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 Frequency to enter the zone around the object during the NOT (NOT Zfreq) tended to have 

a positive relationship with fasted RQ during calorimetry session 1 (r = 0.478, P = 0.072). 

4.4.4. Correlations between 16-hr fasted energy expenditure and behaviour 

 Time spent in the curved paddled (CP duration) position during the backtest tended to have 

a positive relationship with fasted energy expenditure during the 3rd (r = 0.462 P = 0.083) and 4th 

(r = 0.512, P = 0.051) calorimetry sessions as seen in Table 4.4. Time spent in the flat immobile 

(FI duration) position during the backtest had a significant negative relationship with fasted energy 

expenditure during the 3rd calorimetry session (r = -0.547, P = 0.035), and tended to have a negative 

relationship during the 4th (r = -0.508, P = 0.053) and 5th sessions (r = -0.497, P = 0.060).  

 Distance travelled (NOT cm) and mean velocity (NOT cm/s) during the NOT had a 

significant negative relationship with fasted energy expenditure during the 4th calorimetry session 

(r = -0.459, P = 0.048 and r = -0.459, P = 0.048). Furthermore, latency for the animal to enter the 

zone around the object during the NOT (NOT Zlat) had a significant positive relationship with 

fasted energy expenditure during the 4th calorimetry session (r = 0.660, P = 0.002). 

4.4.5. Correlations between the AUC of fed respiratory quotient and behaviour 

 As presented in Table 4.5, latency to enter the zone around the observer during the HAT 

had a significant negative relationship with fed RQ during the 3rd (r = -0.628, P = 0.004), 4th (r = -

0.477, P = 0.039) and 5th calorimetry sessions (r = -0.640, P = 0.003). The reactivity score had a 

significant negative correlation with RQ during the 3rd (r = -0.498, P = 0.030), 4th (r = -0.477, P = 

0.039) and 5th calorimetry sessions (r = -0.467, P = 0.044). Distance travelled during the HAT had 

a significant positive relationship (r = 0.579, P = 0.010) with RQ during the 5th calorimetry session 

and tended to have a positive association during the 3rd calorimetry session (r = 0.401, P = 0.089). 



69 

 

Furthermore, mean velocity during the HAT had a significant positive relationship with RQ during 

calorimetry session 5 (r = 0.578, P = 0.010) and tended to have a positive relationship during 

calorimetry session 3 (r = 0.402, P = 0.088). 

 During the NOT, only the latency to enter the zone surrounding the object tended to have 

a negative relationship with RQ during calorimetry sessions 3 (r = -0.414, P = 0.078) and 5 (r = -

0.432, P = 0.065).  

4.4.6. Correlations between AUC for fed energy expenditure and behaviour 

 When assessing the relationship between fed energy expenditure, defined as 4 hours post 

feeding, and the behavioural variables (Table 4.6), escape attempts during the HAT had a 

significant positive relationship with energy expenditure during calorimetry session 1 (r = 0.771, 

P = 0.002) and tended to have a positive relationship with energy expenditure during session 5 (r 

= 0.417, P = 0.076). Latency to enter the zone around the observer had a significant negative 

relationship with energy expenditure during calorimetry session 5 (r = -0.588, P = 0.008). The 

reactivity score tended to have a negative relationship with EE during calorimetry session 5 (r = -

0.392, P = 0.097). Furthermore, both distance travelled and mean velocity during the HAT tended 

to have positive relationships EE during calorimetry session 5 (r = 0.419, P = 0.074 and r = 0.419, 

P = 0.074, respectively).  

 Last, both distance travelled and mean velocity during the NOT tended to be negatively 

associated with EE during calorimetry session 3 (r = -0.434, P = 0.064 and r = -0.434, P = 0.064) 

and tended to be positively associated with EE during session 5 (r = 0.397, P = 0.093 and r = 0.397, 

P = 0.093).  
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4.5. Discussion  

 The current study aimed to evaluate whether performance, chemical carcass composition, 

energy expenditure or substrate oxidation in growing female Yorkshire pigs were correlated to 

behavioural reactivity to stress. Our results suggest that the behavioural responses to stress 

during the HAT, can potentially be utilized to predict performance potential in pigs. The HAT 

had the strongest relationships to carcass composition at slaughter, as well as various 

performance, energy expenditure and substrate utilization variables during different periods from 

the grower to finisher phase, demonstrating that pigs that were most fearful of humans showed 

reduced ADG, gain:feed and carcass fat. The HAT test assesses the level of fear of towards 

humans and willingness for human interaction, which negatively affects their ability to explore 

the arena (Pairis et al., 2009). Therefore, exhibiting a fear-related response such as 

immobilization during interactions with humans, is indicative of the animal’s reactivity to 

stressful stimulus and can potentially be utilized as a means to predict performance later in life.  

Latency to enter Zone 1 during the HAT tended to have a negative relationship with start 

weight, end weight, and feed intake. The negative relationship with start weight can possibly be 

explained by the work of Giroux and colleagues (2000). They suggested that exploratory 

behavior could accelerate the discovery of new surroundings and therefore animals who were 

experiencing less stress has a reduced delay in feeding when moved to a new pen after the 

nursing stage, favoring increased growth. Furthermore, Worobec (1999) found that animals who 

experienced higher levels of fear and anxiety to stressful stimuli pay less attention to their 

environment compared to less responsive animals, therefore exhibit less exploratory behaviour 

and increased immobility.  
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This corresponds with the trend for a positive relationship between the distance travelled 

and mean velocity during the HAT and start weight observed in the present study. Animals that 

are less susceptible to stress and exhibit increased exploratory behavior compared to more 

emotionally reactive animals would cover more ground at higher velocities in the presence of 

potentially threatening stimuli (Giroux et al., 2000). The relationship between latency to enter 

Zone 1 during the HAT and end weight and feed intake suggests that the use of exploratory 

behavior may benefit growth from weaning to finish. Inappropriate or prolonged HPA axis 

activation while during chronic stress has been shown to increase energy expenditure in  humans 

(Seematter et al., 2000),  rats (Harris et al., 2006), and in pigs (Blokhuis et al., 1998), therefore it 

can be seen that a higher reactivity to stressful stimuli paired with time of restricted feed intake, 

would suppress growth rates relative to less reactive animals. This is supported by others who 

found that pigs experiencing chronic stress had reduced weight gain during restrictive feeding 

regimens (Boddicker and colleagues 2010; Lee et al., 2005) and during ad libitum feeding, 

carcass fat was negatively affected (Valros et al., 2013). It is important to note that the present 

study did not find any significant differences in plasma cortisol concentration between pigs and 

as such relationships between plasma cortisol and behavioural responses during the HAT did not 

support these conclusions. Although cortisol has been widely used to measure the stress response 

in animals, there are limitations associated with its use as a biomarker due to the many none 

psychosocial factors that have been found to influence plasma concentrations in pigs (Pollard, 

1995). In pigs, cortisol is secreted in a pulsatile nature, rather than at a constant and consistent 

level, resulting in ultradian (<24 h cycle) and circadian (~24 h cycle) and seasonal rhythms that 

are present in many species (Fulkerson and Tang, 1979; Tapp et al., 1984; Benten and Yates, 

1990; Ingram et al., 1999). Plasma cortisol concentrations rise early in the morning and peak 
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around 5 to 8 a.m., followed by a gradual decline during the day, with morning levels being up to 

40% higher than afternoon levels (Désautés et al., 1997; Mormède et al., 2007). Thus, circulating 

cortisol concentrations at a single point in time can vary substantially between individuals 

(Pollard, 1995). In the present study, slaughter began at 7 a.m., and continued to 4 p.m., therefore 

circadian rhythm was not controlled for and could have influenced the plasma cortisol results. 

Additionally, gender is another source of variation in plasma concentration of cortisol, with 

barrows exhibiting 15% higher concentrations than gilts, likely contributing to the reduced 

variability expressed in the present study as only female pigs were assessed.  

 When comparing the relationship between carcass composition and variables measured 

during the behavioural tests, HAT variables showed the strongest correlations. Latency to 

approach the observer during the HAT was related to a higher lean tissue and a lower fat 

concentration in the carcass. This is consistent with several reports summarized by Webb et al. 

(1982), indicating that stress-susceptible pigs have considerable advantages in carcass traits 

(higher carcass lean concentration) over stress-resistant pigs. Catecholamines, specifically 

epinephrine, released during the stress response are positively associated with estimated carcass 

lean content (Foury et al., 2005). Activation of the β-adrenergic receptors drives increased 

mobilization of fat and reduces protein catabolism, mostly via the action of β2-type receptors 

(Mersmann, 1998; Navegantes et al., 2002). A direct action of epinephrine, a potent β2 agonist, is 

to reduce the fat content of the carcass and increase the yield of lean tissue and can explain how 

carcass fat content tended to be positively related with distance travelled and mean velocity during 

the HAT. Furthermore, epinephrine stimulates increases in energy expenditure and therefore 

supports the negative correlations between latency to enter the Zone 1 and fed EE and FCR 

(Blokhuis et al., 1998). Although these relationships were not significant, this further supports the 



73 

 

idea that animals who experience increased emotional reactivity to difficult situations have an 

increased activation of the sympathetic-adrenal-medullary (SAM) system and catecholamine 

release, resulting in an increase in metabolic rate as the fat is mobilized in order to fuel the body 

during the stress response. The ending result is a higher percentage of lean tissue, less carcass fat 

content and poorer growth rates.  

Carcass ash content in the present study was negatively associated with distance travelled 

and mean velocity during the HAT, suggesting that the concentration of ash is higher in animals 

that show a higher reactivity to stress and therefore exhibit less exploratory behaviour. This 

relationship can possibly be attributed to the known correlation between muscle and bone in 

which skeletal development and maintenance of bone mass has been found to be a repercussion 

of muscle function (Gross et al., 2010; Frost and Schonau, 2000). During acute stress, the 

muscles contract and then release when the stimuli is removed. When the stimuli are not 

removed and chronic stress ensues, the muscles throughout the body contract in a constant state 

of guardedness (Avin et al., 2015). This constant state of tension on the bones is thought to 

increase bone mineral density through the mechanical stress between bone and muscle. This may 

explain the positive relationship between reactivity to stress and carcass ash content and is 

supported by the positive relationships between carcass crude protein and ash content. 

Contradictory to this, voluntary locomotion has been found to promote myogenic growth in 

domestics pigs and as such, this relationship suggests that pigs who would exhibit higher 

exploratory behaviour would have increased muscle growth and subsequent bone growth 

compared to more fearful, less exploratory pigs (Kalbe et al., 2018). However, it is important to 

note that the housing system utilized in the present study would have greatly reduced the subjects 

ability to explore given the space restrictions. Suggesting that the reduced space allowances did 
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not allow subjects to exhibit such behavioural responses to stress (exploration) throughout the 

study and therefore likely did not influence myogenic growth and chemical carcass composition.    

Based on the results of the present study curved paddling tended to be positively related 

to fasting EE during the 4th and 5th calorimetry session whereas FI had a significant negative 

relationship and tendency for a negative relationship with fasted EE during the 3rd, 4th and 5th 

calorimetry sessions. During the backtest, the animal’s responsiveness to the restraint has been 

proposed as an indication of the degree to which a stressful stimulus affects the animal (Zebunke 

et al., 2015). Therefore, further supporting the narrative that more responsive animals expend 

more energy than less responsive animals and the correlations found with variables assessed 

during the HAT. Ruis and colleagues (2001) determined that pigs who consistently tried to 

escape during the backtest, showed higher latency to greet the experimenter, further establishing 

a relationship between the backtest and the response of the animals to the HAT. Furthermore, the 

relationships observed between the variables assessed during the NOT and fasted EE are in line 

with these findings. In the present study, the associations between greater distance travelled, 

higher mean velocity during the NOT and latency to enter the zone around the novel object with 

fasted EE indicates the animals are less stressed and therefore exploring more rapidly. 

 Of the 4 behavioural tests conducted on the pigs, only HAT showed multiple 

relationships with fasted RQ, but only one variable yielded a significant relationship. Respiratory 

quotients measured during fasting are responsive to previous feeding level and animals alter 

macronutrient utilization based on availability of dietary macronutrients (de Lange et al., 2006). 

Given that pigs in the current study were restriction-fed, the animals were likely fasted for a 

prolonged period prior to the fasted measurement. Various researchers have found during the 

initial stages of a prolonged fast, glycogen stores decrease rapidly and the ability to oxidize 
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carbohydrates becomes diminished (van Milgen et al., 1998; Ewan, 2001; de Lange et al., 2006). 

During the second and third stages of fasting, energy is derived primarily from stored fat, and the 

mechanisms behind glucose oxidation are likewise diminished. Therefore, the lack of 

relationships observed in the present study was expected and can be explained by the reduction 

in energy intake associated with restrictive feeding as the animals were reliant on body fat for 

fuel.  

 When assessing the relationship between fed RQ and behavioural variables, the HAT 

showed numerous significant relationships that were consistent over time. The significant 

negative relationship observed between the latency to enter Zone 1 and fed RQ during 

calorimetry sessions 3, 4 and 5 and the relationship between the HAT score and fed RQ during 

session 3-5, suggests that when the animal is more reactive to stressful stimuli and therefore 

exhibiting less exploratory behavior and increased latency, the animal will metabolize 

predominately more fat. This is explained by the activation of the β-adrenergic receptors by 

epinephrine during the stress response as noted above (Mersmann, 1998, Navegantes et al., 

2002). Furthermore, HAT showed significant relationships to fed EE that mirror these findings. 

Escape attempts made during the HAT and fed EE during the first calorimetry session suggest 

that animals who are more emotionally reactive to stressful stimuli escape more frequently when 

faced with human contact, and as such would have a heighted SAM activation, and supports 

increased energy expenditure (Martínez-Miró et al., 2016). However, contrary to this, latency to 

enter the zone surrounding the observer during the HAT tended to have a negative relationship to 

fed EE during the 5th calorimetry session and distance travelled and mean velocity (HAT) tended 

to be positively related to energy expenditure during the 5th session. Given that these variables 
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were determined 12 weeks apart, it is possible that behavioural traits assessed early in life are not 

indicative of energy expenditure at market weight.  

4.6. Conclusion  

In conclusion, the present study showed that there are individual differences in the 

behavioural responses to stress in pigs (Hessing et al., 1993; Forkman et al., 1995; Jensen et al., 

1995a,b,c). Furthermore, we found that certain observable behavioural responses to stress 

expressed during the HAT showed strong relationships to carcass composition at slaughter, as 

well as various performance, energy expenditure and macronutrient oxidations variables 

measured from weaning to finish. The data suggests that increased exploratory behaviour 

expressed during the HAT test is associated with advantages in ADG, gain:feed and carcass fat 

and reduced energy expenditure and is indicative of a lower reactivity to stress. Exploratory 

behaviour is a largely neglected area of animal behaviour that plays an important role in the 

success and fitness of the animal (Wood-Gush and Vestergaard, 1989). Exploratory behaviour is 

relatively easy to measure, is noninvasive and results in minimal consequences to the animal and 

could potentially help reduce the economic inefficiency currently present in the pork industry as 

well as improve animal welfare by selecting for animals who are less responsive to stress.  
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4.7. Tables and Figures  

 

Table 4.1 Pearson correlation between means of start weight, end weight, feed intake, feed 

conversion rate, average daily gain and behavioural variables assessed during the HAT in 

growing Yorkshire female pigs 

 Start Weight End Weight Feed Intake FCR ADG 

 r P-

value 

r P-value r P-value r P-

value 

r P-value 

HAT esc 0.162 0.507 0.178 0.465 0.190 0.437 -0.095 0.699 0.178 0.466 

HAT lat -0.445 0.056 -0.415 0.078 -0.452 0.052 -0.333 0.163 -0.377 0.112 

HAT 

score 
-0.367 0.122 -0.264 0.275 -0.301 0.211 -0.313 0.193 -0.196 0.423 

HAT cm 0.423 0.071 0.423 0.072 0.450 0.053 0.223 0.359 0.401 0.089 

HAT 

cm/s 
0.423 0.071 0.423 0.071 0.450 0.053 0.223 0.359 0.401 0.089 

*Values are determined as significant at P < 0.05 

*FCR = feed conversion rate, ADG = average daily gain, HAT = Human approach Test, lat = 

latency to enter zone 1. 
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Table 4.2 Pearson correlation between carcass composition (crude protein, fat and ash; dry 

matter basis) and behavioural variables in growing Yorkshire female pigs 

 Moisture Crude Protein Fat Ash 

 r P-value r P-value r P-value r P-value 

OFT esc -0.231 0.342 -0.415 0.077 0.353 0.138 -0.121 0.622 

OFT cm -0.056 0.819 -0.124 0.613 -0.220 0.368 -0.191 0.435 

OFT cm/s -0.057 0.817 -0.125 0.610 0.220 0.366 -0.192 0.431 

HAT esc -0.230 0.343 -0.367 0.122 0.343 0.151 -0.347 0.145 

HAT lat 0.172 0.481 0.463 0.046* -0.473 0.041* 0.538 0.018* 

HAT score 0.113 0.646 0.378 0.111 -0.404 0.086 0.372 0.117 

HAT cm -0.157 0.521 -0.368 0.121 0.427 0.068 -0.522 0.022* 

HAT cm/s -0.157 0.520 -0.368 0.121 0.427 0.068 -0.522 0.022* 

*Values are determined as significant at P < 0.05 

*OFT = Open Field Test, esc = escape attempts, lat = latency to enter zone; HAT = Human 

approach Test. 

*Crude protein, Fat and ash values are presented on a dry matter basis 
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Table 4.3 Pearson correlation between 16-hr fasted respiratory quotient and behavioural 

variables in growing Yorkshire female pigs using indirect calorimetry 

 Fasted RQ 1 Fasted RQ 2 Fasted RQ 3 Fasted RQ 4 Fasted RQ 5 

 r P-

value 

r P-

value 

r P-

value 

r P-

value 

r P-

value 

CP 

Duration 
0.354 0.236 0.274 0.323 -0.233 0.404 0.305 0.268 0.132 0.641 

CI 

Duration 
-0.526 0.065 -0.074 0.793 0.118 0.675 -0.067 0.813 0.120 0.670 

FI 

Duration 
0.366 0.219 -0.090 0.751 0.013 0.963 -0.128 0.650 -0.197 0.481 

High 

Pitch 
-0.402 0.174 0.253 0.363 0.009 0.974 0.412 0.127 0.155 0.581 

Grunts 0.182 0.552 0.271 0.328 -0.298 0.281 0.192 0.493 0.056 0.842 

HAT esc 0.037 0.896 0.074 0.765 -0.396 0.093 -0.211 0.386 0.092 0.709 

HAT lat 0.075 0.790 0.220 0.366 0.258 0.286 0.544 0.016* 0.226 0.353 

HAT 

score 
-0.186 0.507 0.042 0.866 0.230 0.343 0.449 0.054 0.128 0.602 

HAT cm -0.018 0.950 -0.144 0.558 -0.392 0.097 -0.307 0.201 -0.207 0.396 

HAT 

cm/s 
-0.018 0.950 -0.144 0.557 -0.392 0.097 -0.307 0.201 -0.207 0.395 

NOT cm 0.303 0.272 0.071 0.773 -0.147 0.549 -0.133 0.587 -0.167 0.494 

NOT 

cm/s 
0.303 0.272 0.071 0.773 -0.147 0.550 -0.133 0.587 -0.167 0.494 

NOT 

Zfreq 
0.478 0.072 0.380 0.108 0.007 0.977 0.239 0.324 0.137 0.577 

NOT Zs -0.317 0.249 0.016 0.950 -0.037 0.880 -0.050 0.838 -0.051 0.835 

NOT 

Zlat 
-0.015 0.957 0.121 0.622 0.103 0.676 0.075 0.760 0.236 0.332 

*Values are determined as significant at P < 0.05 

*RQ = respiratory quotient, CP = curved paddle, CI = curved immobile, FI = flat immobile, esc 

= escape attempts, lat = latency to enter zone; HAT = Human Approach Test, NOT = Novel 

Object Test, Zfreq = frequency to enter zone, Zs = seconds in zone, Zlat = latency to enter zone 
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Table 4.4 Pearson correlation between 16-hr fasted energy expenditure per kilogram body 

weight and behavioural variables in growing Yorkshire female pigs using indirect calorimetry 

 Fasted EE 1 Fasted EE 2 Fasted EE 3 Fasted EE 4 Fasted EE 5 

 r P-

value 

r P-

value 

r P-

value 

r P-

value 

r P-

value 

CP 

Duration 
-0.139 0.642 0.418 0.121 0.464 0.083 0.512 0.051 0.149 0.595 

CI 

Duration 
0.034 0.912 0.216 0.439 0.292 0.291 0.212 0.448 0.423 0.116 

FI 

Duration 
0.039 0.898 -0.440 0.101 -0.547 0.035* -0.508 0.053 -0.497 0.060 

High 

Pitch 
0.036 0.906 0.204 0.467 0.411 0.128 0.387 0.155 -0.089 0.753 

Grunts -0.187 0.539 0.218 0.435 0.441 0.100 0.184 0.511 -0.076 0.787 

HAT esc 0.007 0.979 0.363 0.126 0.222 0.362 -0.137 0.577 -0.053 0.819 

HAT lat -0.111 0.695 -0.101 0.680 0.121 0.623 0.357 0.133 0.322 0.179 

HAT 

score 
0.140 0.619 0.020 0.937 0.244 0.313 0.290 0.229 0.218 0.369 

HAT cm 0.175 0.532 0.157 0.522 0.049 0.841 -0.336 0.159 -0.216 0.374 

HAT 

cm/s 
0.187 0.506 0.041 0.866 0.049 0.842 -0.336 0.159 -0.217 0.373 

NOT cm 0.186 0.506 0.041 0.867 -0.132 0.589 -0.459 0.048* -0.091 0.711 

NOT 

cm/s 
-0.329 0.231 0.011 0.965 -0.132 0.589 -0.459 0.048* -0.091 0.710 

NOT 

Zfreq 
0.377 0.166 0.229 0.347 -0.103 0.675 -0.090 0.713 0.025 0.918 

NOT Zs -0.329 0.231 0.001 0.998 0.104 0.672 -0.277 0.250 -0.001 0.995 

NOT Zlat -0.238 0.393 -0.007 0.980 0.224 0.356 0.660 0.002* 0.272 0.261 

*Values are determined as significant at P < 0.05 

*EE = energy expenditure, CP = curved paddle, CI = curved immobile, FI = flat immobile, esc = 

escape attempts, lat = latency to enter zone; HAT = Human Approach Test, NOT = Novel Object 

Test, Zfreq = frequency to enter zone, Zs = seconds in zone, Zlat = latency to enter zone 

*Energy expenditure expressed as kcal/kg BW 
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Table 4.5 Pearson correlation between area under the curve of fed respiratory quotient and 

behavioural variables in growing Yorkshire female pigs using indirect calorimetry 

 
RQ Cal 1 

AUC 

RQ Cal 2 

AUC 

RQ Cal 3 

AUC 

RQ Cal 4 

AUC 

RQ Cal 5 

AUC 

 r 
P-

value 
r 

P-

value 
r 

P-

value 
r 

P-

value 
r 

P-

value 

HAT esc 0.314 0.297 -0.105 0.669 -0.070 0.776 0.080 0.746 0.229 0.346 
HAT lat -0.251 0.409 -0.205 0.400 -0.627 0.004* -0.477 0.039* -0.640 0.003* 

HAT 

score 
-0.110 0.721 -0.242 0.318 -0.498 0.030* -0.476 0.039* -0.467 0.044* 

HAT cm 0.061 0.842 0.273 0.258 0.401 0.089 0.230 0.344 0.578 0.010* 

HAT cm/s 0.061 0.842 0.273 0.257 0.402 0.088 0.230 0.343 0.578 0.010* 

NOT cm -0.137 0.655 0.041 0.868 0.376 0.113 0.160 0.513 0.382 0.106 

NOT cm/s -0.137 0.655 0.041 0.867 0.376 0.113 0.160 0.513 0.382 0.106 

NOT 

Zfreq 
-0.004 0.991 -0.114 0.641 -0.033 0.894 -0.109 0.658 0.042 0.864 

NOT Zs 0.194 0.526 -0.201 0.409 -0.148 0.545 -0.005 0.983 0.315 0.189 
NOT Zlat 0.075 0.808 -0.151 0.538 -0.414 0.078 -0.108 0.659 -0.432 0.065 

*Values are determined as significant at P < 0.05 

*AUC = area under curve, RQ = respiratory quotient, esc = escape attempts, lat = latency to 

enter zone; HAT = Human Approach Test, NOT = Novel Object Test, Zfreq = frequency to enter 

zone, Zs = seconds in zone, Zlat = latency to enter zone 
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Table 4.6 Pearson correlation between area under the curve of fed energy expenditure per 

kilogram body weight and behavioural variables in growing Yorkshire female pigs using indirect 

calorimetry 

 EE Cal 1 AUC 
EE Cal 2 

AUC 

EE Cal 3 

AUC 

EE Cal 4 

AUC 

EE Cal 5 

AUC 

 r P-value r 
P-

value 
r 

P-

value 
r 

P-

value 
r 

P-

value 

HAT esc 0.771 0.002 -0.111 0.652 0.075 0.761 0.157 0.522 0.417 0.076 

HAT lat -0.270 -0.373 0.159 0.517 0.105 0.669 -0.041 0.868 -0.588 0.008 

HAT 

score 
-0.017 0.955 -0.093 0.707 0.078 0.753 -0.003 0.992 -0.392 0.097 

HAT cm 0.372 0.211 0.023 0.927 -0.241 0.321 0.030 0.904 0.419 0.074 

HAT 

cm/s 
0.372 0.211 0.022 0.928 -0.241 0.321 0.030 0.905 0.419 0.074 

NOT cm 0.282 0.350 0.033 0.893 -0.434 0.064 -0.061 0.805 0.397 0.093 

NOT 

cm/s 
0.282 0.351 0.033 0.894 -0.434 0.064 -0.061 0.804 0.397 0.093 

NOT 

Zfreq 
-0.090 0.771 0.016 0.948 -0.226 0.353 0.144 0.556 0.073 0.766 

NOT Zs 0.474 0.102 -0.127 0.606 -0.325 0.175 0.189 0.440 0.228 0.348 

NOT 

Zlat 
-0.042 0.893 0.272 0.260 0.318 0.185 -0.241 0.321 -0.181 0.458 

*Values are determined as significant at P < 0.05 

*AUC = area under curve, EE = energy expenditure, esc = escape attempts, lat = latency to enter 

zone; HAT = Human approach Test, NOT = Novel Object Test, Zfreq = frequency to enter zone, 

Zs = seconds in zone, Zlat = latency to enter zone 
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5.1. General Discussion  

 This research expanded our understanding of individual pig performance, energy 

expenditure and macronutrient oxidation in growing pigs and how those indices are related to 

behavioural responses to stress. The present work has potentially revealed new ways in which 

performance potential can be predicted using behavioural responses to stress at weaning, 

allowing pork producers to select for more productive animals in order to reduce variability and 

be more efficient, economical and improve animal welfare.  

 In summary, the growth patterns, carcass composition, energy expenditure and 

macronutrient oxidation data generated in Chapter 3 was consistent with previous literature and 

demonstrated that when female Yorkshire pigs are fed the same amount of energy per kilogram 

body weight and raised in the same environment, individuals differ in performance variables, 

energy expenditure and macronutrient oxidation over time. In general, ADG and energy 

expenditure per kilogram body weight (fed and fasted) decreased over time while FCR and 

fasted RQ increased through to 80 kg BW as expected. Furthermore, the present study 

demonstrated that female pigs of similar age, body weight and raised in identical environments 

exhibit ranges in carcass composition at slaughter, and in performance variables, energy 

expenditure and macronutrient oxidation from weaner to finish. Taken together, the results of the 

first experiment suggest that variation in growth rate, FCR, EE and RQ are influenced by more 

than the environment and diet. It is important to note that while genetic variation in the pig 

population plays a major role in the differences observed in performance parameters in pigs, a 

separate component of this research will focus on assessing the relationship between genetic 

markers, stress responsiveness and meat quality in Yorkshire pigs (Shayla, 2019). Specifically, 

assessing whether the genetic variation at the Lumen gene of the Yorkshire and Chinese Meishan 
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breeding pigs is associated with individual differences in physiological stress levels. Therefore, 

while there is a potential that the variation in performance observed in the present study could 

partially be explained due to genetic variation, this component of the project will focus on 

determining if the variation in behavioural responses to stress is related to the variability in 

performance parameters between individuals. Future work will look to combine these findings to 

assess whether the relationships observed between behavioural responses to stress and 

performance variables in the present study are a reflection of the genetic diversity at the Lumen 

gene.  

In the second experimental study, we built on previous research that showed that there 

are individual differences in the behavioural responses to stress in pigs (Hessing et al., 1993; 

Forkman et al., 1995; Jensen et al., 1995a,b,c). Furthermore, the data suggests that exploratory 

behaviour expressed during the HAT at weaning, can be indicative of the animal’s performance 

potential through to 81.62  10.6 kg BW. In the present study, increased exploratory behaviour 

was associated with advantages in ADG, gain:feed and carcass fat and suggested to be an 

indication of a decreased reactivity to stressful situations, suggesting that the more stress an 

animal is experiencing, the less interest they have towards their surroundings. Furthermore, EE 

was lower in animals with increased exploratory behaviour, suggesting that the animal was 

experiencing less frequent or shorter activation of the HPA axis and is supported by the known 

energetic effects associated with the stress response (Blokhuis et al., 1998). Overall, this research 

suggests that it may be possible to predict performance parameters and carcass composition in 

pigs using the level of exploratory behaviour exhibited by the animal in challenging situations. 

Exploratory behaviour is largely a neglected area of animal behaviour, however 

numerous studies have documented individual variation in exploratory behaviour across a variety 
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of species. Furthermore, exploratory behaviour has been empirically linked to individual success 

and fitness (Réale et al., 2007) and as such we feel it is a major factor to consider in the welfare 

and production potential in pigs. A notable body of research on the investigation on individual 

differences in exploratory behaviour comes from studies in the great tit parus major (Verbeek 

and Wiepkema, 1994). Over 20 years, they documented variance between conspecifics and 

found that the animals responses ranged along a continuum from fast, "superficial explorers", to 

slow, "thorough explorers" and showed individual consistency between tests (Verbeek and 

Wiepkema, 1994). Thus, suggesting exploration is an example of a temperament trait that is 

consistent over time. It has been long acknowledged that fear and anxiety have an inhibitory 

effect on exploratory behaviour in rats (Montgomery, 1955; Montgomery and Monkman, 1955), 

mice (Baron, 1963; 1964), humans (Penney, 1965; Zuckerman et al., 1964), monkeys (Symmes, 

1959) and in pigs (Kolb et al., 2003). Although the majority of studies report an inhibitory effect 

from fear on exploration, a few do report a facilitatory effect (Lester, 1968). Mowrer (1960) 

noted that the assumption that fear always leads to avoidance is incorrect and was supported by 

the work of Hebb and Thompson (1954) who showed that dogs, chimpanzees, and children 

commonly return to look at objects that have frightened them. Watson (1961) suggested that fear 

is related to exploration in a more complex fashion and shows an inverted U-function. He 

suggested that as fear increased from a minimum level, exploration increases, after reaching a 

maximum level, the exploration decreases due to increasing fear. Watson further suggested that 

the anxiety and fear is generated from the uncertainty of the animal in the situation and when 

placed in an uncertain situation, an animal explores in order to reduce uncertainty and lack of 

knowledge or, if the fear is excessively high, the animal freezes and does not explore and is in 

support of the data generated in the present thesis. 
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Although this thesis work expanded on the previous knowledge in determining the 

functional relationship between observable behaviours associated with responses to stress and 

production potential in growing pigs, there were limitations in the present research. Overall, we 

considered this research to be a pilot study that would lead to further experiments to explore the 

mechanism of action between psychological stress and metabolic efficiencies. One of the 

limitations in this thesis is the sample size of 19 pigs. Future studies with larger samples sizes 

will help to capture a better and more in-depth picture of the relationship's between exploratory 

behaviour and production. Furthermore, behavioural tests were only conducted on each of the 

animals once in the present study. Fundamental requirements for accepting the existence of 

consistent individual variations in behavioural responses to stress are that they show stability, 

intra-situational consistency and are repeatable over time (Jensen, 1995). Now that the present 

thesis has demonstrated a possible link between exploratory behaviour during the HAT and 

performance variables, future studies should test pigs at multiple time points during weaning to 

assess the consistency of the responses to determine if exploratory behavior is truly a 

characteristic of the pig's emotional reactivity to stress. Another limitation in the present study is 

that cortisol analyses were based off a single plasma measurement at the time of slaughter and all 

pigs were slaughtered on the same day, therefore plasma samples were not samples at the same 

time of day for each pig. Cortisol concentrations fluctuate throughout the day and can vary 

substantially between individuals at any single point in time (Benton and Yates, 1990), therefore 

future studies should take repeated samples of plasma cortisol at the same time of day and with 

the same sampling interval for each pig.  

Overall, this work has outlined various correlations that can be made between behaviour 

responses during challenging situations and differences in carcass composition at slaughter, and 
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in performance variables, energy expenditure and macronutrient oxidation from weaner to finish. 

In particular, exploratory behavior during the HAT shows individual variations and is positively 

correlated with desirable productions parameters and improvements in animal welfare. This 

could be of great benefit to the pork industry as it could allow producers to raise more productive 

herds as well as better animal welfare. However further studies are necessary in order to more 

clearly understand the mechanisms behind the relationships observed in the present study.  
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Figure A.1 Daily feed intake of pigs throughout the 12-week experimental period. Red lines 

indicate upper and lower coefficient of variation of the cohort (n = 19). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure A.2 Effect of age on the weight and feed intake of the pigs throughout the 12-week 

experimental period. Black line with circles indicates body weight and blue line indicate feed 

intake for pigs (n = 19). 
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Table A.1 Comparison between means of feed intake, average daily gain and feed conversion 

rate during five 7-h calorimetry sessions in growing Yorkshire female pigs  

  

Calorimetry Session 
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*Values with identical subscripts are not significantly different from one another (P > 

0.05)  

*Feed Intake and Average Daily Gain presented in kilograms per day 

*Values are mean ± SE 

*DOA = Days of Age 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure A.3 Average EE of pigs at A) 11 weeks of age, B) 13 weeks of age, C) 15 weeks of age, 

D) 18 weeks of age, E) 19 weeks of age. Measurements were taken in 30 min intervals. Pigs (n= 

19) were fed at t = 0 min where the value indicates 16-hr fasted EE. Red lines indicate upper and 

lower coefficient of variation of the cohort. 

 

 1 2 3 4 5 

DOA 77.47 90.42 107.89 127.26 136.74 

Feed Intake per day - 1.35a ± 0.14 1.56a ± 0.19 2.14b ± 0.25 2.54b ± 0.33 

Average Daily Gain - 0.56b ± 0.11 0.70ab ± 0.12 0.86a ± 0.13 1.35c ± 0.50 

Feed Conversion Rate - 2.25 ± 0.33 2.20 ± 0.47 2.49 ± 0.33 2.13 ± 0.73 
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Figure A.4. Average Fed EE of pigs throughout the 12-week experimental period. Red lines 

indicate upper and lower coefficient of variation of the cohort (n = 19). 
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Figure A.5. Average respiratory quotient of pigs at A) 11 weeks of age, B) 13 weeks of age, C) 

15 weeks of age, D) 18 weeks of age, E) 19 weeks of age. Measurements were taken in 30 min 

intervals. Pigs (n = 19) were fed at t = 0 min where the value indicates 16-hr fasted respiratory 

quotient. Red lines indicate upper and lower coefficient of variation of the cohort. 
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Figure A.6. Average 16-hr fasted respiratory quotient of pigs throughout the 12-week 

experimental period. Red lines indicate upper and lower coefficient of variation of the cohort (n 

= 19). 
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Table A.2 Pearson correlation between means of start weight, end weight, feed intake, feed 

conversion rate, average daily gain and behavioural variables in growing Yorkshire female pigs 

 Start 

Weight 

End Weight Feed Intake FCR ADG 

 r P-

value 

r P-

value 

r P-

value 

r P-

value 

r P-value 

Cortisol 0.063 0.798 0.088 0.721 0.101 0.680 -0.003 0.991 0.09491 0.699 

CP 

Duration 
0.065 0.818 0.154 0.583 0.158 0.574 -0.228 0.415 0.204 0.465 

CI 

Duration 
-0.307 0.266 -0.344 0.210 -0.290 0.294 -0.003 0.991 -0.339 0.216 

FI Duration 0.265 0.339 0.256 0.356 0.203 0.469 0.125 0.657 0.227 0.416 

High Pitch 0.136 0.629 0.316 0.252 0.299 0.279 -0.023 0.936 0.401 0.139 

Grunts 0.043 0.880 0.100 0.723 0.115 0.684 -0.106 0.708 0.128 0.649 

OFT esc 0.201 0.408 0.175 0.473 0.176 0.472 0.028 0.911 0.148 0.544 

OFT cm 0.199 0.414 0.183 0.454 0.224 0.357 0.123 0.616 0.170 0.485 

OFT cm/s 0.200 0.412 0.184 0.452 0.225 0.355 0.123 0.615 0.171 0.483 

NOT cm 0.109 0.656 0.155 0.528 0.159 0.517 -0.079 0.748 0.175 0.472 

NOT cm/s -0.110 0.655 0.155 0.527 0.159 0.516 -0.079 0.749 0.175 0.471 

NOT Zfreq -0.152 0.535 -0.101 0.682 -0.113 0.644 -0.324 0.176 -0.060 0.804 

NOT Zs -0.091 0.711 0.135 0.583 0.133 0.588 -0.281 0.243 0.257 0.287 

NOT Zlat -0.057 0.817 -0.178 0.465 -0.174 0.475 0.140 0.566 -0.236 0.329 

*Values are determined as significant at P < 0.05 

*FCR = feed conversion rate, ADG = average daily gain, CP = curved paddle, CI = curved 

immobile, FI = flat immobile, OFT = Open Field Test, esc = escape attempts, lat = latency to 

enter zone, NOT = Novel Object Test, Zfreq = frequency to enter zone, Zs = seconds in zone, 

Zlat = latency to enter zone 
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Table A.3 Pearson correlation between carcass composition and behavioural variables in 

growing Yorkshire female pigs 

 Moisture Crude Protein Fat Ash 

 r P-value r P-value r P-value r P-value 

Cortisol 0.008 0.972 -0.197 0.417 0.331 0.165 -0.187 0.441 

CP Duration -0.282 0.307 -0.193 0.490 0.232 0.405 -0.066 0.815 

CI Duration 0.172 0.538 0.243 0.382 -0.250 0.382 -0.055 0.844 

FI Duration -0.009 0.974 -0.131 0.641 0.114 0.683 0.082 0.769 

High Pitch -0.361 0.186 -0.178 0.525 0.308 0.262 -0.216 0.439 

Grunts -0.238 0.392 -0.236 0.395 0.297 0.280 -0.207 0.458 

NOT cm 0.127 0.601 -0.077 0.752 0.099 0.684 -0.141 0.563 

NOT cm/s 0.127 0.602 -0.077 0.751 0.099 0.684 -0.141 0.563 

NOT Zfreq 0.001 0.997 -0.093 0.703 0.030 0.901 0.105 0.667 

NOT Zs -0.244 0.313 -0.094 0.701 0.104 0.670 -0.126 0.606 

NOT Zlat 0.024 0.921 0.211 0.385 -0.123 0.615 0.005 0.982 

*Values are determined as significant at P < 0.05 

*CP = curved paddle, CI = curved immobile, FI = flat immobile, esc = escape attempts, lat = 

latency to enter zone; HAT = Human approach Test, NOT = Novel Object Test, Zfreq = 

frequency to enter zone, Zs = seconds in zone, Zlat = latency to enter zone 
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Table A.4 Pearson correlation between 16-hr fasted respiratory quotient and behavioural 

variables in growing Yorkshire female pigs using indirect calorimetry 

 Fasted RQ 1 Fasted RQ 2 Fasted RQ 3 Fasted RQ 4 Fasted RQ 5 

 r P-

value 

r P-

value 

r P-

value 

r P-

value 

r P-

value 

OFT esc 0.265 0.339 0.298 0.214 -0.313 0.191 0.034 0.889 0.070 0.773 

OFT cm 0.184 0.509 0.138 0.571 -0.181 0.456 -0.034 0.889 -0.034 0.887 

OFT cm/s 0.185 0.508 0.138 0.572 -0.182 0.455 -0.034 0.890 -0.035 0.884 

*Values are determined as significant at P < 0.05 

*RQ = respiratory quotient, OFT = Open Field Test, esc = escape attempts 
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Table A.5 Pearson correlation between 16-hr fasted energy expenditure per kilogram body 

weight and behavioural variables in growing Yorkshire female pigs using indirect calorimetry 

 Fasted EE 1 Fasted EE 2 Fasted EE 3 Fasted EE 4 Fasted EE 5 

 r P-

value 

r P-

value 

r P-

value 

r P-

value 

r P-

value 

OFT esc -0.233 0.401 0.031 0.899 0.050 0.837 -0.101 0.678 -0.333 0.163 

OFT cm -0.107 0.703 0.308 0.199 0.271 0.260 -0.001 0.995 0.062 0.798 

OFT 

cm/s 
-0.106 0.705 0.307 0.199 0.272 0.259 -0.001 0.994 0.061 0.802 

*Values are determined as significant at P < 0.05 

*EE = energy expenditure, OFT = Open Field Test, esc = escape attempts 

*Energy expenditure expressed as kcal/kg BW 
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Table A.6 Pearson correlation between area under the curve of fed respiratory quotient and 

behavioural variables in growing Yorkshire female pigs using indirect calorimetry 

 
RQ Cal 1 

AUC 

RQ Cal 2 

AUC 

RQ Cal 3 

AUC 

RQ Cal 4 

AUC 

RQ Cal 5 

AUC 

 r 
P-

value 
r 

P-

value 
r 

P-

value 
r 

P-

value 
r 

P-

value 

Cortisol -0.219 0.471 0.161 0.508 0.242 0.317 0.244 0.312 0.266 0.270 

CP 

Duration 
-0.439 0.153 0.091 0.746 -0.329 0.230 -0.277 0.317 0.115 0.682 

CI 

Duration 
0.159 0.620 -0.335 0.222 -0.107 0.701 0.089 0.751 -0.140 0.616 

FI 

Duration 
-0.012 0.970 0.270 0.329 0.310 0.260 0.083 0.766 0.092 0.743 

High 

Pitch 
-0.344 0.272 0.180 0.520 -0.192 0.491 -0.407 0.131 0.231 0.407 

Grunts -0.145 0.651 0.198 0.478 -0.171 0.542 -0.123 0.660 0.311 0.258 

OFT esc -0.207 0.496 0.308 0.198 0.161 0.508 0.022 0.926 0.343 0.150 

OFT cm -0.295 0.327 0.107 0.662 0.173 0.478 0.127 0.601 0.327 0.170 

OFT 

cm/s 
-0.296 0.325 0.108 0.657 0.173 0.476 0.127 0.602 0.328 0.169 

*Values are determined as significant at P < 0.05 

*AUC = area under curve, RQ = respiratory quotient, CP = curved paddle, CI = curved 

immobile, FI = flat immobile, OFT = Open Field Test, esc = escape attempts 
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Table A.7 Pearson correlation between area under the curve of fed energy expenditure per 

kilogram body weight and behavioural variables in growing Yorkshire female pigs using indirect 

calorimetry 

 
EE Cal 1 

AUC 

EE Cal 2 

AUC 

EE Cal 3 

AUC 

EE Cal 4 

AUC 

EE Cal 5 

AUC 

 r P-value r 
P-

value 
r 

P-

value 
r 

P-

value 
r 

P-

value 

Cortisol 0.019 0.949 -0.180 0.460 -0.073 0.765 -0.325 0.174 -0.101 0.678 

CP 

Duration 
0.043 0.894 0.030 0.913 0.086 0.759 0.269 0.331 -0.019 0.946 

CI 

Duration 
0.100 0.755 -0.262 0.356 0.406 0.132 0.241 0.386 -0.078 0.779 

FI 

Duration 
-0.083 0.795 0.217 0.437 -0.439 0.101 -0.386 0.154 0.121 0.666 

High Pitch -0.010 0.973 -0.242 0.383 -0.137 0.625 0.341 0.212 -0.167 0.551 

Grunts 0.088 0.785 -0.080 0.776 0.017 0.951 0.202 0.468 0.016 0.952 

OFT esc 0.114 0.709 -0.162 0.505 0.059 0.807 0.151 0.536 0.237 0.327 

OFT cm -0.125 0.683 0.038 0.876 -0.101 0.679 0.169 0.487 0.243 0.315 

OFT cm/s -0.125 0.682 0.037 0.877 -0.101 0.678 0.169 0.489 0.242 0.316 

*Values are determined as significant at P < 0.05 

*AUC = area under curve, EE = energy expenditure, CP = curved paddle, CI = curved immobile, 

FI = flat immobile, OFT = Open Field Test, esc = escape attempts 

 
 


