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Thesis Abstract 1 

This thesis consists of a series of studies which are aimed at the development of systems to 2 

improve the health and performance of dairy-origin beef. Specifically, this thesis addresses 3 

four key knowledge gaps which were identified following a comprehensive review of the 4 

scientific literature. The objectives were to: 5 

1. Examine the effect of calf jackets during the rearing period on the health, 6 

performance and skin surface temperature of calves. 7 

2. Investigate the effect of behaviour in bulls on rumen temperature, and assess the 8 

extent to which this would influence the accuracy of prediction of ill health. 9 

3. Evaluate the effect of production system on the health, performance and carcass 10 

characteristics of Holstein bulls slaughtered under 16 months. 11 

4. Evaluate the use of rumen temperature as a novel welfare indicator and predictor of 12 

meat quality during the pre-slaughter phase.  13 

Chapter two investigates the use of calf jackets in a commercial dairy-origin beef system. 14 

This study involved five batches of calves, over the duration of one year in order to take into 15 

account the effect of seasonality. Four treatment groups were assigned within each batch; a 16 

control group with no jacket, and three jacket groups which varied according to the time the 17 

jacket was worn. Mean ambient temperatures ranged from 6.16°C in batch four to 16.93°C 18 

in batch two. The study which involved a total of 422 calves found no significant difference 19 

in calf health or performance due to calf jacket treatment. Skin surface temperature was 20 

also assessed, with that of jacket calves being 4.31°C greater (P<0.001) than that of non-21 

jacket calves.  22 



 

2 
 

Chapter three examines the effect of 10 behaviour classifications on rumen temperature 23 

while bulls were at pasture and also housed at the beginning of the finishing period. 24 

Furthermore, the effect of diet (level of concentrate supplementation) on rumen 25 

temperature was also assessed. Rumen temperature was significantly elevated (P<0.001) for 26 

three of the behaviours recorded; the recipient of agonistic or sexual behaviour, stationary 27 

and consuming concentrates. However, the level of concentrate supplementation did not 28 

have any effect on mean rumen temperature throughout the duration of the study. Drinking 29 

caused a significant (P<0.001) decline in rumen temperature. Although variations in rumen 30 

temperature were apparent in this study, all mean temperatures were within the normal 31 

range for healthy cattle.  32 

Chapter four examines the effect of production system on the health, performance and 33 

carcass characteristics of Holstein bulls. This study which consisted of 224 bulls, also took 34 

into account the effects of year and whether bulls were autumn or spring born, in a 35 

2(year)x2(season)x4(production system) factorial design experiment. Production systems 36 

differed during the grower period consisting of; housed with ad libitum concentrates (HA), 37 

while the three remaining treatments were grazed with various levels of concentrate 38 

supplementation 0kg (G), 2kg (G2), and ad libitum (GA). Bulls were all housed for finishing 39 

on an ad libitum concentrate and grass silage diet, and slaughtered at a mean age of 15.5 40 

months. Performance was greatest in year one (P<0.001) and for AB bulls (P<0.001). GA 41 

bulls had the greatest DMI during both the grower (P<0.001) and finishing period (P<0.001), 42 

while that of G bulls was the lowest. Furthermore, G bulls had the poorest performance 43 

during the grower period (P<0.001), yet through compensatory growth achieved the 44 

greatest DLWG during the finishing period (P<0.001). Bulls on the GA and HA production 45 
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systems had the greatest carcass weight (P<0.001). There were minimal effects on carcass 46 

characteristics and meat quality, and no effect on animal health.  47 

Chapter five assesses the use of rumen temperature as a novel welfare indicator and 48 

predictor of meat quality during the pre-slaughter phase. This was an observational study, 49 

involving 42 Holstein bulls which were transported to a commercial abattoir. Rumen 50 

temperature, cortisol, creatine kinase and lactate dehydrogenase were all significantly 51 

elevated (P<0.001) during the pre-slaughter phase. Bulls with an ultimate pH >6.2 had the 52 

greatest (P<0.001) maximum rumen temperature during lairage of 41.16°C. Results 53 

indicated that a combination of rumen temperature and haematological variables could be 54 

used to predict meat quality; with the model for ultimate pH having the greatest R2 value 55 

(53.1). 56 

In conclusion, the research within this thesis provided valuable insights into the commercial 57 

use of calf jackets, and the evaluation of bull beef production systems. Through the 58 

dissemination of these findings to producers, this research could influence current industry 59 

practices and thus have direct benefits for industry. Furthermore, the novel approach of 60 

establishing the impact of behaviour on rumen temperature, together with the prediction of 61 

meat quality from pre-slaughter rumen temperature has identified some very interesting 62 

relationships. These initial findings have highlighted areas of future research, which have 63 

the potential to provide a better understanding of the uses of rumen temperature boluses 64 

in both research and industry.   65 
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 67 

 68 

 69 

Chapter 1 70 

Review of Literature 71 

  72 
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1.1 Introduction 73 

Northern Ireland suckler cow numbers continue to decline (Figure 1), with a 5% reduction in 74 

the NI population from 2017 to 2018. Furthermore, the NI suckler cow population is currently 75 

at its lowest level since 1988 (LMC, 2019c). In contrast, the NI dairy herd has seen 76 

considerable growth in recent years (Figure 1.1); UK figures report growth of 5.6% in the 5 77 

year period from June 2013 to June 2018 (AHDB, 2019b). One of the main contributors to this 78 

trend is thought to be the abolishment of the European Union milk quota system in April 2015 79 

(Ashfield et al., 2014).   80 

 81 

The UK dairy herd is predominantly of the Holstein-Friesian (HF) breed, with a major emphasis 82 

placed on maximising milk yield. As a result, average annual milk yield has increased by over 83 

1,500 litres per cow from 2001 to 2018 (AHDB, 2019a). Subsequently, following years of 84 

continued single-trait selection, the beef production potential of dairy bred calves has 85 

declined (Keane et al., 2001). Thus, male HF calves are commonly seen as a by-product of the 86 

dairy industry (Kirkland et al., 2006). However, in recent years the use of sexed semen has 87 

allowed for a more targeted approach to breeding replacements. Illustrated by a 3.2% 88 

Figure 1.1 Northern Ireland dairy and suckler cow populations 
from 2005 to 2018 (LMC, 2019c) 
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increase in the dairy heifer calf registrations in NI from January to August 2019 in comparison 89 

to the same period in 2018 (LMC, 2019c). Therefore, in an attempt to increase calf value, the 90 

proportion of beef bred bulls used on the dairy herd has increased (LMC, 2019a). 91 

When selecting beef sires, easy calving breeds are often chosen, as well as breeds that qualify 92 

for bonus payments at slaughter. Consequently, the most common beef sire used in NI dairy 93 

herds was Aberdeen Angus (AA) accounting for 27.6% of the prime dairy origin beef 94 

slaughtered in 2018 (Figure 1.2) (BOVIS, 2018).  However, dairy bred sires are still widely used; 95 

in 2018 28.0% of the prime dairy-origin beef (DOB) cattle slaughtered in NI were from Friesian 96 

(FR) and Holstein (HOL) sires (LMC, 2019b).  97 

Figure 1.2 Sire breed of the prime dairy origin beef cattle slaughtered in NI in 98 
2018 (Bovis, 2018) 99 

UK beef consumption per capita has increased 5.2% to 18.2kg from 2013 to 2017 (AHDB, 100 

2018). Thus, in order to meet this growing demand, beef from the dairy herd must be utilised 101 

to its full potential. However, 49% of prime beef fails to meet target market specifications 102 

(AHDB, 2017). Of the prime cattle sourced from the dairy herd in 2018; 59.3% had an “O” 103 
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conformation grade, while 22.0% were a “P” grade. Furthermore, 5.0% and 23.8% of cattle 104 

slaughtered were of a fatclass 1 or 2, respectively (LMC, 2019f). Therefore, based on the 105 

pricing grid shown in Figure 1.3, an O+2- carcass of 300kg would be worth £18 less than that 106 

of an O+3-. This is a substantial shortfall, which could be partially addressed by improving the 107 

lifetime health and performance of dairy-origin beef cattle.  108 

 Figure 1.3 Current pricing grid for prime cattle in Northern Ireland (LMC, 2019d) 109 

 110 

Ill health in cattle results in a considerable cost to the industry. Bovine respiratory disease 111 

(BRD) is the most common disease in cattle worldwide (Lorenz et al., 2011b). Incidence rates 112 

vary, but have been reported as high as 39% during the rearing phase (Van Donkersgoed et 113 

al., 1993, Maunsell et al., 2009). The risk of BRD increases up to four weeks of age and plateaus 114 

there after (Svensson et al., 2003). However, BRD is still a considerable problem in store and 115 

finishing cattle, with incidence rates documented between 9 and 21% (Wolfger et al., 2015).  116 

As a whole, it is estimated that 1.9 million animals are affected by BRD each year (Nicholas 117 

and Ayling, 2003). Estimates of the cost of BRD to the cattle industry vary, however, figures 118 

In spec grades inside yellow box 
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reported are from £50 million to £80 million (Potter, 2010, Barrett, 2000). The direct costs of 119 

treatment and possible mortality, are often exceeded by the longer term indirect costs 120 

associated with reduced lung function, feed efficiency and DLWG (Potter, 2010), thus 121 

resulting in an increased age at slaughter, and/or lighter carcass weight.  122 

The pre-weaning period accounts for approximately 10% of a beef calves life, but is the most 123 

crucial part in any beef system. It is during this stage of the production system that the 124 

immune system develops, which will impact the calves health status throughout its lifetime 125 

(Hulbert and Moisa, 2016). One of the main causes of poor health is failure of passive transfer 126 

(FPT) of immunoglobulins. Conneely et al. (2014) reported that 2/3 of calves under 10 days of 127 

age have FPT. It could be suggested that this figure is higher in male calves, as they are often 128 

considered a by-product of dairy production (Hulbert and Moisa, 2016) subsequently leaving 129 

them at a higher risk of morbidity throughout their lifetime. 130 

Stress is a well-known immunosuppressant (Earley et al., 2017), and when coinciding with a 131 

high environmental pathogen burden can lead to a high level of disease. The impacts of 132 

stressors such as castration, dehorning, weaning and housing are well documented (Lekeux, 133 

1995). In addition, in NI, dairy-origin beef cattle reside on a mean of 2.3 farms over their 134 

lifetime (BOVIS, 2018). The associated marketing process places additional stress on the 135 

animal (Hulbert and Moisa, 2016). Cattle markets contain a large number of animals of 136 

differing ages and health status in a confined area. To further compound the problem, cattle 137 

will be re-grouped on arrival at the farm, these animals will likely have been sourced from 138 

different farms, each with differing previous pathogenic exposure (Berge et al., 2006, Stanton 139 

et al., 2010). This presents a large challenge for the beef industry in terms of minimizing stress 140 

and maximizing health (Stanton et al., 2010).  141 
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A shift in the genetic potential of DOB cattle means that continued research is required to 142 

ensure the current position of the beef industry is accurately represented (Keane, 2003). In 143 

addition, frequent adjustments to agricultural policy and an ever changing, volatile market 144 

(Ashfield et al., 2013), mean that continued research is required to ensure the optimum 145 

systems for production are identified. Furthermore, the development of new precision 146 

technologies is expected to result in a wealth of opportunity for the beef industry. These 147 

technologies have the potential to advance the management of both animal health and 148 

performance (Neethirajan et al., 2017). However, a better understanding of the 149 

interpretation of this data is required in order to optimise its use.  150 

The aim of this review is to provide detailed consideration of the possible areas that could be 151 

addressed in order to improve the health and performance of DOB cattle. These include: 152 

1. Cold stress during calf rearing and potential methods of reducing exposure 153 

2. Bovine respiratory disease and the use of rumen temperature boluses 154 

3. Production systems for DOB cattle 155 

4. The impact of pre-slaughter stress on meat quality  156 

 157 

1.2 Cold stress  158 

At birth, a calves thermoregulatory system is metabolically immature, (Hill et al., 2016) due 159 

to its inability to generate heat through rumen fermentation (Collier et al., 1982, Roland et 160 

al., 2016, Tao and Dahl, 2013). Further to this, they have a large surface area to bodyweight 161 

ratio, resulting in a large area for heat loss (Collier et al., 1982, Roland et al., 2016). This is of 162 

particular concern during variations and extremities in climatic conditions (Bateman et al., 163 

2012, Bhat et al., 2015, Roland et al., 2016).  The thermoneutral zone (TNZ) is classed at the 164 
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optimum range of ambient temperatures at which a calf can maintain its own body 165 

temperature. Scanes (2011) stated that the TNZ ranged from 15 -25°C, with a lower critical 166 

temperature range of 9-15°C. There are many variables that will influence this range including 167 

wind speed, humidity, (Carroll et al., 2012) age, bodyweight, nutrition and the quality of 168 

bedding (Camiloti et al., 2012, Webster, 1974, Schrama et al., 1993). The German Institute for 169 

Standardization took bodyweight into consideration and provided more specific temperature 170 

ranges of 16-20°C for calves with a live weight of 60kg. This was reduced to 10-20°C for calves 171 

of 60-150kg (DIN, 1992).  Understandably there will be climatic differences between Germany 172 

and the UK, however, its application will still be relevant.  173 

Cold stress leads to thermoregulatory responses such as shivering, an increased metabolic 174 

rate, vasoconstriction and piloerection (Robinson and Young, 1988, Rawson et al., 1989b). 175 

Calves will also alter their behaviour, spending more time lying down rather than standing 176 

(Ha¨nninen et al., 2003), huddling together or seeking shelter (Spiers, 2012). These 177 

thermoregulatory responses come at a cost; calves housed at -4°C compared to 10°C have 178 

been shown to have on average a 32% higher maintenance requirement (Scibilia et al., 1987). 179 

In addition, these calves had a lower DLWG, water intake, rectal temperature and respiratory 180 

rate (Scibilia et al., 1987). This was similar to the findings of Lundborg et al. (2005) who found 181 

that calves housed where there was a recurring draught suffered from a greater risk of 182 

significantly increased respiratory sounds at lung auscultation in comparison to those housed 183 

without a draught. Similarly, Nonnecke et al. (2009) found cold stress to have a detrimental 184 

impact on respiratory health scores and antibiotic usage. However, the authors did not 185 

observe any difference in live weight gain, which was believed to be due to an increase in 186 

starter intakes. Cold stress also negatively affects immunity (Carroll et al., 2012), morbidity 187 

and mortality (Svensson et al., 2006, Johanson and Berger, 2003).  188 
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Hill et al. (2016) investigated the effects of climatic conditions on body temperature of calves 189 

up to two months of age using data loggers taped to the underside of the tail. There was a 190 

significant relationship between ambient temperature and tail temperature, with every 1°C 191 

increase in ambient temperature leading to a 0.0325±0.00035°C increase in tail temperature 192 

(Hill et al., 2016). This positive trend was in agreement with Theurer et al. (2014).  193 

1.2.1 Housing systems 194 

The type of calf housing plays an important role in controlling the environmental conditions 195 

at calf level (Roland et al., 2016). Calf hutches have been found to be a successful way of 196 

creating a comfortable microclimate during cold conditions. Macaulay et al. (1995) 197 

investigated three house types and found polyethylene hutches to be the warmest. In 198 

addition, ambient temperature inside a calf hutch has been reported to be 2.5°C greater than 199 

outside temperature, with high occupancy rates occurring during periods of increased wind 200 

speed (Hoshiba, 1986). The design of calf hutches has been greatly improved in recent years, 201 

and thus, the literature is lacking in up to date research, particularly within UK climatic 202 

conditions. A limitation of calf hutches, is their labour intensive nature, especially during pre-203 

weaning (Kung et al., 1997). For this reason indoor group housing systems are widely used, 204 

particularly when automated feeding systems can be incorporated. Group housing systems 205 

often consist of a naturally ventilated shed. This creates good air flow through the house, thus 206 

reducing the humidity and minimizing the concentration of noxious gases and dust particles. 207 

Good air quality is an important factor in reducing disease incidence particularly that of BRD 208 

(Roland et al., 2016). However, in naturally ventilated sheds it can be difficult to regulate the 209 

microclimate, as the large air space makes it difficult for calves to maintain heat particularly 210 

during cold conditions. 211 
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1.2.2 Alternative heat sources 212 

Sources of heat include the use of infrared lamps (Bhat et al., 2015, Borderas et al., 2009b) 213 

which provide directional and instant heat (Bhat et al., 2015). Borderas et al. (2009a) 214 

considered the preference of calves for spending time in hot, warm or cold regions of the pen 215 

during the first three days of life. The author found that as the calves aged their preference 216 

for the hot region grew, however there was no indication that this preference was linked to 217 

ambient temperature, which varied substantially (Borderas et al., 2009b). This suggests that 218 

the ability of a young calf to thermoregulate through its behaviour is limited (Stanko et al., 219 

1991). When considering a calf reared by its dam in the first few days of life, the cow initiates 220 

contact to provide additional heat rather than the calf choosing a warm environment (Jensen, 221 

2001). Perhaps this study should have monitored the calves for a longer period of time. This 222 

would have allowed the opportunity to assess the preference of calves as their ability to 223 

thermoregulate developed. It may also have allowed a temperature range at which calves 224 

prefer the use of infrared lamps to be established. 225 

Bhat et al. (2015) addressed the issue of the length of the trial period, assessing the use of 226 

infrared lamps for 60 days. During the trial mean ambient temperatures inside the calf house 227 

ranged from 9.5°C to 21.5°C, while relative humidity ranged from 72.1% to 91.7%. Calves with 228 

access to an infrared lamp (G2) had on average a 32% higher ADG over the 60 days than those 229 

with no access to additional heat (G1). G1 had much higher cortisol levels at day 15 and 45. 230 

The concentration of cortisol can be used as in indicator of stress, suggesting that these calves 231 

were suffering from cold stress leading to an increase in lipolysis and utilisation of brown 232 

adipose tissue for heat production (Bhat et al., 2015). Unfortunately the author did not 233 

monitor the preference of calves to utilize the infrared lamps. As calves age, and rumen 234 

development occurs they may not have the same need for additional heat. However, the 235 
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author concluded that the use of infrared heat lamps was economically viable (Bhat et al., 236 

2015).  237 

1.2.3 Calf jackets 238 

Calf jackets present an opportunity to provide calves with a barrier to environmental 239 

conditions, without restricting air flow through the house, however the literature assessing 240 

the use of calf jackets during the rearing period is limited. Earley et al. (2004) found no 241 

difference in live weight, total feed intake, serum IgG concentration or incidences of diarrhoea 242 

and pneumonia of calves reared outdoors in hutches with or without calf jackets. However, 243 

this study did not assess the use of calf jackets in an indoor rearing environment. Loy et al. 244 

(2000) compared the use of wool polyester blankets in calves reared in hutches or in a drylot 245 

with barn access during winter in North Dakota. Average temperatures were -1.8°C and -4.2°C 246 

for the calves housed in hutches and a dry lot respectively. The blanketed calves had a 23% 247 

higher ADG than those without blankets, however there was no significant difference 248 

between the two house types. The author concluded that blankets were effective in 249 

improving weight gains in the first three months of life (Loy et al., 2000). In extreme climatic 250 

temperatures (-30°C to -18°C) insulated calf coats have been shown to reduce heat loss by up 251 

to 52% (Rawson et al., 1989a). This would be expected to have a positive effect on feed 252 

conversion. More recent research conducted by Scoley et al. (2019) investigated the use of 253 

calf jackets within the first three weeks of life. The author found no difference in calf health 254 

or performance at the end of the study period. However, differences in skin surface 255 

temperature were apparent, with that of jacketed calves being 6.37°C greater. Thus, 256 

indicating the potential for calf jackets to create a microenvironment for the calf.  257 
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The scientific literature has focused on the impacts of providing additional heat (either lamps 258 

or calf jackets) immediately after birth. With few studies assessing their use over an extended 259 

period of time, as a means of counteracting low ambient temperature during the rearing 260 

period. However, under UK legislation calves under 7 days of age are not permitted to be sold 261 

through a market (DEFRA, 1990). Therefore in a DOB system, calves are not purchased until 262 

after they are a week old. Subsequently, there is a need to assess the use of calf jackets from 263 

arrival at the farm until weaning. 264 

1.3 Bovine respiratory disease 265 

BRD is a multifactorial disease that affects both the upper and lower respiratory tract of the 266 

lungs (Poulsen and McGuirk, 2009). Viral causes of BRD include bovine respiratory syncytial 267 

virus (BRSV), parainfluenza type 3 virus (PI3), bovine coronavirus, bovine viral diarrhoea virus 268 

and bovine herpes virus 1 (BHV-1). While common bacteria include Mannheimia haemolytica, 269 

Histophilus somni, Pasteurella multocida and Mycoplasma bovis (Vandermeulen et al., 2016, 270 

Earley et al., 2017). Studies have shown that BRD pathogens are present in the respiratory 271 

tract of healthy cattle. Angen et al. (2009) found that 63% of healthy calves had bacterial 272 

pathogens present in bronchoalveolar lavage (BAL). Stress plays a considerable role in the 273 

development of BRD. Events such as weaning, castration, dehorning and re-grouping are well 274 

known to cause immunosuppression (Lekeux, 1995, Hughes et al., 2014). This alteration in 275 

the immune function provides an ideal opportunity for invading pathogens (Earley et al., 276 

2017). In addition, a two stage infection process is commonly observed; with viruses being 277 

the initial cause of BRD, before a secondary bacterial infection transpires (Guzman and Taylor, 278 

2015). The chances of which are exacerbated by adverse environmental conditions such as 279 
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poor ventilation, and fluctuating ambient temperatures (Lorenz et al., 2011a, Lundborg et al., 280 

2005). 281 

BRD is often characterized by an increased respiratory rate, nasal discharge, coughing, 282 

dullness, fever and a reduced appetite (Lorenz et al., 2011a). If not detected early and 283 

successfully treated, BRD can cause severe lung damage. One European trial assessed the 284 

post-mortem incidence of respiratory disease in veal calves (Brscic et al., 2012). The author 285 

found that 13.9% of lungs exhibited mild to moderate signs of respiratory disease while 7.8% 286 

had severe respiratory disease. In addition, 21.4% of lungs showed obvious signs of pleutritis. 287 

This can have a huge impact on welfare, but also significantly reduces lifetime performance 288 

(Brscic et al., 2012). The long term effects on performance are difficult to quantify and greatly 289 

depend on the severity and age at infection.  290 

1.3.1 Fever as an immune response 291 

Fever is a key component of an animal’s immune response to inflammation or infection 292 

(Kluger, 1991), and occurs when the thermoregulatory set-point (regular core-body 293 

temperature) is increased (Oka et al., 2001). Fever is aimed primarily at creating suboptimal 294 

conditions for invading viruses and bacteria. In addition, an increase in body temperature 295 

assists in improving the effectiveness of the immunological response (Hart, 1988); by 296 

enhancing antibody production and bacteria killing by neutrophils and phagocytosis (Johnson, 297 

2002).  298 

However, fever comes at a cost; a greater maintenance requirement is associated with 299 

maintaining body temperature above normal levels (Hart, 1988). Studies have shown that 300 

every 1°C rise above normal results in a 13% increase in metabolic rate (Kluger, 1991). Heat 301 

conservation through behavioural and physiological changes also play an important role; with 302 
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sickness behaviours such as huddling, curling up and seeking warmer environments 303 

commonly observed (Hart, 1988, Johnson, 2002). In addition, the onset of sickness behaviour 304 

results in anorexia and a reduced appetite; further suppressing performance (Johnson, 2002).  305 

1.3.2 Detecting fever 306 

Fever is commonly identified when body temperature exceeds a predefined threshold. A 307 

threshold of 39.7°C is most commonly used (Burfeind et al., 2010, Galyean et al., 1999, Timsit 308 

et al., 2011a, Woolums et al., 2009), however in feedlot cattle thresholds of 40-40.3°C have 309 

been reported (Woolums et al., 2009). Fever in cattle is predominantly detected by measuring 310 

rectal temperature; with a single measurement generally being considered sufficient 311 

(Burfeind et al., 2010). However, rectal temperature has been shown to give erroneous 312 

readings of up to ± 0.5oC (Burfeind et al., 2010). In addition, rectal temperatures are often not 313 

easily obtained, particularly when cattle are at pasture, or handling facilities are inadequate 314 

(Rose-Dye et al., 2011). Thus, increased activity and stress associated with handling may cause 315 

further rises in temperature, increasing the possibility of obtaining false positive results (Hahn 316 

et al., 1990). Furthermore, obtaining rectal temperatures is time-consuming, and thus are not 317 

routinely taken (Adams et al., 2013, Hahn et al., 1990, Liang et al., 2013). As a result, 318 

elevations in temperature are often undetected, until clinical signs of disease are observed. 319 

However, in the case of BRD clinical signs are often not apparent until at least 50% of the lung 320 

has been damaged (Currin, 2009). Furthermore, studies have shown that there is a high rate 321 

(>60%) of un-detection of cases of BRD (Dejonghe, 2002, Timsit et al., 2009) thus, having a 322 

profound effect on the health, performance and welfare of these cattle. 323 

Alternative methods of monitoring body temperature in cattle have been investigated 324 

including; rumen boluses (Bewley et al., 2008a, Rose-Dye et al., 2011, Small et al., 2008, Timsit 325 
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et al., 2011a, Timsit et al., 2011b, Voss et al., 2016), ear tags measuring tympanic temperature 326 

(Mahendran et al., 2017, McCorkell et al., 2014) and infra-red thermography (Church et al., 327 

2014, Rekant et al., 2016). This review will primarily focus on the measurement of rumen 328 

temperature via an indwelling bolus.  329 

1.3.3 Rumen temperature boluses 330 

Rumen temperature boluses offer an automatic, continuous, non-invasive method of 331 

monitoring the onset of fever in a large number of animals, with a minimal labour 332 

requirement (Voss et al., 2016). Thus, they have the potential to be widely used in the early 333 

detection of disease (Timsit et al., 2011a), which is primarily what their intended commercial 334 

use is. Studies have investigated the relationship between rectal and rumen temperature 335 

(Bewley et al., 2008a, Hicks et al., 2001, Timsit et al., 2011a, Voss et al., 2016). Historically 336 

rumen temperature was thought to be approximately 1°C higher than rectal temperature 337 

(Bitman et al., 1984) with the difference being primarily due to heat production from rumen 338 

fermentation (Hicks et al., 2001, Prendiville et al., 2002). Recently, rumen temperature has 339 

been reported to be 0.57°C ± 0.27 (mean ± SD) higher than rectal temperature (Timsit et al., 340 

2011a). However, this trend is not consistent across all studies with Rose-Dye et al. (2011) 341 

observing rumen temperatures 0.13 ± 0.38°C lower than rectal temperature. Strong 342 

correlations have been observed in beef cattle ranging from r=0.89 to 0.91 (Rose-Dye et al., 343 

2011, Timsit et al., 2011a). Whereas correlations in dairy cows are lower, ranging from r=0.65 344 

to 0.75 (Adams et al., 2013, Voss et al., 2016). These discrepancies could be due to differences 345 

in trial conditions between the two studies; but could also be due to diet composition (Dale 346 

et al., 1954); in particular variations in concentrate intake (Bewley et al., 2008a) and diet dry 347 

matter. Both factors strongly influence water consumption; an outcome of which is a sharp 348 
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decline in rumen temperature (Bewley et al., 2008b, Rose-Dye et al., 2011, Timsit et al., 349 

2011a).  350 

1.3.4 Factors affecting rumen temperature 351 

Accurate diagnosis of BRD using rumen temperature can be a challenge. Rumen temperature 352 

is influenced by numerous factors including; environmental conditions, water consumption, 353 

diet, acidosis, oestrus, onset of parturition, behaviour, stress, vaccination and diseases other 354 

than BRD (Dale et al., 1954, Timsit et al., 2011a, Adams et al., 2013, Schutz and Bewley, 2009, 355 

Liang et al., 2013). Thus, each of these must be taken into consideration when using rumen 356 

temperature for BRD detection.  357 

Significant differences in diurnal temperatures have been observed, with rumen temperature 358 

being higher at night than during the day (Ipema et al., 2008). This is in agreement with Liang 359 

et al. (2013) who recorded mean maximum rumen temperatures at 2330h and minimum at 360 

1000h. However, the author discovered variations in the maximum according to season; 1830, 361 

1430, 0715 and 0730h for spring, summer, autumn and winter, respectively. Furthermore, 362 

the mean summer maximum rumen temperature was 0.4°C higher than that of winter. The 363 

influence of ambient temperature likely accounts for the differences observed; in this 364 

particular study mean summer ambient temperature was 24.7±2.58°C whereas that of the 365 

winter was 1.5±5.99°C (Liang et al., 2013). Previous studies in dairy cows labelled this trend 366 

as “seasonal drift” (Zartman and Dealba, 1982, Fordham et al., 1988). The effect of elevated 367 

ambient temperature is due to a response to heat stress; when ambient temperature rises 368 

above the upper critical temperature (23.9°C) (Collier et al., 2012), body temperature is 369 

increased in order to adapt to the external conditions (Hahn et al., 1990). It should also be 370 

noted that the influence of ambient temperature is less pronounced for rumen temperature 371 
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than that of rectal temperature, due to the difference in distance from the periphery of the 372 

body (Bewley et al., 2008a).  373 

As previously stated, water consumption causes a sudden drop in rumen temperature which 374 

can last over 3 hours before recovering to baseline temperatures (Bewley et al., 2008b, Rose-375 

Dye et al., 2011, Timsit et al., 2011a, Liang et al., 2013). In beef cattle, higher mean rumen 376 

temperatures have been observed in finishing cattle compared to growing cattle; primarily 377 

due to different diet composition (Mohammed et al., 2014). In addition, Loholter et al. (2013) 378 

observed a 0.4°C increase in rumen temperature when feeding a low fibre, high energy diet 379 

to non-lactating dairy cows. Fermentation of feed in the rumen has been shown to cause a 380 

postprandial rise in rumen temperature (Loholter et al., 2013, Wahrmund et al., 2012); 381 

peaking as late as 12.7 hours postprandial (Mohammed et al., 2014). This results in diurnal 382 

variation in association with feeding patterns (Bewley et al., 2008a).  383 

The development of acidosis in beef cattle usually occurs when a high level of concentrates 384 

are fed (Stercova et al., 2006); the likelihood of which is heightened when an ample transition 385 

period is not adhered to (Nagaraja and Titgemeyer, 2007, Kleen et al., 2003). In dairy cows 386 

acidosis has been found to be responsible for an elevated mean rumen temperature of 387 

39.21°C; 0.67°C higher than that of control cows (AlZahal et al., 2008). Steers subjected to an 388 

acidotic challenge exhibited the greatest rumen temperature response in the hours following 389 

feeding; 0.15°C higher than control steers 6 hours after challenge. However, mean 390 

temperatures during the experimental period were not significantly different (Wahrmund et 391 

al., 2012). Rumen temperature is negatively correlated with rumen pH. Correlations of r=-392 

0.63 and r=-0.11 have been reported in beef finishing cattle (Mohammed et al., 2014) and 393 

dairy cows (Loholter et al., 2013), respectively. Thus, the continual monitoring of rumen 394 
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temperature may have the potential to aid in the detection of subacute ruminal acidosis 395 

(AlZahal et al., 2008, Mohammed et al., 2014, Wahrmund et al., 2012).  396 

Studies have shown an increase in core body temperature coincides with the onset of oestrus 397 

in cows. A sudden rise in temperature on the day of oestrus is often succeeded by a more 398 

gradual increase following oestrus (Wrenn et al., 1958). Cooper-Prado et al. (2011) observed 399 

a 0.61°C and 0.68°C increase in rumen temperature compared to the day before and after 400 

oestrus, respectively in beef cows. This increase in temperature lasted up to 8 hours after the 401 

detection of oestrus. However, the cause of this rise in temperature remains largely unknown; 402 

physiological changes and increased activity have been suggested (Kyle et al., 1998). 403 

Physiological changes occurring during gestation are also thought to lead to a rise in rumen 404 

temperature (Adams et al., 2013). Conversely, the onset of parturition is preceded by a 405 

significant decline of 0.33°C, beginning 48 hours prior to parturition (Cooper-Prado et al., 406 

2011), this is similar to the findings of Costa et al. (2016), who concluded that a drop in rumen 407 

temperature of as little as 0.20°C was indicative of the onset of parturition.  However, 408 

previous studies have documented a reduction in core body temperature as high as 1°C 409 

(Lammoglia et al., 1997). Furthermore, lactating cows have an increased core body 410 

temperature in comparison to dry cows; while body temperature rises with increasing milk 411 

production (Araki et al., 1984, Liang et al., 2013).  412 

Agnostic and sexual interactions are particularly common in cattle following re-grouping, in 413 

order to establish a social hierarchy. In addition, the frequency and duration of agnostic 414 

behaviour in bulls is increased when they are in groups of a homogenous weight (Mounier et 415 

al., 2005). Agnostic behaviour in young bulls has been suggested to cause increases in rumen 416 

temperature for up to 24 hours (Timsit et al., 2011a) depending on the duration and intensity 417 

of the interaction. However, to the author’s knowledge this relationship has never been 418 
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investigated in cattle. Increased activity (Oka et al., 2001), particularly when cattle are at 419 

grass, may also cause a rise in body temperature (Wahrmund et al., 2012). However, Ipema 420 

et al. (2008) found no effect of activity on rumen temperature when conducting a pilot study 421 

on one dairy cow in a straw bedded pen. However, this association requires further research 422 

using a larger number of animals in differing environments.  423 

Stress-induced hyperthermia (SIH) has been shown to occur during exposure to stress and/or 424 

fear inducing situations (Spooren et al., 2002). This response is commonplace for numerous 425 

species, and occurs to allow a fight or flight response (Bouwknecht et al., 2007). In an open-426 

field test a rise of up to 0.55°C in rectal temperature was observed in sheep (Pedernera-427 

Romano et al., 2011). Thus, stressful events may have a significant impact on rumen 428 

temperature.   429 

Vaccination also influences core body temperature by promoting the development of an 430 

acquired immunity (Galyean et al., 1999), thus inducing a fever response. Voss et al. (2016) 431 

detected fever episodes for up to 48 hours post vaccination in pre-weaned calves. In dairy 432 

cows vaccinated against C. burnetii (Q fever) a 0.6°C and 0.3°C rise in rectal temperature were 433 

observed on D1 and D2 following vaccination, with a fever stemming 11.1 ±2.6h post 434 

vaccination (Schulze et al., 2016). These findings are in agreement with previous studies 435 

conducted using different vaccinations (Bosch et al., 1997, Scott et al., 2001).  436 

Other inflammatory related diseases such as metritis, mastitis and lameness are also 437 

associated with in increased rumen temperature. 67% of dairy cows diagnosed with mastitis 438 

or metritis had an increased rumen temperature of 0.8°C above their baseline. Lameness was 439 

much lower (20%) and thus has less of an impact on rumen temperature (Adams et al., 2013).   440 

As outlined, an elevation in rumen temperature could be caused by a combination of factors, 441 

leading to a lack of specificity to BRD or indeed bacterial or viral disease challenge. In addition, 442 
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a combination of these factors will lead to individual variability (Adams et al., 2013, 443 

Mohammed et al., 2014), together with differences in breed and sex. Thus, the establishment 444 

of a baseline temperature for each animal allows for more accurate disease detection; 445 

reducing the number of false positive (due to an above average temperature) or false negative 446 

(due to below average temperature) diagnosis (Lefcourt et al., 1999, Adams et al., 2013). In 447 

order to ensure stringent antimicrobial use, it is vital that these factors are taken into 448 

consideration and a threshold of the initiation of treatment is established.  449 

1.4 Dairy origin beef production systems  450 

1.4.1 Current industry position 451 

In the UK and Ireland, a large proportion of dairy herds are spring calving. Thus, the most 452 

common DOB production system is a 24 month steer system, where cattle spend two seasons 453 

at pasture and are slaughtered following an indoor finishing period (Keane and Drennan, 454 

1991). This is a relatively low cost system, gaining a high proportion of growth from pasture. 455 

This trend is further illustrated by the fact that steers and heifers accounted for 51% and 39%, 456 

respectively, of prime cattle slaughtered in the UK in 2018; whereas young bulls accounted 457 

for only 10% (DEFRA, 2018b). Figure 1.4 further illustrates the composition of prime cattle 458 

slaughtered in NI in 2018. 459 
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 460 

Figure 1.4 Source of prime cattle slaughtered in NI in 2018 (LMC, 2019b) 461 

 462 

Characteristically, bulls have a much higher growth rate potential; which offers the 463 

opportunity for increased efficiency. Kirkland et al. (2006) found that HF bulls had a 0.17kg/d 464 

greater LWG than steers; which equated to a further 32 days of finishing for the steers to 465 

achieve the target slaughter weight of 450kg. This is in agreement with Steen (1995) who 466 

reported a 31% higher carcass gain for bulls. Additionally, bulls are also associated with a 467 

higher FCR and carcass muscle proportion (Steen, 1995). Improvements in FCR of 18.8% 468 

(Kirkland et al., 2006) have been documented; while carcasses of bulls contain 20% more lean 469 

meat than that of steers (Steen, 1991). Differences in performance also exist between steers 470 

and heifers; with steers producing a 21kg heavier carcass than that of heifers when 471 

slaughtered at the same age (Steen, 1995). Similarly, Lowman et al. (1996) reported 472 

differences of up to 0.14kg/d between steers and heifers during a summer grazing period.  473 
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In addition to the market value of beef; profitability in a dairy-origin beef production system 474 

is often determined by two main factors; carcass output per hectare and the proportion of 475 

grazed grass in the diet (Ashfield et al., 2014). Feed costs account for a substantial proportion 476 

of the variable costs in beef production with values of up to 75% being reported (Finneran et 477 

al., 2010). Thus, a production system must be aimed at optimising input of feed; particularly 478 

concentrates, while maximising performance.  479 

In light of the superior growth rates, and efficiency of bulls. It is questionable as to why they 480 

represent such a low proportion of the prime beef slaughtered. Thus, the scientific literature 481 

on bull beef production systems will be reviewed, in order to identify areas of further research 482 

that could in turn increase the uptake of bull beef systems.  483 

1.4.2 Ad libitum concentrate feeding 484 

Bull beef production is traditionally an intensive ad libitum concentrate, indoor system (Allen 485 

and Kilkenny, 1984, Kirkland et al., 2006). Ad libitum feeding has the potential to lead to 486 

superior weight gains by fully maximising the genetic potential of the animal. Supplementing 487 

concentrates at 95% of DMI from 3 months of age to slaughter at 550kgLW has been shown 488 

to result in a mean LWG of 1.33kg/d (Kirkland et al., 2006). This is in agreement with previous 489 

ad libitum studies achieving mean LWGs of 1.49kg/d (Therkildsen et al., 1998) and 1.24kg/d 490 

(Moloney et al., 2004).  491 

Kirkland et al. (2006) investigated the outcome of ad libitum feeding at six different slaughter 492 

weights starting at 300kg and increasing in 50kg increments to 550kg. Kill out percentage 493 

(KO%) benefited from an increased slaughter weight, achieving an additional 2.1% when 494 

slaughtered at 550kgLW compared to those as 300kgLW. Likewise, fat classification and 495 

carcass conformation showed similar trends; yielding an additional 1.04 and 0.63, 496 
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respectively, on a five-point scale. Slaughtering bulls at 300kgLW resulted in a carcass weight 497 

of only 155kg. In the current market, this system would not meet market specification and 498 

thus, would be subject to substantial reductions in carcass value. However, these bulls were 499 

slaughtered at only 8 months of age; and thus had not utilised the full 16 months available 500 

for finishing. In addition, difficulty arose with trying to obtain a sufficient fat cover at such a 501 

young age. Finishing bulls at 550kg, resulted in a greater carcass weight of 233kg at 14.3 502 

months of age. This system required an extended finishing period of 6 months, with an 503 

additional concentrate intake of 1.5tDM. The author observed that daily DMI increased 504 

linearly with increasing slaughter weight, reaching a maximum of 6.93kgDM when bulls were 505 

slaughtered at 550kgLW. This trend was deemed to be due to an increase in energy 506 

requirement as slaughter weight increased (Kirkland et al., 2006). A limitation of this study is 507 

that the slaughter weights used were relatively light. Including a 600kg slaughter weight 508 

group; and thus, by allowing bulls to reach their full potential at 16 months; would have 509 

provided a clearer picture on what could be achievable from ad libitum feeding.  510 

The literature on lifetime ad libitum bull beef production systems is limited, possibly due to 511 

the fact that until recent years bulls could meet market specification up to 20 months of age. 512 

This allowed for a less intensive system, providing the opportunity to achieve sufficient 513 

carcass weights from a lower level of concentrate supplementation.  514 

However, the recent shift in market specification puts increased pressure on bull beef 515 

production. The result of which is a move within the industry toward a high input, indoor 516 

system. Thus, a high lifetime concentrate intake results in a high cost of production (Kirkland 517 

et al., 2006) which creates a system that is subject to fluctuations in concentrate price and 518 

market volatility (Ashfield et al., 2014). Thus, in order to improve the industry’s ability to 519 

withstand volatility; a more sustainable production system must be identified.  520 
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1.3.3 Restricted concentrate feeding with ad libitum silage 521 

Operating a housed system allows for higher stocking rates, particularly if the availability of 522 

land is an issue. In addition, with the use of well-designed housing and handling facilities, 523 

routine work with bulls can be easy and safely completed. Supplementing restricted levels of 524 

concentrates in combination with ad libitum grass silage provides the opportunity to reduce 525 

production costs, particularly during the growing period; without substantially reducing 526 

carcass weight and characteristics.  527 

Supplementing a low level of concentrates during the growing period has been shown to 528 

achieve reasonable LWG. Steen and Kilpatrick (1998) investigated five levels of concentrate 529 

supplementation with ad libitum access to high-digestibility grass silage from 5.5 to 11 530 

months of age on Continental x Friesian (CONxFR) bulls. The five concentrate levels of 0.8, 531 

1.6, 2.4, 3.2 and 4.0kg equated to 13, 25, 33, 44 and 51% of the total DMI. The author found 532 

that increasing concentrate supplementation resulted in a significant linear increase in LWG; 533 

ranging from 0.7kg/d to 1.18kg/d. This is in agreement with Manni et al. (2013) who 534 

supplemented concentrates at 42% DMI during the growing period while housed and 535 

achieved a 1.16kg/d LWG.  536 

Kirkland et al. (2007) offered concentrates at 50% of DMI from 6 to 16 months of age; 537 

achieving a carcass weight of 278.8kg. During the 249d experimental period, these bulls had 538 

a total concentrate intake of 1138kgDM (Kirkland et al., 2007); considerably lower than that 539 

of ad libitum fed bulls (Kirkland et al., 2006); thus reducing the cost of production. Steen and 540 

Kilpatrick (1998) finished bulls on 3kgDM concentrates. The author found that the level of 541 

concentrate feeding during the growing period had no significant effect on carcass weight; 542 

which ranged from 348 to 354kg for 2.4 and 4.0kg concentrate supplementation, respectively. 543 

However, differences were apparent in the duration of the finishing period; bulls initially fed 544 
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0.8kg required an additional 49 days to meet target slaughter weight compared to those on 545 

2.4kg. 2.4kg supplementation (33% DMI) was concluded to be the optimum level of 546 

concentrates during a housed growing period. However, these bulls were finished on a 547 

relatively low level of concentrates at approximately 18.5 months of age. Therefore, to apply 548 

this feeding strategy to a 16 month bull beef system, a higher level of feeding would be 549 

required during the finishing period, to obtain the desired level of performance; and thus, 550 

may also alter the optimum level of supplementation during the growing period.  551 

The duration of a production system should also take into consideration the sigmoidal growth 552 

curve of cattle; where the onset of puberty marks the point of inflexion, and growth slows as 553 

they approach their maximum potential for lean tissue gain (Brody, 1945, Kirkland et al., 554 

2006). Once the animal reaches mature body weight, growth rates can be expected to cease 555 

(Brody, 1945). Additionally, the 15% higher maintenance requirement of heavier cattle 556 

(Dawson and Steen, 1998), and increased fat deposition as they approach maturity will also 557 

play a role here (Kirkland et al., 2007). Fat cover requires a high energy diet; thus excessive 558 

fat cover will have a detrimental effect on FCR (Murphy and Loerch, 1994). Therefore, changes 559 

in FCR will follow a similar sigmoidal pattern as the animal matures (Manni et al., 2017). This 560 

was evident in the study conducted by Kirkland et al. (2007) where increasing slaughter age 561 

from 16 to 20 months resulted in an increased LW at slaughter of 111kg. However, growth 562 

rates were compromised during this additional 4 months of finishing. Bulls slaughtered at 20 563 

months had a mean LWG of 1.14kg/d up to 16 months of age; following this mean LWG 564 

decreased to 0.88kg/d; a substantial 30% reduction (Kirkland et al., 2007).  565 

Unlike ad libitum concentrate supplementation; bulls fed concentrates at 50% DMI did not 566 

exhibit a tendency for increasing DMI with increasing slaughter age. Kirkland et al. (2007) 567 

observed a similar DMI for bulls slaughtered at 16 and 20 months of age. This was 568 
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predominantly due to the higher forage component of the diet. The fact that these bulls were 569 

approaching maturity may also have been an influencing factor; in addition a higher 570 

proportion of body fat in the bulls slaughtered at 20 months may have limited their intake 571 

potential (Kirkland et al., 2007, National ResearchCouncil., 1987). 572 

It should be noted that bulls which have been housed throughout their lifetime have been 573 

observed to be more aggressive toward humans and one another, compared to those which 574 

have been at pasture (Steen and Kilpatrick, 1998). This can result in safety issues for the 575 

famer, but may also increase the risk of bulls getting hurt, as a result of aggressive social 576 

behaviour.  577 

1.4.4 Inclusion of a grazing period 578 

It is well documented that grass is the cheapest form of feed for ruminant production in 579 

temperate climates (O'Riordan and O'Kiely, 1996, O'Donovan et al., 2011). Thus, the inclusion 580 

of a grazing period during the first summer, has the potential to reduce production costs 581 

considerably. Keane and Fallon (2001) observed a mean LWG of 0.72kg/d and 0.80kg/d during 582 

a 203d and 134d grazing period, respectively for HF bulls. Steen and Kilpatrick (1998) found 583 

that the LWG achievable from grass depended largely on pre-grazing height. Reducing pre-584 

grazing sward-surface height from 10.0cm to 6.5cm resulted in 0.33kg/d reduction in LWG in 585 

CONxFR bulls. Supplementing 1.6kg/d of concentrates lead to a 0.08kg/d increase in LWG for 586 

bulls grazing 6.5cm swards, but, had no impact on those grazing 10cm swards where LWG 587 

was maintained at 1.03kg/d. These results are in agreement with a previous study by Steen 588 

(1994), and demonstrate that offering a sufficient quantity of quality pasture has the potential 589 

to maintain near maximum performance. In addition, the response to concentrates at grass 590 
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is less than that achieved when supplemented in addition to grass silage (Steen and Kilpatrick, 591 

1998); primarily due to the fact that grass is generally a higher quality forage.                                                                                                                                                                                                            592 

Therkildsen et al. (1998) grazed FR bulls from 7-12 months of age obtaining a mean LWG of 593 

1.1kg/d. However, this was 37% lower than that of housed ad libitum concentrate bulls. Thus, 594 

to justify such a substantial reduction in LW, a lower cost of production must be guaranteed. 595 

Another factor that should be taken into consideration is the potential post-turnout LW loss; 596 

which can last for up to 2 weeks, with a reduction in LW of up to 15kg (Steen and Kilpatrick, 597 

1998). However, the extent of which can be reduced if cattle are fed a high forage diet pre-598 

turnout, as opposed to having a high level of concentrate supplementation (Danielson et al., 599 

1992). 600 

Problems can arise with bulls at pasture, particularly if weather conditions are not optimal. 601 

Bulls are known for agonistic and sexual behaviour (Timsit et al., 2011a), and being generally 602 

more unsettled that steers. The likelihood of when is amplified if conditions are wet. Grazing 603 

bulls in large groups or having a lack of shelter in paddock grazing systems are also influencing 604 

factors (Harte, 1984). This can lead to increased poaching and a reduction in the grazable 605 

area. Thus, early housing of bulls in the autumn can reduce setbacks in LWG (Keane and 606 

Fallon, 2001) and sward damage. Adverse grazing conditions were thought to be largely 607 

responsible for the poor LWG (0.58kg/d) of bulls during the grazing season observed by 608 

McNamee et al. (2015). Keane and Fallon (2001) reported that bulls housed in early 609 

September were of better body condition than those housed in late November. This was 610 

confirmed by a reduction in mean LWG from grass of 0.08kg/d when the grazing season was 611 

extended. Considering the relatively short duration for finishing following a summer grazing 612 

period (particularly for autumn born bulls) it is vital that a balance is reached between 613 

maximising the inclusion of grass in the diet and LW performance.   614 
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1.4.5 Finishing after a grazing period 615 

Once housed, the level of concentrate feeding during the finishing period must be carefully 616 

considered. Depending on the length of the grazing period; bulls are likely to be substantially 617 

lighter than if they had been housed on an ad libitum system (Keane and Fallon, 2001, Kirkland 618 

et al., 2006, Therkildsen et al., 1998). Thus, in order to ensure output is not compromised, the 619 

aim should be to maximise carcass gain during the subsequent finishing period. However, an 620 

appropriate transition period must be adhered to; allowing the rumen time to adapt from a 621 

forage based diet to a predominantly concentrate based diet (Kleen et al., 2003). Associated 622 

health disorders, such as diarrhoea, acidosis (Kleen et al., 2003) and lameness, can have a 623 

detrimental effect on performance, and may eliminate the chance of obtaining high growth 624 

rates during the finishing period (Therkildsen et al., 1998).  625 

Following a 203 day grazing period, low (3kg/d) and medium (6kg/d) concentrate 626 

supplementation during a 179 day finishing period, were deemed to yield an insufficient 627 

carcass weight and fat classification (Keane and Fallon, 2001).  However, for Charolais x 628 

Friesian (CHxFR) bulls grazed for 4.5 months, Keane and Allen (1998) observed a LWG of 629 

1.18kg/d when supplemented with concentrates at a mean of 45% DMI during the finishing 630 

period. Resulting in a carcass weight of 384kg, with a fat classification of 3.29. The 631 

discrepancies between the two studies could be accounted for by the relatively shorter time 632 

at pasture; longer finishing period, breed differences and also that the bulls used in the later 633 

study were spring born, and thus younger when tuned out to pasture.   634 

High energy ad libitum concentrate feeding during the finishing period has been reported to 635 

achieve a mean LWG of 1.36kg/d; leading to a LW at slaughter of 610kg (Keane and Fallon, 636 

2001). These bulls obtained a carcass weight of 338kg, and fat classification of 3.2 following a 637 

mean finishing period of 225 days. Although not specified, it is estimated that these bulls were 638 
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approaching 18 months at slaughter (Keane and Fallon, 2001). Thus, if this system was to be 639 

implemented, a shorter grazing period would be required to ensure bulls are slaughtered 640 

under 16 months with adequate carcass weights and fat cover.  641 

Therkildsen et al. (1998) reported that following an ad libitum concentrate finishing period; 642 

grazed bulls required an additional 15 weeks to reach a target slaughter weight of 460kg 643 

compared to lifetime ad libitum bulls. The grazed bulls also exhibited a 19% poorer FCR during 644 

the finishing period; thought to be primarily due to their higher feed intake (8.5%). A higher 645 

feed intake may have been due to a lower fat cover (Therkildsen et al., 1998), or an increased 646 

rumen capacity due to the previous high forage diet as suggested by Keane and Fallon (2001). 647 

Andersen (1975) found that maximum feed efficiency during the finishing period occurred at 648 

a concentrate supplementation level of 70% of the ad libitum intake level. 649 

Keane and Fallon (2001) concluded that commencing a finishing period at 300kgLW following 650 

a grazing period, would require 1.9tDM of concentrates and 0.2tDM of silage over a 7 month 651 

period when concentrates were supplemented ad libitum, to achieve a carcass weight of 652 

320kg. An additional 1.5 months of finishing was required when concentrates were 653 

supplemented at 6kgDM/d; equalling a total concentrate intake during the finishing period of 654 

1.3tDM along with a 1.1tDM silage intake. Thus, a balance between feed input and length of 655 

finishing period needs to be considered when identifying the optimum production system for 656 

bull beef. The practicalities of which will depend largely on the availability of housing and cash 657 

flow within the business.  658 

1.4.6 Compensatory growth 659 

Compensatory growth is often used to minimise winter feeding costs in beef production 660 

systems (Keogh et al., 2015). It occurs following the manipulation of growth rates, usually due 661 
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to feed restriction. Once the animal is offered a higher nutrient or feed intake, it enters a 662 

period of realimentation and growth rates accelerate. Following a grazing period, the 663 

likelihood of compensatory growth is greater if growth rates have been restricted due to 664 

suboptimal grazing quality; which is more common during the autumn (Berge et al., 1991, 665 

Horton and Holmes, 1978). However, compensatory growth following feed restriction at 666 

pasture is usually lower and less predictable, than that achieved off pasture following a 667 

restriction (or store) period during the previous winter (Moran and Holmes, 1978). Bull beef 668 

production systems often do not allow for a grazing season following a housed store period, 669 

particularly if bulls are spring born. Thus, if any compensatory growth is to be achieved it will 670 

likely occur during the finishing period.  671 

Keogh et al. (2015) restricted HF bulls indoors to a LWG of 0.6kg/d for a duration of 125d. 672 

During the period of realimentation, bulls were fed a total mixed ration (TMR) ad libitum, with 673 

a concentrate inclusion rate of 70%. Over this 55d period bulls had a growth rate of 2.5kg/d. 674 

FCR was also substantially improved by 64.4% during realimentation. However, in comparison 675 

to bulls fed ad libitum throughout the study, carcass weight was 58.86kg lighter for restricted 676 

bulls, and KO was 2.26% lower when both groups were slaughtered at the same time.  677 

During an indoor restriction period of 349d Manni et al. (2017) reported a LWG of 0.90kg/d; 678 

a substantial 35% lower than that of ad libitum fed bulls. However, compensatory growth was 679 

demonstrated when these bulls were offered ad libitum feeding for 115d, with a 50% increase 680 

in LWG being recorded. Carcass weights were similar for the two treatments, however, the 681 

author slaughtered the ad libitum bulls after 377d on trial, whereas the restricted bulls were 682 

slaughtered after 464d; thus it is difficult to make a direct comparison regarding carcass 683 

characteristics. One consideration that was evident from both of these studies, was that a 684 
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longer finishing period was required to reach a target slaughter weight following a period of 685 

feed restriction.  686 

Compensatory growth following a grazing season is an area that has had limited attention 687 

within the scientific literature. Steen (1994) observed little compensatory growth during the 688 

finishing period. As a result, differences in LW at 10 months of age, due to either pre-grazing 689 

sward height or level concentrate supplementation were retained until slaughter. However, 690 

in contrast McNamee et al. (2015) recorded LWG of 1.97kg/d in first 71d of finishing. The 691 

author noted that the grazing season during this trial was “exceptionally cold and wet”, thus 692 

grazing conditions were poor, and over the 133d at pasture, bulls only had a mean LWG of 693 

0.58kg/d. These results would indicate that weather conditions will have a large influence on 694 

the LWG achieved during the grazing season and subsequently during the finishing period.  695 

The compensatory growth response index quantifies the ability of an animal to recover from 696 

a period of feed restriction (Hornick et al., 2000, Keogh et al., 2015). Keogh et al. (2015) 697 

observed an index of 48% after 55d of realimentation; this could have been considered a 698 

relatively short period of realimination since accelerated growth rates are thought to peak 699 

after 2 months (Hornick et al., 2000). This is in agreement with Berge et al. (1991) who 700 

reported that restricted bulls only compensated 40% of the weight difference, and required 701 

up to 6 weeks of additional finishing to reach a target slaughter weight. Following a 4 month 702 

realimentation period, another study observed a response index of 87% in bulls (Brandstetter 703 

et al., 2000). This shows that even if when compensatory growth is demonstrated, cattle will 704 

often not compensate totally for the restriction in growth (Coleman and Evans, 1986, Hornick 705 

et al., 2000).  706 

Although individual variability is inevitable within a group of cattle (Keogh et al., 2015), there 707 

are many aspects of compensatory growth that are still poorly understood (Manni et al., 708 
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2017) Thus, it is difficult to guarantee the level of growth that can be achieved during 709 

realimentation. The response to restricted growth is expected to be greatest when the 710 

duration and intensity of restriction are not too severe. Hornick et al. (2000) suggested the 711 

optimum duration of restriction in cattle was 3 months. Other variables that will determine 712 

the level of compensatory growth achieved include; age at restriction, length of the 713 

realimentation period and the level and quality of feed during this time (Manni et al., 2013). 714 

In addition the genotype, gender and maturity of the animal are also influencing factors 715 

(Keogh et al., 2015). Historically, it was thought that compensatory growth is more 716 

pronounced when the result of restricted growth rate was reduced fat deposition, as opposed 717 

to a reduction in the deposition of lean (Moran and Holmes, 1978).  However, numerous 718 

studies have highlighted contrasting results; Steen and Kilpatrick (1998) observed no 719 

difference in LWG during the finishing period; even though silage fed bulls had a greater fat 720 

cover than that of grass fed bulls during the growing period. This was in agreement with 721 

previous studies by Baker et al. (1985), and Patterson et al. (1993).  722 

1.4.7 Other factors for consideration 723 

In addition to maximising performance, an ad libitum diet also maximises intakes. DMI of high 724 

concentrate diets is controlled primarily by the animal’s energy requirements (Allen, 2000, 725 

Manni et al., 2017). Whereas, with a high forage diet energy requirements may not be 726 

fulfilled. Reasons for this include; a lesser nutritional value and the bulky, fibrous nature of 727 

the feed which has been shown to restrict intake (Allen, 2000).  Thus, energy intake has a 728 

large influence on LWG, particularly in growing cattle. In addition, energy intake also 729 

determines fat deposition (Manni et al., 2017, Manni et al., 2013) as the synthesis and 730 

deposition of fat requires a high energy requirement (Keogh et al., 2015).  731 
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Breed will also have an impact on the merit of a production system. For pure bred dairy cattle, 732 

FR have been shown to have a lower LW than HOL, of a similar body condition score (Keane 733 

et al., 2001). However, studies have shown that on a similar diet FR will produce greater 734 

carcass weights than HOL (Kirkland et al., 2006). It is understood that this difference can be 735 

primarily accounted for by a lower proportion of body cavity fat, gastrointestinal fat in FR 736 

(Keane et al., 2001), and poorer carcass conformation in HOL (Campion et al., 2009); resulting 737 

in a 3.8% greater KO in FR bulls (Keane, 1979).  738 

Dual purpose dairy breeds such as the Norwegian Red (NOR) have a greater beef production 739 

potential than that of conventional dairy breeds. Although the literature is limited, NOR bulls 740 

have a significantly greater KO% and carcass confirmation than that of HF bulls. Furthermore, 741 

similar carcass weights were obtained from a significantly lower DMI for NOR bulls; resulting 742 

in a better FCR (Kirkland et al., 2007). This is primarily due to the larger gastro-intestinal tract 743 

of HF cattle (Simm, 1998) and an increased maintenance requirement due to a significantly 744 

greater live weight (Kirkland et al., 2007). These findings are consistent with more recent 745 

studies such as that of McNamee et al. (2015), who compared HF and NORxHF bulls. 746 

CH x FR cattle have been shown to have a higher growth rate of 7% than FR cattle (More 747 

O'Ferrall and Keane, 1990). This is in agreement with Steen (1995), who recorded 10% greater 748 

lean gains for Limousin x Friesian (LIMxFR) cattle than that of FR cattle. In addition CON x FR 749 

cattle are thought to have a greater ability to respond to concentrate supplementation due 750 

to their high growth rate potential (Steen, 1994). Beef bred x HF cattle also have a higher 751 

KO%. There are numerous reasons for this including; HF cattle have a greater predisposition 752 

for the accumulation of internal fat; reduced gut fill and greater conformation scores (Kirkland 753 

et al., 2007, Kirkland et al., 2006) 754 



 

36 
 

The impact of production system on meat quality should also be considered. Moloney et al. 755 

(2004) compared the meat quality of bulls offered ad libitum concentrates, indoors or at 756 

pasture during finishing. The author reported no significant differences in any of the meat 757 

quality parameters measured in the study. This is in agreement with more recent research 758 

conducted by Nian et al. (2017). 759 

1.4.8 Conclusions 760 

Within the literature there is clear knowledge gap surrounding the optimum production 761 

system for dairy-origin bull beef, particularly when slaughtered at the current market 762 

requirement of under 16 months of age. Furthermore, little is known around the optimum 763 

level of concentrate supplementation at grass, and to the authors’ knowledge the possibility 764 

of ad libitum concentrate feeding at grass has not been investigated.  765 

1.5 Pre-slaughter stress 766 

1.5.1 The pre-slaughter phase 767 

The pre-slaughter phase includes the events that take place from the animal leaves the farm 768 

until it enters the stun box at the abattoir (Ferguson and Warner, 2008). During this time 769 

cattle are subject to a number of stress-inducing situations; including transportation, mixing 770 

and exposure to an unfamiliar environment and personnel (Ferguson and Warner, 2008, 771 

Miranda-de la Lama et al., 2014). An outcome of which can be a detrimental effect on animal 772 

welfare and meat quality (Hemsworth et al., 2011, Lomiwes et al., 2014, Shaw and Tume, 773 

1992). With 38,000 prime cattle slaughtered in the UK each week (DEFRA, 2018a), it is vital 774 

that stress is minimised during the pre-slaughter phase.  775 

1.5.2 Stress response 776 
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During the pre-slaughter phase an animal may experience increased physical activity, injury 777 

and fear. Depending on the duration of the pre-slaughter phase, the animal may also be 778 

subject to fatigue, dehydration and hunger (Ferguson and Warner, 2008). These challenges 779 

often result in a stress response; where cattle will exhibit a number of physiological and 780 

haematological changes in an attempt to re-establish homeostatic conditions (Chulayo and 781 

Muchenje, 2017, Cafazzo et al., 2012).  782 

1.5.2.1 Physiological response 783 

Physiological changes such as an increase in core body temperature and heart rate have been 784 

reported in the literature. Stress-induced hyperthermia occurs when the thermoregulatory 785 

system is altered by the autonomic nervous system; causing a short-term elevation in core 786 

body temperature in response to a stressor (Spooren et al., 2002). Stress-induced 787 

hyperthermia as a result of transportation has previously been investigated, with rectal 788 

temperature being the most common measure (Buckham Sporer et al., 2008, Earley et al., 789 

2011, Gupta et al., 2007, Kenny and Tarrant, 1987b, Tarrant et al., 1992, Tennessen et al., 790 

1984). Increases in rectal temperature of up to 0.5 ± 0.1°C post transport have been reported 791 

(Tennessen et al., 1984, Booth-McLean et al., 2007). However, measuring rectal temperature 792 

using a hand-held thermometer at specific time points has its limitations.  Handling and 793 

human presence at the time of measurement can have a detrimental effect on the accuracy 794 

of rectal temperature measurement (Burdick et al., 2010, Hahn et al., 1990). The need to 795 

restrain an animal in order to obtain a rectal temperature may further affect this; leading to 796 

variations of up to 0.5°C due to the procedure itself. In addition, differences in the penetration 797 

depth into the rectum can also influence results by up to 0.4°C (Burfeind et al., 2010).  798 
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In the case of Tarrant et al. (1992), and Buckham Sporer et al. (2008) rectal temperature was 799 

measured manually pre- and post-transportation; with no difference observed.  It is possible 800 

that fluctuations in temperature were missed, as this method does not offer continuous data 801 

collection during transportation. Broom (2003) outlined that during a journey it is likely that 802 

temperature rose and then returned to normal as the animal became acclimatised to the new 803 

environment. This theory is supported by the findings of Burdick et al. (2010) who reported 804 

that maximum rectal temperature was reached within the first 30 minutes of a 9 hour 805 

journey.  806 

More recent studies have utilised data loggers for the continuous monitoring of body 807 

temperature in ruminants. These have been placed either into the rectum (Burdick et al., 808 

2010), intravaginally (Pascual-Alonso et al., 2017) , or surgically implanted into the peritoneal 809 

cavity (Stockman et al., 2011, Booth-McLean et al., 2007). However, such methods are 810 

invasive and are not always practical.  811 

Heart rate is also documented to be influenced by stress, and is particularly useful when 812 

investigating short-term stressors; or identifying specific key stressors within a larger event 813 

(Broom, 2003). Measured using a remote telemetric electrocardiogram (ECG) strapped to the 814 

animals chest, studies have primarily focused on their use for young cattle during transport 815 

(Bernardini et al., 2012, Van de Water et al., 2003, Jacobson and Cook, 1998). Bernardini et 816 

al. (2012) monitored the heart rate of calves during a 19 hour journey. The author reported 817 

that heart rate increased to 120 and 115 beats per minute (bpm) during loading and 818 

unloading, respectively; but remained at normal levels (105 bpm) during the journey. Similar 819 

results were obtained for veal calves during shorter journeys. However, in this case heart rate 820 

remained elevated (by 38%) during transport and lairage (Van de Water et al., 2003), which 821 

is in agreement with Chacon et al. (2005) who assessed heart rate over 3 journey lengths (0.5, 822 
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3 & 6 hours) during the pre-slaughter phase of bulls. Loading caused a significant (P≤0.05) 823 

increase in heart rate in all 3 journeys, with heart rate remaining elevated during the short 824 

journey (0.5h). Thus, it was concluded that after severe handling stress, heart rate required 825 

at least 30 minutes to return to basal rate and for cattle to become habituated to the 826 

transport environment (Chacon et al., 2005).  827 

1.5.2.2 Haematological response 828 

The haematological response associated with the pre-slaughter phase brings about changes 829 

in the metabolic, inflammatory and steroid hormones components of serum (Buckham Sporer 830 

et al., 2008). When investigating the haematological response it is important that individual 831 

basal levels are obtained, in order to ascertain the true response to a stressor (Broom, 2003).  832 

Muscle activity, fatigue and even tissue injury and bruising are common consequences of 833 

transport (Bernardini et al., 2012). The occurrence of which often leads to the leakage of 834 

muscle enzymes such as creatine kinase (CK), and lactate dehydrogenase (LDH) from the 835 

muscle cell membrane into the blood (Bernardini et al., 2012). CK activity has been shown to 836 

have a positive linear relationship with transport duration (Warriss et al., 1995), and thus is 837 

deemed to be a reliable indicator for muscular stress (Bernardini et al., 2012). Kenny and 838 

Tarrant (1987b) reported an elevated CK of 44.8 ul-1 after a 1 hour road journey (31.1 ul-1 839 

basal level), furthermore, the concentration had not significantly reduced after 1 day of 840 

recovery.  841 

Bernardini et al. (2012) transported calves 70-90km to a transit centre, where they rested for 842 

30 hours before undertaking a 19 hour journey. The author reported LDH to be significantly 843 

increased (P<0.001) at loading for the 19 hour journey; thus indicating that the initial short 844 

journey was substantial enough to initiate a rise in LDH, which remained elevated until 3 days 845 
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post transport. In contrast CK was not significantly increased (P<0.001) until unloading from 846 

the 19 hour journey (Bernardini et al., 2012).  847 

The production of lactic acid due to the degradation of muscle glycogen is often an outcome 848 

of increased exercise during transportation. Lactate levels have been shown to be significantly 849 

(P≤0.05) affected by transportation; however journey time had no significant effect on lactate 850 

in bulls (Chacon et al., 2005).  851 

Total protein, albumin and packed cell volume (PCV) are understood to be linked to 852 

dehydration (Knowles and Warriss, 2007, Ferguson and Warner, 2008). Following a 19 hour 853 

journey, total protein was significantly increased (P=0.007) at unloading (63.9 g/L) in 854 

comparison to the pre-established basal level (59.1g/L) (Bernardini et al., 2012). This is 855 

supported by other studies (Parker et al., 2003, Phillips et al., 1991), however, it should be 856 

noted that although significant effects were documented; the extent of dehydration within 857 

these studies was not critical.  In short transportation studies where cattle have unlimited 858 

access to water pre- and post-transport, little difference was observed (Cafazzo et al., 2012). 859 

A decrease in plasma glucose can also be indicative of food deprivation (Shaw and Tume, 860 

1992). Whereas an increase in plasma glucose occurs as a consequence of the release of 861 

catecholamines and/or glucocorticoids, as shown by Kenny and Tarrant (1987b) where 862 

glucose rose by 24% following short duration transport, and returned to basal after 1 day of 863 

recovery.  864 

Acute phase proteins (APP) are released in response to infection, inflammation and tissue 865 

damage, and are generally undetectable in unstressed, healthy cattle (Arthington et al., 866 

2003).  Serum amyloid A (SAA), haptogloblin (Hp) and fibrinogen are the 3 most commonly 867 

used APPs (Eckersall and Bell, 2010). Significant increases (P<0.0001) in Hp and SAA were 868 

observed 24 hours after transport, with concentrations continuing to rise at 48 hours 869 
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(Giannetto et al., 2011). However, these trends are not consistent across all studies 870 

(Arthington et al., 2003, Earley and O'Riordan, 2006). Earley and O'Riordan (2006) only 871 

observed a reduction in fibrinogen concentrations; while Hp remained constant following 872 

transportation. White blood cell (WBC) count is another common indicator of inflammation, 873 

and is correlated with Hp and SAA (Giannetto et al., 2011).  874 

Plasma cortisol is the most widely used biochemical parameter for quantifying an animal’s 875 

stress response (Grandin, 1997, Cafazzo et al., 2012). Cortisol is secreted in response to the 876 

release of adrenocorticotrophic hormone (ACTH) (Shaw and Tume, 1992); with changes 877 

detectable minutes after exposure to a stressor, and lasting for up to 2 hours (Trunkfield and 878 

Broom, 1990). Buckham Sporer et al. (2008) reported a substantial 321% increase in plasma 879 

cortisol in bulls at 4.5 hours after the initiation of a 9 hour journey. This is in agreement with 880 

the findings of Kenny and Tarrant (1987b), who observed a fourfold increase in cortisol levels 881 

in steers following a short one hour journey ( 8.5ng ml-1 to 32.1ng ml-1) . Other studies 882 

compared pre and post cortisol concentrations following long distance journeys, with less 883 

sizeable alterations being documented. In the case of Bernardini et al. (2012) a significant 884 

increase from 17.2 nM to 23.7nM (37.8%) following a 19 hour journey was observed. 885 

However, this study was conducted using calves (37 ±6d of age), and thus the author 886 

suggested that the response may have been lessened due to the naivety of these animals. 887 

Furthermore, it is expected that due to the dynamic manner of cortisol; a sharp and rapid 888 

increase would likely occur within the initial stages of the journey (Trunkfield and Broom, 889 

1990), and thus be missed by pre-and post- sampling (Burdick et al., 2010, Blecha et al., 1984).  890 

Diurnal variation also occurs with plasma cortisol (Kenny and Tarrant, 1987b), with a tendency 891 

to be higher in the morning, than in the afternoon (Broom, 2003). The influence of handling 892 

and blood sampling should also be considered when evaluating cortisol responses (Burdick et 893 
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al., 2010), due to its rapid response rate. This is of particular concern if cattle are not 894 

habituated to being handled or restrained in handling facilities (Gupta et al., 2007).  895 

Cortisol levels can also be obtained from saliva, fecal, urine and hair samples (Moya et al., 896 

2013). The level of cortisol in saliva has been shown to be at least 10 times lower than that of 897 

plasma, furthermore, rises are somewhat slower to occur (Broom, 2003). Cortisol from hair 898 

samples is more widely used when levels over long-term periods are of interest (Moya et al., 899 

2013).  900 

The adrenal medullary hormones, epinephrine (adrenaline) and norepinephrine 901 

(noradrenaline) also exhibit rapid response rates to stress inducing situations (Broom, 2003). 902 

Epinephrine and norepinephrine are less frequently used in the literature, particularly in 903 

response to pre-slaughter, or transport stressors (Burdick et al., 2010). Burdick et al. (2010) 904 

reported no significant difference in epinephrine levels following a 12 hour transport period. 905 

However, the author did identify a higher basal level in temperamental bulls in comparison 906 

to calm and intermediate bulls.  907 

1.5.3 Meat quality 908 

Pre-slaughter stress can have a profound detrimental effect on instrumental meat quality; 909 

leading to substantial economic losses for the red meat industry (Warriss and Brown, 2008). 910 

The incidence of dark cutting beef (DC) or dark, firm, dry beef (DFD) varies between countries; 911 

Warriss and Brown (2008) reported an 8.8% occurrence in Great Britain, while Meat and 912 

Livestock Austrailia (2013) reported an Australian incidence of 4.8%. The most common 913 

characteristics used to assess meat quality include ultimate pH (pHult), colour, tenderness and 914 

water-holding capacity (Teke et al., 2014).  915 
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Muscle glycogen is responsible for the rate at which post-mortem muscle acidifies by 916 

anaerobic glycolysis (Tarrant and Lacourt, 1984). Anti-mortem muscle pH remains around 7.0, 917 

however, in optimum post-mortem conditions this is reduced to below 5.7 over a period of 918 

24 hours (Ponnampalam et al., 2017). At the optimum pH level the oxygenation of myoglobin 919 

is maximised; thus producing meat of a bright red colour (Tarrant, 1989) which is the primary 920 

characteristic that will influence consumer purchasing (Ponnampalam et al., 2013).  921 

Muscle glycogen, however, is easily depleted, with numerous factors affecting its 922 

concentration. Fear and fatigue due to physical effort are considered to be two of the leading 923 

influencers (Warriss, 1990).  Stress-inducing events such as transportation, excessive activity, 924 

exposure to a novel environment, social re-grouping, climatic conditions and fasting have all 925 

been found to be causative factors (Warriss, 1990, Grandin, 1997, Mach et al., 2008).  926 

On exposure to a stressor an animal will initiate a fight or flight response which consequently 927 

activates the sympathetic nervous system. The subsequent secretion of catecholamines 928 

(epinephrine and norepinephrine) leads to glycogenolysis and lipolysis, respectively; in order 929 

to generate the required energy for the initiation of a stress response. Thus, muscle and liver 930 

glycogen are readily diminished (Ponnampalam et al., 2017). When reserves decline to within 931 

a critical threshold of 45-57mmol/kg, without sufficient recovery time prior to slaughter, meat 932 

quality is impaired (Ferguson and Warner, 2008, Ponnampalam et al., 2017). Insufficient 933 

acidification leads to a high pHult at 24 hours post-slaughter. Within the literature a range of 934 

values exist for defining a high pHult. Mach et al. (2008) identified a meat quality problem at 935 

a pHult above 6.0, however lower thresholds have also been used; 5.9 (Ferguson et al., 2001), 936 

5.87 (Page et al., 2001) and 5.7 (McGilchrist et al., 2012). The light-absorption and water 937 

holding capacity of meat is increased at a high pHult, thus giving it dark coloured appearance 938 

(Scanga et al., 1998). The CIE L*a*b* scoring system (L* = lightness, a* = redness and b* = 939 
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yellowness) is widely used for assessing meat colour, with a* and b* being strongly correlated 940 

with pHult (Warner, 1989). Meat tenderness is a vital aspect of eating quality and is maximised 941 

at either a low pHult of <5.7 or a high pHult of > 6.2. However, meat tenderness is compromised 942 

within a pHult range of 5.8-6.2 due to heat-shock proteins preventing the enzymatic 943 

degradation of myofibrillar proteins (Pulford et al., 2009).  944 

The novel environment, maintaining balance on a moving vehicle, crowding, noise and 945 

vibrations associated with transportation, is a key part of the pre-slaughter phase. Journey 946 

times of under four hours in optimal conditions are thought to have little effect on pHult of 947 

meat (Tarrant et al., 1992, Grandin, 2000a). Mach et al. (2008) reported that pHult was not 948 

affected by increasing transport distance and time. It has been suggested that particularly 949 

during longer journey times, animals will become acclimatised to the new environment; and 950 

thus effects are lessened (Njisane and Muchenje, 2017). However this is not always the case, 951 

as Gallo et al. (2003) found that meat pHult increased by 0.236 (p=0.002) as journey time 952 

increased from 3 to 16 hours in steers.  953 

The UK recommended space allowance for cattle of 550kg and > 700kg liveweight during road 954 

transport is 1.2-1.6m2 and >1.6m2, respectively (DEFRA 2007). However, according to the 955 

literature space allowance has no significant effect on pHult (Ponnampalam et al., 2017, 956 

Eldridge and Winfield, 1988). In contrast, space allowance did, however impact carcass 957 

bruising; with cattle transported at a lower space allowance (0.89m2/animal) having a greater 958 

proportion of bruises than those at a higher space allowance (1.39m2/animal) (Eldridge and 959 

Winfield, 1988). 960 

Research has shown that the greater the lairage time, the lower the meat pHult (Mounier et 961 

al., 2006a, Knowles et al., 1999, Campo et al., 2010). Teke et al. (2014) transported cattle for 962 

30 hours to an abattoir, and observed mean pHult of 6.36, 6.04 and 5.84 for lairage times of 963 
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24, 48 and 72 hours, respectively. In addition the author observed an increase in L*, a* and 964 

b* values with increasing lairage time; however, no effect on shear force was detected. 965 

Lairage offers the opportunity for muscle glycogen reserves to be restored, and the animal to 966 

recover from fatigue caused by transportation (Warriss et al., 1984, Teke et al., 2014). 967 

However, such recovery may be curtailed if mixing of social groups occurs during lairage 968 

(Kenny and Tarrant, 1987b). Matzke et al. (1985) demonstrated this by reducing the 969 

proportion of DC carcasse by 5 times through the use of individual pens, in comparison to 970 

bulls penned in pairs during lairage. Mach et al. (2008) observed a significant increase 971 

(P<0.001) in pHult with increased waiting time in lairage; with the odds ratio doubling once 972 

lairage time exceeded 15.8 hours. However, with limited mixing occurring during this 973 

experiment; the author failed to outline the possible reason for this disagreement.  974 

Bulls are commonly more susceptible to stressors associated with the pre-slaughter phase 975 

than steers or heifers (Tennessen et al., 1983). Mixing within the pre-slaughter phase is 976 

thought to be one of the key causes. Bulls will exhibit more aggressive interactions when 977 

mixed in order to re-establish social hierarchy; such behaviour leads to the draining of muscle 978 

glycogen levels (Warriss et al., 1984). However, even when slaughtered under similar 979 

conditions meat from bulls has a significantly higher (P<0.01) pHult than that of heifers 980 

(Weglarz, 2010).  In addition, meat from bulls has a lower (P<0.05) eating quality than that of 981 

steers or heifers (Bonny et al., 2016). Thus, in order to maximise meat quality in bulls, the 982 

effects of the pre-slaughter phase must be kept to a minimum.  983 

Non-pre-slaughter phase factors can also play a role in manipulating meat quality. Anti-984 

mortem nutrition; in particular the energy density of the finishing diet has been shown to 985 

impact muscle glycogen and thus the incidence of DC carcasses (Immonen et al., 2000). 986 

Intensive finishing diets, provide an energy dense diet, leading to improved muscle and liver 987 
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glycogen stores, and therefore glycogen repletion rate following a stress challenge 988 

(Ponnampalam et al., 2017, Immonen et al., 2000) 989 

Furthermore, forage based diets often lead to the production of a leaner carcass; when 990 

subcutaneous fat depth is <0.76cm, there is a shift towards meat being DC, with a high pHult 991 

(Page et al., 2001). This is supported by the findings of Mach et al. (2008); the author observed 992 

carcasses with a lower backfat classification having a significantly (P<0.01) higher proportion 993 

of DC. Likewise, increased marbling or intramuscular fat is linked with increased tenderness, 994 

flavour and juiciness (Bonny et al., 2016). Differences in finishing practices is also thought to 995 

be part of the reason for variations in the incidence of DC between countries (Mach et al., 996 

2008).  997 

Animal temperament has been shown to impact meat quality. Calm bulls were shown to have 998 

lower (P<0.05) shear force values (Campo et al., 2010, King et al., 2006). However, according 999 

to the literature a significant relationship has not been observed between temperament and 1000 

pHult (Campo et al., 2010, Petherick et al., 2002, King et al., 2006). Temperament can be 1001 

assessed prior to exposure to a stressor via a number of measurements, including exit 1002 

velocity, pen score and chute score (Ponnampalam et al., 2017). Animals will also exhibit 1003 

behavioural changes in response to a stress-inducing situation, an increase in the proportion 1004 

of “negative” behaviours, such as, aggression, escape/avoidance, restlessness, 1005 

immobilisation, increased alertness and vocalisations (Ferguson and Warner, 2008) can all be 1006 

used to assess the extent of the stress response (Njisane and Muchenje, 2017). Temperament 1007 

and responsiveness to a stressor will also be impacted by breed; as shown by King et al. 1008 

(2006).  1009 

Due to the extensive range of variables that will alter meat quality; difficulty lies in identifying 1010 

a single key component; rather the additive effect of these dynamic events within the pre-1011 
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slaughter phase is likely to lead to variations in meat quality (Mach et al., 2008). The intensity 1012 

and duration of a stressor will largely impact the extent of the stress response (Ferguson and 1013 

Warner, 2008); together with previous experiences of handling, transportation and unfamiliar 1014 

environments (Earley et al., 2013).  1015 

1.5.4. Conclusion 1016 

The effect of transportation on an animal’s stress response has been well documented; 1017 

particularly for long distance journeys, and long duration lairage. However, in the UK the pre-1018 

slaughter phase generally consists of short duration transportation and lairage; an area where 1019 

the scientific literature is limited.  1020 

Furthermore, the introduction of new technologies such as rumen temperature boluses offer 1021 

the opportunity for the continuous, non-invasive monitoring of core body temperature. These 1022 

boluses are marketed primarily as a means of detecting signs of ill health. However, 1023 

overlooked, has been the potential for rumen boluses to provide broader welfare insights 1024 

related to stress-induced hyperthermia. In addition, this data would allow for associations 1025 

between rumen temperature, meat quality and haematological variables to be investigated. 1026 

 1027 

1.6 Objectives of this PhD project 1028 

The overall objective of this thesis was to investigate the development of systems to improve 1029 

the health and performance of dairy-origin beef cattle. Based on the knowledge gaps 1030 

identified by this review, the specific objectives of this PhD were to: 1031 

1. Examine the effect of calf jackets during the rearing period on the health, 1032 

performance and skin surface temperature of calves. 1033 
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2. Investigate the effect of behaviour in bulls on rumen temperature, and assess the 1034 

extent to which this would influence the accuracy of prediction of ill health. 1035 

3. Evaluate the effect of production system on the health, performance and carcass 1036 

characteristics of Holstein bulls slaughtered under 16 months. 1037 

4. Evaluate the use of rumen temperature as a novel welfare indicator and predictor of 1038 

meat quality during the pre-slaughter phase.   1039 
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 1040 

 1041 

 1042 

Chapter 2 1043 

The effect of calf jackets on the health, performance 1044 

and skin temperature of dairy origin beef calves 1045 

(Published in Translational Animal Science)  1046 
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2.1 Abstract 1047 

Variations and extremities in climatic conditions can result in cold stress for dairy-calves 1048 

during the pre-weaning period. The objective of this study was to investigate the effect of calf 1049 

jackets on the health, performance and skin temperature of dairy-origin beef calves.  This 1050 

study took place in a designated calf rearing unit, spanned for a duration of one year, and 1051 

consisted of five batches of calves. Calves (30.9±1.68 days of age; 55.9±0.20kg live weight) 1052 

were assigned to one of four treatment groups on arrival at the rearing unit. Treatments 1053 

consisted of control (no jacket), arrival (jacket for 2 weeks post-arrival), weight (jacket for a 1054 

minimum of 2 weeks and until 65kg live weight) and wean (jacket until 5 days post-weaning). 1055 

Ambient conditions differed significantly (P<0.001) during each of the five batches; batch four 1056 

was the coldest with a mean ambient temperature of 6.16°C. Significant differences were 1057 

observed between the five batches for day 50 weight (P<0.01), and disease incidence 1058 

(P<0.05). However, treatment had no significant effect on calf health or performance (P>0.05) 1059 

during any of the five batches. Skin temperature was significantly greater (P<0.001) for calves 1060 

wearing a jacket. Furthermore, there was a significant (P<0.001) relationship between 1061 

ambient temperature-humidity index (THI) and skin temperature, for calves with and without 1062 

a calf jacket. Therefore, although calf jackets had no benefit in terms of health or 1063 

performance, they did act as a barrier to environmental conditions. 1064 

2.2 Introduction 1065 

At birth, a calves thermoregulatory system is metabolically immature, (Hill et al., 2016) due 1066 

to its inability to generate heat through rumen fermentation (Collier et al., 1982, Roland et 1067 

al., 2016, Tao and Dahl, 2013).  Further to this, they have a large surface area to bodyweight 1068 

ratio, resulting in a large area for heat loss (Collier et al., 1982, Roland et al., 2016).  This is 1069 
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of particular concern during variations and extremities in climatic conditions (Bateman et 1070 

al., 2012, Bhat et al., 2015, Roland et al., 2016).   The thermoneutral zone (TNZ) is classed at 1071 

the optimum range of ambient temperatures at which a calf can maintain its own body 1072 

temperature. Scanes (2011) stated that the TNZ ranged from 15 -25°C, with a lower critical 1073 

temperature (LCT) range of 9-15°C for new born calves. When ambient temperatures are 1074 

within the LCT a calf must increase heat production in order to maintain its own body 1075 

temperature (Nonnecke et al., 2009).   1076 

Calf jackets present an opportunity to provide calves with a barrier to environmental 1077 

conditions, without restricting air flow through the house.  Research has primarily focused 1078 

on their use within the first weeks of life, with mixed results in terms of performance being 1079 

obtained (Loy et al., 2000, Earley et al., 2004, Scoley et al., 2019). In the case of dairy origin-1080 

beef calves, they are often moved from the farm of origin to a beef farm at a young age, this 1081 

is done either through a livestock market or farm to farm movement. The change in 1082 

environment, nutrition, and social grouping results in additional stressors for calves. The 1083 

effects of which should be minimized, to ensure health and performance are not 1084 

compromised.  1085 

The aim of this study was to investigate the effects of calf jackets on the health, 1086 

performance and skin temperature of dairy-origin beef calves from arrival at a rearing unit 1087 

until weaning. Furthermore, this study was repeated with five batches of calves over the 1088 

course of a one year period in order to take seasonality into account. 1089 

2.3 Materials and methods 1090 

This trial was undertaken on a commercial calf rearing farm located in Hillsborough, 1091 

Northern Ireland; with latitudes and longitudes of 54.45° and -6.03°, respectively. All 1092 
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experimental procedures used in this study were conducted in compliance with the United 1093 

Kingdom Animals (Scientific Procedures) Act 1986. 1094 

2.3.1 Experimental design  1095 

The trial which lasted for one year, commenced on 24th April 2017 and finished on 3rd May 1096 

2018.  Over the course of the year five batches of dairy-origin beef were brought onto the 1097 

farm in an all in-all out system. Calves were purchased from a number of reputable 1098 

suppliers, only calves that were healthy and of a minimum age of 10 days were purchased.  1099 

Details on each of the five batches is shown in Table 2.1.  1100 

Table 2.1: Details of each of the five batches 
    B1 B2 B3 B4 B5 
Arrival date 24-Apr-17 22-Jun-17 15-Sep-17 30-Nov-17 28-Feb-18 
End date 16-Jun-17 29-Aug-17 24-Nov-17 13-Feb-18 03-May-18 
Number of calves 88 75 78 100 81 
Number of source farms 8 13 13 10 7 
Sex Male 45 34 42 51 44 

 Female 43 41 36 49 37 
Breed AA 37 25 26 38 45 

 BB 15 30 28 48 16 

 HER 35 19 7 8 12 

 LIM 1 0 4 3 4 
  SIM 0 1 13 3 4 

AA=Aberdeen Angus; BB=Belgian Blue; HER=Hereford; LIM=Limousin; SIM=Simmental 
 1101 

On arrival calves were vaccinated for viral pneumonia (Ringvac and Rispoval Intranasal), 1102 

weighed, and assigned to one of four treatment groups which were balanced for weight, 1103 

age, breed, sex and source farm: 1104 

I. Control – no calf jacket 1105 

II. Arrival – calf jacket for two weeks post arrival 1106 

III. Weight – calf jacket for a minimum of two weeks and until 65kg live weight 1107 



 

53 
 

IV. Weaning – calf jacket until five days post weaning 1108 

The calf jackets were breathable and water repellent, with a filling of 200g (Cosy Calf, 1109 

Dorset, UK). Calves were group housed with each batch being split equally between four 1110 

pens. Each of the pens consisted of an equal number of calves from each treatment group. 1111 

The shed was naturally ventilated and straw bedding was used throughout the study.  Calves 1112 

were fed milk via an automatic feeder (VARIO smart, Förster-Technik, Germany). Milk 1113 

replacer was 20% CP and was fed at an inclusion rate of 12.3%. Milk replacer intakes were 1114 

recorded daily by the automatic feeder. Pelleted concentrate feed (16% CP) was offered ad 1115 

libitum in a trough, and thus individual intakes were not available. Calves also had ad libitum 1116 

access to fresh water and straw. 1117 

Calves were weighed daily using an electronic half-body scale (Förster-Technik, Germany) 1118 

connected to the automatic milk feeder. A final weight was obtained using a manual weigh 1119 

bridge on day 50.  Disease incidence and antibiotic treatments were recorded daily 1120 

throughout the pre-weaning and the post-weaning period until the calf left the farm.  Calves 1121 

receiving antibiotic treatment were also health scored on the day of treatment (Table 2.2).   1122 

Table 2.2: Health scores used when calves received antibiotic treatment 
Respiratory Score Faecal Score 
0 Normal 0 Formed 
1 Runny nose or eyes 1 Semi-formed or soft 
2 Coughing 2 Runny 
3 Increased respiratory rate 3 Watery 
4 Heavy/laboured breathing 4 Runny or watery with blood 

 1123 

Skin surface temperature (°C) was monitored during week two and three at 10 minute 1124 

intervals using a DS1922L iButton (Maxim Integrated, US) on calves with and without a calf 1125 

jacket. The iButton was attached to the calf as described by Sutherland et al. (2013). Any 1126 
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data loggers that became loose during the two week period, or had lost direct contact with 1127 

the skin, were excluded from the dataset. 1128 

Ambient temperature (°C) and relative humidity (%) were monitored every 10 minutes 1129 

throughout the study using three DS1923 iButtons (Maxim Integrated, US) placed diagonally 1130 

across the shed just above calf height.  The data was then used to calculate the 1131 

temperature-humidity index (THI) using the formula outlined below where T is ambient 1132 

temperature (°C) and RH is relative humidity (%) (NRC, 1971). 1133 

𝑇𝑇𝑇𝑇𝑇𝑇 = (1.8 𝑇𝑇 + 32) − (0.55− 0.0055𝑅𝑅𝑇𝑇)(1.8𝑇𝑇 − 26) 1134 

2.3.2 Statistical analysis 1135 

All statistical analysis was conducted using Genstat (19th Edition). Ambient conditions were 1136 

analysed using a one-way ANOVA followed by a Fisher’s Least Significant Test to assess the 1137 

pairwise differences between batches. Performance and intakes were modelled using linear 1138 

mixed model (LMM) methodology using the REML estimation method. A factorial 1139 

arrangement of the batch, treatment, age at arrival and start weight were fitted as fixed 1140 

effects, while source farm was fitted as the random effect in the modelling process. A 1141 

Fisher’s Least Significant Test was used to further assess pairwise differences between the 1142 

individual levels of the effects. With regard to calf health, the continuous variable (Days 1143 

after arrival) was analysed using linear mixed model (LMM) methodology using the REML 1144 

estimation method, with the factorial arrangement of batch and treatment, and random 1145 

effect of source farm. Again a Fisher’s Least Significant Test was used to further assess 1146 

pairwise differences. The remaining health variables were modelled using generalised linear 1147 

mixed model methodology with the same fixed and random effects as for the continuous 1148 

variable. The binary variables used a binomial distribution with a logit link function while the 1149 
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count variables used a Poisson distribution with a logarithmic link function. Skin 1150 

temperature was modelled using a linear mixed model (LMM) methodology using the REML 1151 

estimation method. In this case the fixed effects were batch and treatment (jacket or no 1152 

jacket), while calf ID was fitted as the random effect. Pairwise differences were assessed 1153 

using Fisher’s Least Significant Test. The relationship between THI and skin temperature was 1154 

modelled using simple linear regression, with each batch being analysed independently.  1155 

2.4 Results 1156 

Mean ambient conditions within the calf house differed significantly according to batch 1157 

(Table 2.3). There was over a 10°C difference in mean ambient temperature throughout the 1158 

year long trial. Batch four had the lowest mean ambient temperature of 6.16°C. Relative 1159 

humidity was greatest in batch four, thus creating cold damp conditions, which is confirmed 1160 

by the low THI 43.13. Batch two had the greatest THI of 61.74.  Batch one saw the greatest 1161 

ambient temperature range of 26.04°C, while conditions during batch four reached a 1162 

minimum of -2.78°C.  1163 

Table 2.3: Ambient conditions within the calf house during each batch 
  B1 B2 B3 B4 B5 Min SEM Max SEM P-value 
Mean ambient 
temperature (°C) 15.25 d 16.93 e 11.84 c 6.16 a 8.47 b 0.041 0.034 <0.001 

Mean relative 
humidity (RH%) 76.05 a 81.34 b 92.26 d 99.22 e 91.31 c 0.124 0.103 <0.001 

Mean temperature-
humidity index (THI) 58.94 d 61.74 e 53.41 c 43.13 a 47.51 b 0.068 0.056 <0.001 

Minimum ambient 
temperature (°C) 2.56 8.25 2.39 -2.78 -0.60 - - - 

Maximum ambient 
temperature (°C) 28.60 27.94 24.26 15.45 22.95 - - - 

 1164 

Calves in batch two and three were the youngest (24.46 and 23.20 days, respectively) at the 1165 

commencement of this trial, while batch one calves were the oldest at 39.44 days of age 1166 
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(Table 2.4). Start weight was significantly different between batches, however only ranged 1167 

from 55.06kg to 56.49kg. Calves in batch two had the greatest final weight of 103.8kg.  1168 

DLWG also varied according to batch, again ranging from 0.76kg/d to 0.95kg/d. Days on milk 1169 

ranged from 41.85 days for batch five to 48.56 days for batch two; subsequently total milk 1170 

replacer intake followed a similar trend; ranging from 25.75kgFW to 30.44kgFW. Daily milk 1171 

replacer intakes were significantly different between batches. Table 2.5 shows that calf 1172 

jacket treatment had no significant effect on any of the parameters shown. Furthermore, 1173 

there was no significant interaction between batch and treatment, so the results are not 1174 

presented. 1175 

Table 2.4: Milk replacer intakes and live weight of calves in each of the five batches 
  B1 B2 B3 B4 B5 Average SED P-value 

Age at arrival (d) 39.44 c 24.46 a 23.20 a 32.47 b 34.95 bc 2.478 <0.001 
Start weight (kg) 55.87 ab 55.06 a 55.93 ab 56.49 b 56.05 ab 0.614 <0.001 
Final weight (Kg) 99.36 bc 103.8 c 101.23 bc 96.86 ab 93.96 a 2.683 <0.01 
DLWG (Kg/d) 0.86 bc 0.95 c 0.90 bc 0.81 ab 0.76 a 0.054 <0.01 
Days on milk 47.17 c 48.56 c 42.16 a 44.30 b 41.85 a 1.018 <0.001 
Total MR Intake (Kg/FW)  28.14 b 30.44 c 25.75 a 28.25 b 26.29 a 0.795 <0.001 
Daily MR intake (Kg/FW) 0.60 a 0.63 b 0.62 ab 0.64 b 0.63 b 0.013 <0.01 

 1176 

Table 2.5: Milk replacer intakes and live weights of calves according to calf jacket treatment 
     Average 

SED 
         P-value 

  Control Arrival Weight Wean Batch Batch.Treatment 
Age at arrival (d) 31.87 30.67 30.41 30.66 1.927 ns ns 
Start weight (kg) 56.08 55.96 55.97 55.52 0.549 ns ns 
Final weight (Kg) 99.94 99.08 98.13 98.03 1.884 ns ns 
DLWG (Kg/d) 0.88 0.86 0.86 0.84 0.038 ns ns 
Days on milk 45.32 45.09 44.41 44.41 0.679 ns ns 
Total MR Intake (Kg/FW) 27.92 28.27 27.45 27.45 0.554 ns ns 
Daily MR intake (Kg/FW) 0.62 0.63 0.62 0.62 0.009 ns ns 

 1177 
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 178 

Table 2.6: Incidence rates of ill health for each batch 

  B1 B2 B3 B4 B5 Average 
SED P-value 

Disease incidence 0.1766 (0.0933-0.3089) 0.3395 (0.1694-0.5644) 0.4491 (0.3087-0.5980) 0.1802 (0.0944-0.3167) 0.2627 (0.1519-0.4146) - <0.05 
Relapses 0.1745 (0.0969-0.3143) 0.4240 (0.2324-0.7739) 0.5320 (0.3638-0.7780) 0.1856 (0.1043-0.3303) 0.2801 (0.1688-0.4647) - <0.001 
Respiratory score 0.1766 (0.0933-0.3089) 0.3395 (0.1694-0.5644) 0.4491 (0.3087-0.5980) 0.1802 (0.0944-0.3167) 0.2627 (0.1519-0.4146) - <0.05 
Days after arrival*  2.02 6.43 6.17 5.07 5.96 2.059 ns 
PRED (LCI-UCI) 
*Number of days after arrival that first disease incidence occurred 

 179 

Table 2.7: Incidence rates of ill health according to calf jacket treatment 

  Arrival Control Weight Wean 
Average 
SED P-value 

Disease incidence 0.3467 (0.2403-0.4709) 0.4070 (0.2947-0.5300) 0.3803 (0.2613-0.5157) 0.3493 (0.2334-0.4862) - ns 
Relapses 0.4120 (0.2892-0.5859) 0.5053 (0.3636-0.7021) 0.4641 (0.3279-0.6569) 0.3707 (0.2409-0.5703) - ns 
Respiratory score 0.3467 (0.2403-0.4709) 0.4070 (0.2947-0.5300) 0.3803 (0.2613-0.5157) 0.3493 (0.2334-0.4862) - ns 
Days after arrival*  4.46 5.18 6.32 4.57 1.618 ns 
PRED (LCI-UCI) 
*Number of days after arrival that first disease incidence occurred 

 180 

 181 

 182 

 183 
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 1184 

Figure 2.1: Box plots showing skin temperature of calves with and without a jacket during 1185 
each of the five batches 1186 

 a-d = significant differences between mean skin temperature (P<0.001) 1187 

Batch three had the greatest disease incidence, greatest relapse rate and respiratory score 1188 

(Table 2.6). There was no significant difference between batches for the days after arrival that 1189 

ill health occurred.  Calf jacket treatment had no significant effect on calf health (Table 2.7).  1190 

Furthermore, there was no significant interaction between batch and treatment so the results 1191 

are not shown. There were no incidences of calf diarrhoea during this study, therefore the 1192 

results for faecal score are not shown. 1193 

Mean skin temperature for calves with a jacket was 36.08°C, while that for calves without a 1194 

jacket was 31.77°C (P<0.001). Figure 2.1 shows the interaction between batch and jacket 1195 

treatment, calves without a jacket had a consistently lower skin temperature, but also had a 1196 

much wider interquartile range, than those with a jacket. Table 2.8 shows a significant 1197 

a a 
a 

b 

b 

c c 
c d

cd
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relationship between THI and skin temperature for each of the five batches. Calves in batch 1198 

four with a jacket had the greatest R2 of 77, while that of batch one without a jacket was the  1199 

lowest (48.5). 1200 

 1201 

2.5 Discussion 1202 

The lower critical temperature (LCT) for calves up to 8 weeks of age has been reported at 1203 

8°C (Gonzalez-Jimenez and Blaxter, 1962, Webster et al., 1978). Therefore, with a mean 1204 

ambient temperature of 6.16°C, batch four was the only group with a mean temperature 1205 

below this threshold. Furthermore, during batch four, ambient temperatures were below 1206 

this threshold for 66% of the time. However, when taking into account minimum 1207 

temperatures, all five batches reached this LCT for a period of time. 1208 

The significant differences in performance and health that were observed between batches 1209 

would have been expected. As this was an on farm trial, calves were sourced from a number 1210 

of dairy farms and transported to one commercial calf rearing facility. Thus, these calves 1211 

would all have had different neonatal care and levels of passive transfer. Furthermore, each 1212 

farm would have had a different disease burden, giving the calves differing levels of 1213 

exposure to disease (Windeyer et al., 2014). The genetic potential of these calves would 1214 

have varied; as some were AI bred while others were from a stock bull.  1215 

Table 2.8: The relationship between THI and skin temperature for calves with and without a  
jacket during each of the five batches 

Batch Jacket R2 F pr. No Jacket R2 F pr. 
One y=0.07498x +32.30 67.4 <0.001 y=0.22155x +18.85 48.5 <0.001 
Two y=0.09363x +31.14 59.1 <0.001 y=0.15273x +23.56 51.8 <0.001 
Three y=0.10063x+30.49 62.4 <0.001 y=0.22647x + 18.70 60.0 <0.001 
Four y=0.09915x + 31.15 77.0 <0.001 y=0.17018x + 22.98 66.3 <0.001 
Five y=0.08021x + 32.04 65.5 <0.001 y=0.16148x + 23.42 61.8 <0.001 
y= skin temperature (°C); x= THI 
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Calf jacket treatment had no effect on calf performance during this study. Therefore, even 1216 

the duration that a calf jacket was worn for was irrelevant. Furthermore, the fact that there 1217 

was no significant interaction between batch and treatment, show that even during the cold 1218 

conditions of batch four, calf jackets did not improve performance. These findings are in 1219 

agreement with a number of studies. Scoley et al. (2019) investigated the use of calf jackets 1220 

during the first three weeks of life and found no difference in live weight at the end of the 1221 

study period (d63). Similar results were found by Earley et al. (2004); where calves of 19 1222 

days of age were assigned to one of three treatments, again with no difference in 1223 

performance observed. 1224 

The lack of any impact of calf jacket treatment on health during the pre-wean period is 1225 

consistent with the findings of previous calf jacket research (Earley et al., 2004, Scoley et al., 1226 

2019). However, cold stress is considered within the literature to negatively impact calf 1227 

health (Roland et al., 2016, Nonnecke et al., 2009). Bovine respiratory disease (BRD) is well 1228 

known to be a multifactorial disease (Earley et al., 2017), and thus is influenced by a vast 1229 

number of environmental stressors, together with infectious agents and host factors 1230 

(Caswell, 2014, Guzman and Taylor, 2015). Thus, the results observed in this study are not 1231 

atypical, particularly as these calves were moved to the rearing unit immediately prior to 1232 

the commencement of this trial, and thus would have been exposed to a number of 1233 

stressors.  1234 

As the calves in this study originated from different farms they would have been exposed to 1235 

different ambient conditions prior to arrival. This would have largely depended on the type 1236 

of housing and the provision and quality of bedding. Thus, some of the calves may have 1237 

been acclimatised to a cool environment. Roy and Collier (2012) outlined that this adaption 1238 
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may take days or weeks, and is characterised by an increase in coat thickness, subcutaneous 1239 

fat depth or an increase in feed intake. Thus, as this study was conducted under commercial 1240 

conditions, these calves were a number of weeks old at arrival. Hence, this adaption may 1241 

already have taken place, and the calves would have had little need for a jacket.  1242 

Milk replacer intakes were consistent across the four treatment groups while concentrates 1243 

were offered ad libitum in a group feeding system.  Therefore, we are unable to determine 1244 

if concentrate intakes varied according to calf jacket treatment. Nonnecke et al. (2009) 1245 

found that in cold environments calves would consume more concentrates in order to meet 1246 

their additional metabolic requirements. Yet, the literature has also shown apposing results 1247 

(Hepola et al., 2006). Hill et al. (2007) found that bedding material was as important as feed 1248 

intake in supporting the daily live weight gain in cold conditions. Furthermore, calves have 1249 

the ability to tolerate cold environments provided the lying area is dry and draught free 1250 

(Rawson et al., 1989b). In this study calves were housed in a purpose built, draught free 1251 

shed and bedded in deep straw.  Therefore, these calves would have been nesting allowing 1252 

them to conserve heat during periods of fluctuating temperature (Ha¨nninen et al., 2003, 1253 

Hepola et al., 2006). In addition, this study was conducted on a farm that was operated to a 1254 

very high standard, following best practice guidelines; hence, further explaining why calf 1255 

jackets had no significant effect on health or performance. 1256 

One further consideration is that ambient conditions were possibly not extreme enough to 1257 

highlight any benefit of calf jackets. This study, which ran for a full year in order to take into 1258 

account seasonality, unfortunately didn’t have any batches experience ambient 1259 

temperatures consistently below the LCT. Although variations in temperature are 1260 

considered to be as problematic (Carroll et al., 2012), these reductions in temperature 1261 
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which occurred primarily at night, could be compensated for by nesting and huddling 1262 

behaviours (Ingram and Mount, 1975, Hepola et al., 2006, Lago et al., 2006). 1263 

Skin temperature was 4.31°C greater for calves with a jacket. Scoley et al. (2019) reported 1264 

differences of 6.37°C between calves with and without a calf jacket. The difference between 1265 

the two studies may be due the fact that the calves in this study were older, and thus were 1266 

able to withstand cooler temperatures (Webster et al., 1978, Gonzalez-Jimenez and Blaxter, 1267 

1962). However, a number of studies have documented that skin temperature is not directly 1268 

related to either rectal or vaginal temperature (Sutherland et al., 2017, Scoley et al., 2019). 1269 

Therefore, although calf jackets appear to create a warmer micro-environment for the calf, 1270 

they may not be having any impact on core body temperature.  The significant relationship 1271 

between THI and skin temperature is consistent with previous research. Ambient 1272 

temperature has been shown to influence tail temperature; with increases of 0.0325°C 1273 

observed for every 1°C increase in ambient temperature (Hill et al., 2016).  1274 

2.6 Conclusion 1275 

Over the duration of one year, only one batch of calves experienced mean ambient 1276 

conditions below the recommended LCT. Significant differences in calf health and 1277 

performance were observed between batches. These results were as expected, and were 1278 

likely due to the fact that calves were sourced from a number of different farms. Calf jackets 1279 

had no significant effect on calf health or performance during any of the five batches. 1280 

During this study calves were housed in a well-designed calf rearing shed, with excellent calf 1281 

management practices. Therefore, although the shed was well ventilated, it was draught 1282 

free and calves always had a deep and dry straw bed, thus encouraging nesting behaviour in 1283 

times of low ambient temperatures. The differences in skin temperature indicate that calf 1284 
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jackets do create a micro-environment for the calf, and therefore, act as a barrier to adverse 1285 

ambient conditions.   1286 
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 1290 

Chapter 3 1291 

The effect of behaviour and diet on rumen 1292 

temperature in Holstein bulls 1293 

(Published in Animals)  1294 
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3.1 Abstract 1295 

The use of precision technology within agriculture is growing rapidly. Rumen temperature 1296 

boluses are a technology that are increasingly being used for the detection of ill health, but 1297 

also have uses in detecting oestrus and the onset of parturition. Improving the accuracy of 1298 

the detection of ill health is vital to improve their use for the early detection of disease, but 1299 

also to reduce the chance of obtaining false positive alerts, and thus the overuse of antibiotics. 1300 

Research has shown that water intake, and diet can impact rumen temperature. However, 1301 

little emphasis has been placed on the impact of behaviour, particularly agonistic interactions, 1302 

which are common amongst young bulls. In fact, there is a clear knowledge gap surrounding 1303 

the effect behaviour has on physiology, particularly core body temperature. Thus the aim of 1304 

this study was to investigate the impact of behaviour and diet on the rumen temperature of 1305 

Holstein bulls, both at grass, and in a housed environment. Rumen temperature was recorded 1306 

at five minute intervals using a bolus. Direct observations were conducted on young bulls in 1307 

two studies i) at grass (n=30) and ii) while housed (n=32). In addition, activity monitors were 1308 

attached to bulls at grass (n=24). Within each study diet differed by the level of concentrate 1309 

supplementation. There was no effect of diet on rumen temperature. Significant differences 1310 

in rumen temperature were observed between behaviour groups for bulls at grass (P<0.001) 1311 

and housed (P<0.001). Furthermore, drinking resulted in the lowest rumen temperature 1312 

(grass 35.97°C; housed 36.70°C). The results from this study indicate that although significant 1313 

differences in rumen temperature exist between behaviour groups, these rumen 1314 

temperatures are all within the normal temperature range. Therefore, behaviour should not 1315 

impact the accuracy of the detection of ill health.  1316 

3.2 Introduction 1317 
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Core body temperature is often measured via rectal temperature (Burfeind et al., 2010), 1318 

however, this method involves regular handling and has practical limitations (Rose-Dye et al., 1319 

2011). Furthermore, fluctuations in temperature may be missed due to the sampling 1320 

procedure (Buckham Sporer et al., 2008). Rumen temperature boluses are a novel technology 1321 

which allow for continuous, non-invasive monitoring (Timsit et al., 2011a, Rutherford et al., 1322 

2019). Commercially they have a number of uses, including the detection of ill health (Timsit 1323 

et al., 2011a), oestrus (Cooper-Prado et al., 2011) and the onset of parturition (Costa et al., 1324 

2016). Heat is produced in the rumen due to fermentation and the activity of the microbiome 1325 

(Bewley et al., 2008a). As a result rumen temperature has been reported to remain 0.57°C 1326 

greater than rectal temperature (Timsit et al., 2011a). However, variations in rumen 1327 

temperature could be expected due to diet. Concentrates are easily fermentable (Kleen et al., 1328 

2003) and thus, a high proportion in the diet could lead to increased heat production in 1329 

comparison to a forage based diet. The effect of drinking on rumen temperature had been 1330 

investigated, and is reported to cause a rapid decline. The extent and duration of which 1331 

depends largely on the temperature and volume of water consumed (Bewley et al., 2008b, 1332 

Cantor et al., 2018).  1333 

However, while factors such as ill health, oestrus, parturition and drinking are well known to 1334 

influence rumen temperature in predictable ways, the influence of behavioural activities 1335 

remains to be explored. Cattle exhibit three main behaviours; feeding, ruminating and resting 1336 

which have been reported to account for up to 95% of the animals time. However, for the 1337 

remainder of the time, cattle may be engaged in an extensive range of behaviours (Kilgour, 1338 

2012). Cattle are social animals (Estevez et al., 2007, Kilgour, 2012) who will interact with one 1339 

another primarily through agonistic (fighting, head to head pushing and butting), affiliative 1340 

(grooming) and sexual (mounting and flehmen response) behaviours (Jago et al., 1997). 1341 
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Agonistic behaviours are often associated with competition for space or resources (resting 1342 

space or access to feeding space), particularly under intensive production systems (Galindo 1343 

et al., 2011). In addition, these behaviours enable the formation of a social hierarchy within a 1344 

group (Partida et al., 2007). Sexual behaviours, particularly mounting between bulls can also 1345 

play a role in establishing dominance relationships (Mohan Raj et al., 1991). While affiliative 1346 

behaviours are associated with the development of social bonds (Gutmann et al., 2015), 1347 

together with having coat hygiene benefits (Val-Laillet et al., 2009). 1348 

Behavioural activities associated with increased physical activity or stress will lead to 1349 

increased heart rate (Baldock and Sibly, 1990, Price et al., 1993) and body temperature (Oka 1350 

et al., 2001, Wahrmund et al., 2012, Rutherford et al., 2019). During this time blood is 1351 

redirected to vital organs and muscles in order to meet the additional metabolic requirements 1352 

(Jansen and Nguyen, 1995). A short term rise in core body temperature, known as 1353 

hyperthermia has also been suggested to be caused by agonistic behaviour. For example, 1354 

Timsit et al. (2011a) investigated the use of rumen temperature boluses for the early 1355 

detection of bovine respiratory disease (BRD) in young bulls, reporting that 27% of rumen 1356 

hyperthermia cases were not followed by clinical signs of BRD. The author speculated that 1357 

these were caused by agonistic behaviour rather than ill health. Agonistic interactions are 1358 

often magnified following mixing or re-grouping which is associated with establishing a new 1359 

dominance hierarchy. This manipulation of the social environment leads to an increased 1360 

occurrence and intensity of agonistic interactions, particularly if animals are of a homogenous 1361 

weight (Mounier et al., 2005). Physiological changes such as an increase in lactate, plasma 1362 

cortisol and creatine kinase are also associated with mixing (Miranda-de la Lama et al., 2012).  1363 
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Temperament is a measure of an animal’s behavioural response to a standardised 1364 

environmental or social stimuli (MacKay et al., 2013, Haskell et al., 2014, MacKay and Haskell, 1365 

2015). Fearfulness and aggressiveness are two of the key traits that are used to define an 1366 

animal’s temperament (Haskell et al., 2014). Temperament has been shown to impact animal 1367 

performance in terms of immune function, growth rates and carcass characteristics (Voisinet 1368 

et al., 1997a, Voisinet et al., 1997b, Fell et al., 1999). In addition, cattle with different 1369 

temperaments have been shown to exhibit physiological differences. For instance, 1370 

temperamental (or excitable) cattle have a greater basal body temperature than those 1371 

considered to be calm (Burdick et al., 2011a, Burdick et al., 2011b). The same goes for stress 1372 

hormones; Burdick et al. (2010) reported that temperamental bulls had significantly greater 1373 

basal levels of cortisol and epinephrine than calm bulls. Similar findings have been 1374 

documented in relation to dominance; bulls with a low or high social rank had a significantly 1375 

greater plasma cortisol and neutrophil to lymphocyte ratio than bulls of a medium social rank 1376 

(Miranda-de la Lama et al., 2013).  1377 

However, the assessment of physiological changes associated with behaviours during mixing 1378 

or temperament classification is based on a small number of timepoints with behaviours 1379 

being grouped over a long duration. Thus, the relationship between specific behavioural 1380 

activities and animal physiology is poorly understood, particularly within a stable social 1381 

environment. This is an important knowledge gap to address given the increasing commercial 1382 

uptake of rumen temperature boluses in cattle. At present, the extent to which behavioural 1383 

activity could act as an important confounding factor (Timsit et al., 2011a) remains to be 1384 

explored.  1385 
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Thus, the objective of this study was to investigate the impact of behaviour, particularly 1386 

agonistic interactions on rumen temperature of young bulls. Furthermore, the current study 1387 

also investigated the role of diet as a source of variation in rumen temperature. Specifically, 1388 

we hypothesise that behaviour involving relatively high levels of physical activity (e.g. 1389 

agonistic interactions), and a high concentrate diet will be associated with increases in rumen 1390 

temperature. 1391 

3.3 Materials and Methods  1392 

This study was undertaken from July – October 2017 at the Agri-Food and Biosciences 1393 

Institute (AFBI), Hillsborough, Northern Ireland. AFBI is located at latitudes and longitudes of 1394 

54.45° and -6.07°, respectively and is 91m above sea level. The area has a mean annual 1395 

temperature of 9.5°C and a mean annual rainfall of 902mm. All experimental procedures 1396 

used in this study were conducted in compliance with the United Kingdom Animals 1397 

(Scientific Procedures) Act 1986. This study consisted of two data collection periods, one 1398 

comprising 30 bulls at grass (24 of these also had IceQubes fitted for activity monitoring 1399 

(details of which provided below), and the second consisting of 32 bulls in a housed 1400 

environment.  1401 

3.3.1 Study one: Bulls at grass 1402 

3.3.1.1 Animals and rumen temperature 1403 
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A total of 84 bulls were managed in six groups of 14 in a four paddock grazing system. The 1404 

paddock set up consisted of four blocks of six paddocks with all six groups being grazed within 1405 

one block of paddocks at a time (Figure 3.1) and the boundaries of the paddocks were 1406 

determined by electric fencing. As part of a wider production study, 1407 

the six groups were offered one of three summer diets; i) grazed 1408 

grass only, ii) grazed grass with 2kg concentrate supplementation iii) 1409 

grazed grass with ad libitum access to concentrates. The chemical 1410 

composition of grass was determined via NIRS analysis, and that of 1411 

concentrates was determined by wet chemistry analysis. 1412 

Each bull had a rumen temperature bolus (Thermobolous small, Medria) administered at 1413 

three months of age. Each bolus had a battery life of three years. The factory calibrated bolus 1414 

recorded rumen temperature to a tenth of a degree Celsius every five minutes (Timsit et al., 1415 

2011a, Rutherford et al., 2019). A radiobase was placed in the centre of each block of 1416 

paddocks, to allow the data from each bolus to be automatically downloaded.  1417 

A weather station (Davis Vantage Pro 2, Davis Instruments, USA) situated centrally within the 1418 

farm was used to record external ambient temperature (°C) and relative humidity (%) at 30 1419 

minute intervals. Temperature humidity index (THI) was calculated from the data collected 1420 

using the formula below where T is ambient temperature (°C) and RH is relative humidity 1421 

expressed as a proportion (Hahn et al., 2009). 1422 

𝑇𝑇𝑇𝑇𝑇𝑇 = 0.8𝑇𝑇 + 𝑅𝑅𝑇𝑇(𝑇𝑇 − 14.4) + 46.4 1423 

3.3.1.2 Observations 1424 

Figure 3.1 Paddock set 
up within each block in 
study one 
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A sub-sample of these bulls (n=30) (196±5.3 days of age and 195±8.9kg live weight) were 1425 

selected based on age and balanced for paddock and diet. Bulls were identified using coloured 1426 

collars. Direct observations were conducted by one trained individual, with a total of 10 1427 

observation days completed over a period of 24 days in July and August 2017. Each 1428 

observation period lasted six hours (1000hrs to 1600hrs), giving a total of 60 hours of direct 1429 

observations per animal. The behaviours recorded are shown in Table 3.1. Behaviour 1430 

sampling was continuous, with the start time of each behaviour being recorded; thus the 1431 

duration of a behaviour was taken as the interval between two behaviours. Each behaviour 1432 

was then assigned to a behaviour group, which categorised similar behaviours together. To 1433 

allow appending with rumen temperature data, behaviours were condensed so that one 1434 

behaviour group was allocated to each five minute interval. Where more than one behaviour 1435 

group occurred within each interval, behaviours were selected based on the rank shown in 1436 

Table 3.1. This ranking was designed so that behaviours that were of a particular interest 1437 

within this study were selected. Drinking was selected as the highest ranking behaviour as it 1438 

is the only factor that is currently well validated to cause a decline in rumen temperature 1439 

(Cantor et al., 2018, Bewley et al., 2008b). The incidence rate (IR) (%) for each behaviour group 1440 

was calculated on an hourly basis, providing a quantitative measure of the proportion of time 1441 

spent on each behaviour. 1442 

3.3.1.3 Activity monitoring 1443 

IceQubes (IceRobotics, Edinburgh, Scotland) were fitted to 24 randomly selected bulls (four 1444 

bulls per paddock) for a period of 30 days while bulls were at grass. IceQubes were attached 1445 

to the right hind leg as reported by Finney et al. (2018) and recorded standing durations, 1446 

lying duration, lying bouts, steps and a motion index. IceQubes recorded data at 15 minute 1447 
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intervals, thus the corresponding rumen temperature was the mean of the three 1448 

temperatures recorded within each interval. Two IceQubes (one bull grazed with 2 kg 1449 

concentrates and one bull grazed with ad libitum concentrates) were dislodged during the 1450 

study, and thus fell off, leaving 22 bulls with an IceQube for the full study period.   1451 

3.3.2 Study two: bulls housed 1452 

3.3.2.1 Animals 1453 

The bulls used in study one were housed in October 2017 to commence their finishing period. 1454 

Each group of 14 was split according to live weight into three pens of four bulls and one pen 1455 

of two bulls. All pens were of the same dimensions (3.4x2.7m) and had slatted floors. A total 1456 

of 32 bulls (256±3.9 days of age and 275±7.4kg live weight) across eight pens were observed 1457 

during study two; only those that were penned in groups of four were observed. These bulls 1458 

were balanced over four dietary treatments (eight bulls per diet) and were offered ad libitum 1459 

grass silage with varying levels of concentrates. The bulls that had been offered 0 and 2kg of 1460 

concentrates at grass in study one, both had their concentrate allowance increased by 1461 

2kg/h/d, and thus were on 2 and 4kg of concentrates, respectively. The bulls on ad libitum 1462 

concentrates at grass in study one, were maintained at this concentrate level. A fourth dietary 1463 

group were introduced to this study; these bulls had spent the summer housed with access 1464 

to ad libitum grass silage and concentrates. The chemical composition of the grass silage and 1465 

concentrates were determined using a wet chemistry analysis.  1466 

Bulls had a rumen temperature bolus administered as per the animals in study one (sub 1467 

section 3.3.1.1). A radiobase was placed centrally within the shed, to automatically download 1468 

data. Ambient conditions were recorded using two iButtons (Hydrochron, DS1923 F5, Maxim 1469 

Integrated, USA) placed at either end of the finishing house. iButtons were secured to the 1470 
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bars of the pen just above animal height; ensuring the face of the iButton was not obscured. 1471 

Ambient temperature (°C) and relative humidity (%) were recorded every 10 minutes. THI was 1472 

calculated using the formula outlined in sub section 3.3.1.1. 1473 

3.3.2.2 Observations 1474 

Prior to observations commencing, bulls had an acclimatisation period of 6 days after housing. 1475 

Video footage of each pen was recorded, and bulls were identified using coloured collars. 1476 

Videos were later scored by one trained individual using Observer XT 13 software. 1477 

Observations were conducted on alternate days (n=7), with four one hour observations 1478 

completed per day commencing at 03:59, 09:39, 14:10 and 20:43. Thus, a total of 28 hours of 1479 

observations were completed per animal. Within each one hour observation period, bulls 1480 

were scored continuously using the ethogram shown in Table 3.1. Individual behaviours were 1481 

assigned to a behaviour group, and the method of ranking behaviours, and calculating 1482 

incidence rates outlined in subsection 3.3.1.2 was applied.  1483 

3.3.3 Statistical analysis 1484 

All statistical analysis were conducted using Genstat (19th edition). Summary statistics were 1485 

conducted on THI and feed composition, with mean and SE values being reported. Rumen 1486 

temperature was examined using linear mixed model (LMM) methodology, and the REML 1487 

estimation method. For study one, behaviour group and diet were fitted as a fixed effects 1488 

while animal ID was fitted as a random effect in the modelling process. Study two was 1489 

analysed using the same model with the addition of pen number being included as a random 1490 

effect. Summary statistics were completed on the incidence rate of behaviour groups during 1491 

each study.  The effect of diet on behaviour incidence rate was analysed as an LMM with 1492 

animal ID as the random effect for study one; and animal ID and pen number as random 1493 
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effects in study two. In all cases if any effect was significant then pairwise differences among 1494 

treatment levels of the effect was assessed using Fisher’s Least Significant Difference Test. To 1495 

assess the relationship between rumen temperature and step count, and whether this 1496 

differed depending on the production system, linear mixed model methodology using the 1497 

REML estimation method was used. Animal was fitted as a random effect, while step count, 1498 

production system and their interaction were fitted as fixed effects in the modelling process. 1499 

If there were significant relationships established then pairwise differences between the 1500 

slopes of each model were assessed using a t-test. In all cases, data was not transformed, and 1501 

the adequacy of the model fits were assessed by visual inspection of residual plots.1502 
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1503 

1504 

Table 3.1: Ethogram for behaviour observations in study one and two 

Rank Behaviour  
Group Behaviour Description 

1 Drinking Drinking Drinking 
2 Agonistic Butt Lowers its head, then uses the head to sharply strike another animal 

Head to head pushing Pushes its head against the head of another individual 
Fight Continued forceful head to head pushing, results in animals pushing each other off-balance or across the ground 
Pushing at the feed face y  Pushing another animal at the feed face in order to gain access to feed 

3 Sexual Mount Intention Head and shoulders are raised and weight is shifted to the rear, at least one front hoof remains on the ground 
Attempt to mount Both front feet simultaneously leave the ground, but the animal does not become positioned on the mountee’s body 
Mounting Lifts its forelegs off the ground and rests the chest on the body of another animal 
Sucking Cross-sucking /drinking urine from another animal 

4 Agonistic or  
sexual  
recipient 

Avoids slowly Moves away to avoid the aggressor slowly, doesn’t turn towards the aggressor 
Moves away with speed Moves away from the aggressor quickly  
Retaliates Retaliates with an attack (bunt or push) towards the aggressor. No more than two physical responses 
Fights Retaliates with continued aggressive behaviour. Behaviour is then scored based on agonistic behaviour group 

5 Affiliative Licking Licking another animal 
Sniffing Sniffing another animal 
Touching/rubbing Touching or rubbing head against the body of another animal 
Grooming/scratching Animal grooming itself or scratching on bars in the pen 

6 Affiliative recipient Recipient of an affiliative behaviour Being sniffed, touched or licked by another animal 
7 Concentrates Eating concentrates Eating concentrates 
8 Locomotion Out of Pen y Cattle out of pen to be weighed 

Walking Walking 
Trotting Trotting 

  Cantering x Cantering 
9 Forage Grazing x Eating grass 
  Eating silage y Eating silage 
10 Stationary Environmental exploring Standing while sniffing, licking and biting an object in the environment 

Standing Standing - appears to be doing nothing 
Lying Lying down - either sleeping or resting 

Rank is based on the priority level each behaviour group was considered when condensing behaviours into five minute intervals; 
x = behaviours that were only scored in study one; y = behaviours that were only scored in study two 
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3.4 Results 1505 

Mean THI was 56.88±0.128 and 56.25±0.096 during study one and study two, respectively. 1506 

Chemical composition of the feed offered during both studies is shown in Table 3.2. Mean 1507 

rumen temperature in study one was 38.09±0.094°C, while that of study two was 1508 

38.59±0.037°C. Diet had no significant effect on mean rumen temperature in either of the 1509 

two studies, and thus the results are not shown. 1510 

 1511 

Figure 3.2 outlines the effect of each of the ten behaviour groups on rumen temperature 1512 

during the two study periods. In both instances, as expected, drinking caused a significant 1513 

decline in rumen temperature, with a mean of 35.97°C and 36.70°C while at grass and housed, 1514 

respectively. Rumen temperature was greatest during periods when bulls were stationary. 1515 

Consuming concentrates also caused a significant increase in rumen temperature. 1516 

Interactions with other bulls resulted in similar rumen temperatures; with only agonistic or 1517 

sexual recipients in study one displaying a significant elevation in comparison to that of 1518 

agonistic and sexual behaviours. A mildly significant interaction (P=0.047) between behaviour 1519 

and diet was observed in study 1 (Figure 3.3). Drinking had a consistently lower rumen 1520 

temperature for bulls on all three diets. Agonistic behaviours for grazed bulls proved to be 1521 

Table 3.2: Chemical composition of feedstuffs 
Study One: At grass Two: Housed 

 Feedstuff Grass Concentrates 
Grass 
silage Concentrates 

DM (g/kg F) 128 846 281 849 
CP (g/kgDM) 200.0 - - - 
Water Soluble Sugars (g/kgDM) 69.6 - - - 
ME (MJ/kgDM) 11.0 - - - 
ADF (g/kgDM) 299.0 114.6 316.4 130.5 
NDF (g/kgDM) - 308.2 541.2 298.0 
Ash (g/kgDM) - 63.8 113.0 83.2 
Nitrogen (g/kg DM) - 29.5 18.8 28.2 
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the only group that had a similar rumen temperature to that of drinking. Across the remaining 1522 

behavior groups, there were no consistent patterns of interactive effects across this 1523 

marginally significant interaction. There was no significant interaction for study 2, therefore 1524 

the results are not presented.  1525 

 1526 

 1527 

 1528 

 1529 

 1530 

 1531 

 1532 

 1533 

 1534 

Figure 3.2: Effect of behaviour on rumen temperature during the two studies 

a,b,c represent significant differences (P<0.001) between behaviour groups in study 1: at grass 
x,y,z represent significant differences (P<0.001) between behaviour groups in study 2: housed 



 

78 
 

1535 

 1536 

 1537 

Table 3.3: Incidence rate (%) of behaviours during study one and two 

Behaviour Group 
Study one: At grass Study two: Housed 
IR (%) SED IR (%) SED 

Drinking 3.45 0.261 3.86 0.626 
Agonistic 0.80 0.093 2.61 0.595 
Sexual 0.83 0.103 3.20 0.700 
Agonistic or sexual recipient 0.18 0.027 0.92 0.186 
Affiliative 0.94 0.100 5.84 0.569 
Affiliative recipient 0.72 0.088 1.01 0.140 
Stationary 52.25 0.859 65.11 1.809 
Locomotion 0.46 0.034 1.66 0.343 
Concentrates - - 6.19 0.488 
Foraging - - 10.91 0.611 
Feeding* 40.63 0.896 - - 

*Concentrates and foraging have been grouped together as the grazed treatment did not 
have access to concentrates  

Figure 3.3: Interaction between behaviour and diet for bulls on study one 

a-g represent significant differences (P=0.047) between behaviour groups 
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 1538 

 1539 

Table 3.3 shows that in both studies the most common behaviour group recorded was 1540 

stationary. In study one, bulls that were grazed with ad libitum concentrates had the greatest 1541 

incidence rate of stationary behaviours (Table 3.4), and the lowest incidence of feeding. In 1542 

contrast study two shows no significant difference in stationary behaviour between diets. 1543 

Housed + ad lib bulls displayed the greatest incidence of affiliative behaviours; while grazed 1544 

and grazed +2kg bulls spent the greatest time consuming forage.  1545 

There was a negative relationship (P<0.001) between step count and rumen temperature. 1546 

Furthermore, Figure 3.4 shows there was a significant interaction between step count and 1547 

diet, with bulls that were grazed with ad libitum access to concentrates displaying a 1548 

significantly more negative relationship.  1549 

 1550 

 
 
 
 
 

Table 3.4: Incidence rate (%) of behaviours according to diet during study one and two  
  Study one: At grass  Study two: Housed 

Behaviour Group 
Grazed Grazed  

+ 2kg 

Grazed  
+ ad 
lib 

SED P-value  Grazed Grazed  
+ 2kg 

Grazed  
+ ad 
lib 

Housed  
+ ad lib SED P-value 

Drinking 2.63 3.93 3.77 0.639 ns  1.58 2.40 6.09 5.36 1.770 ns 
Agonistic 0.57 0.70 1.13 0.229 ns  2.69 4.38 2.25 1.12 1.682 ns 
Sexual 0.81 0.70 0.98 0.253 ns  1.39 3.16 3.32 4.92 1.980 ns 
Agonistic or 
sexual recipient 0.15 0.19 0.19 0.065 ns  0.45 0.85 1.12 1.25 0.520 ns 

Affiliative 0.88 0.69 1.24 0.244 ns  2.95 a 4.00 a 3.94 a 12.47 b 1.610 <0.001 
Affiliative 
recipient 0.57 0.55 1.02 0.216 ns  1.51 1.28 0.40 0.85 0.395 ns 

Stationary 42.94 a 46.75 a 67.05 b 2.105 <0.001  68.17 63.69 67.89 60.69 5.115 ns 
Locomotion 0.23 a 0.63 b 0.51 b 0.083 <0.001  2.22 2.48 0.65 1.29 0.969 ns 
Concentrates - - - - -  3.04 a 5.34 ab 8.40 b 7.97 b 1.381 <0.05 
Foraging - - - - -  17.43 b 13.26 b 7.58 a 5.38 a 1.726 <0.01 
Feeding* 51.61 c 46.05 b 24.24 a 2.196 <0.001   - - - - - - 

*Concentrates and foraging have been grouped together as the grazed treatment did not have access to concentrates  
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Step count 
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Figure 3.4: The effect of step count on rumen temperature of bulls on three different diets; A) 
grazed only, B) grazed with 2 kg concentrate supplementation and C) grazed with ad libitum access 
to concentrates. 

A) y=-0.002534x + 38.85 a     B)  y=-0.002456x + 38.99 a C) y=-0.004077x + 39.06 b 

 a,b represent significant differences between the interaction of step count and diet (P<0.001). 
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3.5 Discussion 1568 

Heat stress in dairy cattle has been shown to cause a rise in rumen temperature (Ammer et 1569 

al., 2016). However, mean ambient conditions observed in this study were considerably 1570 

below the THI threshold for heat stress of 65 outlined by Ammer et al. (2016). Therefore, 1571 

the bulls in this study were not under an excessive heat load, and rumen temperature is 1572 

unlikely to have been affected by ambient conditions.  1573 

Mean rumen temperature from study 1 and 2 is in agreement with that of AlZahal et al. 1574 

(2008), but lower than that observed by Bewley et al. (2008a). Although there was a 1575 

marginally significant interaction between behaviour and diet in study one, there was no 1576 

consistent effect of diet on mean rumen temperature during the observational period. This 1577 

is in agreement with the findings of Petzold et al. (2014) and Castro-Costa et al. (2015) who 1578 

offered high and low concentrate diets to periparturient dairy cows and non-lactating goats, 1579 

respectively. In contrast, other studies involving lactating (AlZahal et al., 2008) and non-1580 

lactating dairy cows (Loholter et al., 2013) have found that high concentrate diets result in a 1581 

greater rumen temperature, with a reduced rumen pH also being observed. This negative 1582 

relationship between rumen temperature and pH, is characteristic of cattle undergoing a 1583 

subacute ruminal acidosis challenge (AlZahal et al., 2008). The intensity of which is 1584 

compounded if the rumen environment is not sufficiently adapted to concentrate feeding 1585 

(Kleen et al., 2003). Therefore, as rumen temperature was consistent across the diets in this 1586 

study, it is unlikely that the bulls were in an acidotic state. 1587 

Figure 3.2 indicates that concentrate feeding did however, cause an immediate rise in 1588 

rumen temperature. Concentrates contain high proportions of easily fermentable 1589 

carbohydrates (Kleen et al., 2003, Loholter et al., 2013) and therefore are much quicker to 1590 
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ferment in the rumen than forage based feeds. Furthermore, Tafaj et al. (2004) reported 1591 

that fermentation was more intense within the top and middle layers of digesta in the 1592 

rumen. Thus, as recently ingested feed is located at the top of the rumen, fermentation 1593 

occurs imminently (Martin et al., 1999, Tafaj et al., 2004). Therefore, heat, a by-product of 1594 

fermentation, is generated soon after the ingestion of concentrates; hence justifying the rise 1595 

in rumen temperature observed in this study. Feeding incidence was greatest for bulls on a 1596 

grazed diet with no concentrate supplementation (Table 3.4). Forage based diets result in a 1597 

slower intake rate in comparison to concentrate based diets (Abijaoude et al., 2000). Thus, 1598 

greater bouts of feeding would be expected in order to fulfil intakes.  1599 

Figures 3.2 and 3.3 show no significant difference between being the donor or recipient of 1600 

affiliative behaviour in terms of rumen temperature. In addition, rumen temperature during 1601 

these behaviours was not significantly different from agonistic or sexual interactions (with 1602 

the exception of agonistic behaviour of grazed bulls (Figure 3.3) which will be addressed 1603 

later). Thus, indicating that it is difficult to differentiate between behavioural interactions 1604 

based purely on rumen temperature. The greater incidence of affiliative behaviours for 1605 

housed ad lib bulls in study 2 may be reflective of tighter social bonds. These bulls were also 1606 

housed as a group of 14 during the summer when the other three dietary groups were at 1607 

grass; and therefore, had spent longer in a housed environment. Confinement systems are 1608 

known to lead to increased stress levels (Jarvis et al., 2006); while affiliative behaviours 1609 

often act as a displacement activity (Rind and Phillips, 1999). Furthermore, affiliative 1610 

behaviours have been shown to cause a calming effect for the receiver, identified by a 1611 

decline in heart rate in dairy cows (Laister et al., 2011).  1612 
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As the two studies were not conducted at the same time, a direct comparison cannot be 1613 

made between behavioural incidences rates. However, combining the five behaviour groups 1614 

which focus on social interactions, shows that a high incidence (13.58%) of these 1615 

interactions occurred when bulls were housed. As these bulls were in a confined 1616 

environment, there would have been competition for feed space or preferential lying space. 1617 

Thus, an increase in displacements, and forcing other animals to stand in order to gain 1618 

access to feed, water or lying space would be expected (Winckler et al., 2015). However, 1619 

Kenny and Tarrant (1987b) outlined that agonistic interactions were less intense within a 1620 

confined space. Therefore, it could be assumed that although agonistic interactions at grass 1621 

were less frequent, they may have been more intense.  1622 

The rumen temperatures observed during periods of agonistic or sexual behaviour show a 1623 

less pronounced rise than would have been expected (Jansen and Nguyen, 1995). 1624 

Particularly, as animals are considered to be excitable during such times. One potential 1625 

reason for the observed results is that the bulls had not reached full sexual maturity at the 1626 

time of observation; thus, these interactions may have been less intense (Nelson, 1995). 1627 

Furthermore, bulls were in a stable social group, and had already established a social 1628 

hierarchy at the time of observation. Research had shown that agonistic and sexual 1629 

interactions are reduced within a stable social group (Beilharz and Zeeb, 1982). Figure 3.3 1630 

shows that there was a degree of variation between agonistic rumen temperatures of the 1631 

three diets. That of the grazed bulls was particularly low; access to the drinker was the only 1632 

source of competition for these bulls, thus it could be suggested that agonistic behaviours 1633 

occurred around the time of drinking. Thus, rumen temperature may not have fully 1634 

recovered from the rapid decline associated with the intake of water (Bewley et al., 2008b). 1635 

Conversely, agonistic interactions from the other two dietary groups are likely to have 1636 



 

84 
 

occurred around the time of consuming concentrates; which may further account for the 1637 

observed differences.   1638 

The negative relationship between rumen temperature and step count is contrary to what 1639 

would have been expected based on the findings of Gordon (1983). However, as further 1640 

confirmed by the results in Figure 3.2, water intake causes a significant decline in rumen 1641 

temperature (Bewley et al., 2008b, Cantor et al., 2018). Therefore, the low values in Figure 1642 

3.4 indicate that drinking is occurring during periods of both high and low activity. Figure 3.4 1643 

also shows a considerable proportion of temperatures >40°C when step count is <100. This 1644 

is further supported by the results shown in Figure 3.3 where bulls had a significantly 1645 

greater rumen temperature when stationary compared to that during locomotion at grass. A 1646 

negative relationship between rumination time and activity in dairy cows has been well 1647 

documented (Reith et al., 2014, Minegishi et al., 2019). Thus, these elevated rumen 1648 

temperatures during predominately stationary periods are most likely caused by rumination 1649 

leading to additional heat production from rumen fermentation. Alternatively, behavioural 1650 

changes are commonly associated with ill health; with animals displaying lethargic 1651 

behaviour, during which time they may exhibit a fever (Johnson, 2002). However, as no 1652 

clinical signs of disease were observed during this study, it is unlikely that ill health had any 1653 

impact on rumen temperature. 1654 

3.6 Conclusion 1655 

In conclusion, diet had no consistent effect on rumen temperature. Significant differences in 1656 

rumen temperature were observed between behaviours of young bulls. However, the results 1657 

show that it is difficult to differentiate between behavioural interactions based purely on 1658 

rumen temperature. All temperatures observed were within the normal range for healthy 1659 
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cattle. Therefore, there is limited need to take behaviour into account when using rumen 1660 

temperature for the detection of ill health in cattle.   1661 
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 1664 

Chapter 4 1665 

The effect of Holstein bull beef production system on 1666 

health, performance, carcass and meat quality 1667 

parameters 1668 

  1669 
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4.1 Abstract 1670 

The aim of this study was to evaluate the effect of production system on the health, 1671 

performance and carcass characteristics of Holstein bulls. The study involved 224 Holstein 1672 

bulls (mean initial live weight 165±2.0kg; mean initial age 153.7±1.74d) in a 2 (year) x 2 1673 

(season) x 4 (production system) factorial design experiment. The study was repeated over 1674 

two years (2017/18, 2018/19), with both autumn born (AB) and spring born (SB) bulls 1675 

(season). The four production system treatments differed during the grower period and 1676 

consisted of: (i) grazed with no concentrate supplementation (G), (ii) grazed with 2kg 1677 

concentrate supplementation (G2), (iii) grazed with ad libitum access to concentrates (GA) 1678 

and (iv) housed with ad libitum access to concentrates and grass silage (HA).  All bulls were 1679 

finished on ad libitum concentrates and grass silage and were slaughtered at a mean age of 1680 

15.5 months. Total grower DMI (P<0.001) and total finishing DMI (P<0.001) were greatest 1681 

for GA bulls and lowest for G bulls. Animal performance was greater in year one (P<0.001) 1682 

than year two and for AB bulls (P<0.001) relative to SB bulls. The HA bulls had the greatest 1683 

DLWG during the grower period (P<0.001), yet had the poorest performance during the 1684 

finishing period (P<0.001); the opposite trend was displayed by G bulls. Bulls on the GA and 1685 

HA production systems produced heavier carcasses than G and G2 bulls (P<0.001). There 1686 

was no significant difference in animal health, carcass quality (conformation and fat 1687 

classification). Meat quality differed between years, with WBSF D7 (P<0.001) and D14 1688 

(P=0.01) being greater in year one than in year two. There was also an interaction between 1689 

year and season for a number of meat quality parameters, however, no clear trend exists.  1690 

4.2 Introduction  1691 
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The UK dairy herd is predominantly of the Holstein-Friesian (HF) breed, with a major 1692 

emphasis placed on maximising milk yield (Kirkland et al., 2007). As a result of years of 1693 

continued single-trait selection for milk yield, the beef production potential of Holstein 1694 

dairy-bred calves has declined (Keane et al., 2001).  1695 

The ability for bulls to out-perform steers in terms of growth rate and feed efficiency has 1696 

been widely documented within the literature. Steen (1995) reported a 31% higher carcass 1697 

gain for bulls; while improvements in FCR of 18.8% have been documented (Kirkland et al., 1698 

2006). In addition, to meet UK market specifications bulls must be slaughtered under 16 1699 

months of age, therefore allowing for a quicker throughput of livestock on the farm. 1700 

Although the utilisation of bulls allows for increased efficiency in beef production systems; 1701 

they accounted for only 10% of the UK prime cattle slaughtered in 2017; with steers 1702 

representing a considerable 53% (DEFRA, 2018b). One possible reason for the low 1703 

proportion of male cattle being finished as bulls is that bull beef production in the UK and 1704 

Ireland is predominantly an intensive indoor system, involving a high level of concentrate 1705 

feeding (Allen and Kilkenny, 1984). Feed costs have been shown to account for a substantial 1706 

proportion of the variable costs in beef production with values of up to 75% being reported 1707 

(Finneran et al., 2010). Consequently, these systems are subject to fluctuating concentrate 1708 

prices and market volatility (Ashfield et al., 2014). Thus, a production system must be aimed 1709 

at reducing production costs; whilst maximising performance.  1710 

Grazed grass is the cheapest form of feed for ruminants in the UK and Ireland (Finneran et 1711 

al., 2010), and thus, the inclusion of a grazing period during the first summer could help to 1712 

reduce production costs. However, with bulls being characteristically leaner than steers 1713 

(Steen, 1994); it is important that carcase weight and subcutaneous fat depth are not 1714 
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compromised. Thus, concentrate supplementation at grass during the growing period may 1715 

be required to ensure bulls meet market specification (>260 kg carcass, fat class ≥2+ and 1716 

<16 months) at slaughter (LMC, 2019e).  1717 

The objective of this study was to compare the health and performance of bulls on four 1718 

differing production systems to identify if a grazing period could be included in Holstein bull 1719 

beef production, and if concentrate supplementation at grass was required. Specifically, we 1720 

examine the hypothesis that a greater level of concentrate feeding will result in a superior 1721 

carcass weight.  1722 

4.3 Materials and methods 1723 

This study was undertaken from May 2017 until June 2019 the Agri-Food and Biosciences 1724 

Institute (AFBI), Hillsborough, Northern Ireland. All experimental procedures used in this 1725 

study were conducted in compliance with the United Kingdom Animals (Scientific 1726 

Procedures) Act 1986. 1727 

4.3.1 Experimental design and animal management 1728 

This study consisted of a 2x2x4 factorial design experiment involving 224 Holstein bulls. The 1729 

treatments were comprised of two years, two seasons and four production systems which 1730 

differed during the grower period. This trial was repeated over two years to take account of 1731 

different grazing years (2017 and 2018). The two seasons consisted of either autumn born 1732 

(AB) or spring born (SB) bull calves. The AB bulls had a mean initial age of 192±3.5 days at 1733 

212±4.0kg liveweight (LW); while SB bulls were on average 116±3.5 days of age at 1734 

119.6±4.0kg LW at the commencement of this trial. The production system treatments 1735 

included; (i) grazed with no concentrate supplementation (G), (ii) grazed with 2kg 1736 
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concentrate supplementation (G2), (iii) grazed with ad libitum access to concentrates (GA) 1737 

and (iv) housed with ad libitum access to concentrates and grass silage (HA). Each treatment 1738 

group consisted of 14 animals and was balanced for LW and age. Prior to the trial 1739 

commencing, all animals were housed on straw bedding and managed similarly, with ad 1740 

libitum access to grass silage and 2kg/h/d concentrate supplementation.  1741 

4.3.2 Management during grower period 1742 

HA were housed in slatted accommodation, with access to cubicles.  Grass silage was fed 1743 

daily through a diet feeder and concentrates were fed in a trough. HA were gradually built 1744 

up to ad libitum concentrate feeding, with concentrates being split into two feeds daily from 1745 

3kg and 4kg supplementation for the SB and AB groups, respectively until ad libitum at d28 1746 

for SB bulls and d56 for AB bulls. 1747 

 G, G2 and GA were rotationally grazed in a 4 paddock system. A 7.2ha mature perennial 1748 

ryegrass pasture was divided into four equal blocks of 1.8ha, with each block subdivided 1749 

into a further six paddocks; three paddocks of 0.38ha for AB bulls and three of 0.21ha for SB 1750 

bulls. Divisions between paddocks consisted of two strands of electric wire. Each of the six 1751 

treatment groups at grass were assigned one paddock per block.  All cattle were grazed in 1752 

one block at a time, and therefore were all rotated on the same day. Cattle were moved 1753 

when one group (primarily G or G2) reached a post-grazing height of approximately 6.5cm. 1754 

A group of 30 spare cattle were then used to graze out the remaining paddocks (particularly 1755 

GA) in order to bring all paddocks down to the same post-grazing cover. No live weight or 1756 

intake data was recorded for the spare cattle.  1757 

Post turnout, G2 and GA were offered concentrates in a trough daily, G2 were fed 2kg 1758 

concentrates throughout the trial. GA were gradually built up to ad libitum concentrate 1759 
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feeding, at the same rate as HA, at which point a creep feeder was introduced. The duration 1760 

of the grower period is shown in Table 4.1, at the end of which G, G2 and G2 bulls were 1761 

housed, and HA bulls were moved to the finishing house.  1762 

Table 4.1: Durations in days of each 
period during the trial 

Year One Two 
Season AB SB AB SB 

Grower 90 138 88 159 
Finisher 188 234 193 185 

 1763 

4.3.3 Management during finishing period  1764 

All bulls were housed on slatted accommodation during the finishing period; the duration of 1765 

which is shown in Table 4.1. Each treatment group was split into three pens of four and one 1766 

pen of two bulls; and randomly assigned a pen number. All bulls were finished on ad libitum 1767 

concentrates and grass silage. Therefore, GA and HA bulls continued on ad libitum 1768 

concentrate feeding, while G and G2 bulls were gradually built up to ad libitum over a 1769 

duration of six and seven weeks respectively; with concentrates being split into two equal 1770 

feeds when supplementation was between 5 and 8kg. Bulls were slaughtered at a mean age 1771 

of 15.5 months.  1772 

4.3.4 Live weight and health 1773 

All bulls were weighed on two consecutive days prior to the commencement of this trial, at 1774 

the end of the grower phase and at slaughter. The mean of the two weights was taken to be 1775 

the animals’ LW on each of the three occasions. Throughout the trial bulls were weighed 1776 

fortnightly to monitor performance. As two of the production system treatments included 1777 

ad libitum concentrate feeding, bulls were always weighed full, at approximately the same 1778 
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time on each occasion. Daily live weight gains (DLWG) for each phase were determined by 1779 

the difference between the initial LW and final LW, divided by duration (days) of each 1780 

phase. Bulls were monitored daily for clinical signs of disease; with disease incidence and 1781 

antibiotic treatments being recorded.  Rumen temperature boluses (Thermobolus small, 1782 

Medria, France) were administered at the beginning of this trial to 203 bulls.  Temperature 1783 

alerts from the boluses were used as an additional tool to assess health status;  1784 

4.3.5 Feed Intake and composition 1785 

Pre- and post-grazing heights were measured using a Jenquip rising plate meter (model 1786 

EC09) (Jenquip, NewZealand) and the difference used to estimate intake. Group intakes of 1787 

silage and concentrates were recorded daily and refused feed was removed and weighed 1788 

twice weekly prior to fresh feed being offered. A 10% fresh weight (FW) refusal rate was 1789 

considered acceptable for ad libitum intakes. Mean individual intakes were determined by 1790 

dividing the group intake by the number of animals per group. 1791 

Pre- and post-grazing grass samples were analysed weekly using NIRS (CP, ADF, WSS and 1792 

ME). Daily silage and concentrate dry matter (DM) were monitored, together with that of 1793 

the pre- and post-grazing grass samples. This was completed by placing samples in a forced-1794 

air circulation oven at 80°C for 48 hours. Dried concentrate and silage samples were bulked 1795 

fortnightly to allow chemical composition (Ash, ADF, NDF and Gross energy) to be 1796 

determined via a wet chemistry analysis.   1797 

Feed conversion ratio (FCR) was calculated by dividing the total dry matter intake (DMI) by 1798 

the total live weight gain for the corresponding time frame. 1799 

4.3.6 Carcass characteristics 1800 
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At slaughter, carcass conformation and fat classification were recorded using video imaging 1801 

analysis (VIA) equipment according the 15-point EU scoring system. Carcass conformation 1802 

was converted to a numerical scale; where 1 represents a P-, and 15 represents an E+ for 1803 

conformation. For fat classification, 1 represented 1-, while 15 represented 5+. Carcass 1804 

weight was recorded for each animal, in addition internal fat (cod, kidney and channel fat) 1805 

was removed from the carcass and weighed during dressing (Murphy et al., 2017) . Dressing 1806 

percentage was calculated by dividing net carcass weight by LW at slaughter. Carcass gain 1807 

was calculated as follows: 1808 

𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 𝑔𝑔𝐶𝐶𝑔𝑔𝑔𝑔 =
ℎ𝑜𝑜𝑜𝑜 𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 𝑤𝑤𝑤𝑤𝑔𝑔𝑔𝑔ℎ𝑜𝑜 − 𝑔𝑔𝑔𝑔𝑔𝑔𝑜𝑜𝑔𝑔𝐶𝐶𝑖𝑖 𝑤𝑤𝑤𝑤𝑔𝑔𝑔𝑔ℎ𝑜𝑜

𝑑𝑑𝐶𝐶𝑤𝑤𝐶𝐶𝐶𝐶𝑔𝑔𝑔𝑔𝑔𝑔 𝑝𝑝𝑤𝑤𝐶𝐶𝐶𝐶𝑤𝑤𝑔𝑔𝑜𝑜𝐶𝐶𝑔𝑔𝑤𝑤
𝑑𝑑𝐶𝐶𝑑𝑑𝐶𝐶 𝑜𝑜𝑔𝑔 𝑤𝑤𝑒𝑒𝑝𝑝𝑤𝑤𝐶𝐶𝑔𝑔𝑒𝑒𝑤𝑤𝑔𝑔𝑜𝑜

 1809 

A post-mortem examination on the lungs, liver and heart was conducted following slaughter 1810 

by the veterinary inspector. Lungs were inspected for signs of pleurisy and pneumonia, the 1811 

liver for abscesses and peritonitis, and the heart for pericarditis. Each organ was scored on a 1812 

scale of 1 to 4 (1= no signs, 2= mild, 3=moderate and 4= condemned).  1813 

At 24 hours post-slaughter, carcasses were split between the 9th and 10th rib, and the 1814 

longissimus dorsi muscle was scored for marbling using the Meat Standards Australia scoring 1815 

system (Murphy et al., 2017). Subcutaneous fat depth (mm) was measured at three points 1816 

(0.25, 0.50, and 0.75) along the length of the longissimus dorsi muscle on both sides of the 1817 

carcass, the mean of these values was taken as the subcutaneous fat depth for each animal 1818 

(Kirkland et al., 2007). Carcass fat colour was also scored on each side of the carcass on a 5-1819 

point scale (1=white and 5=yellow); the mean of these values was taken as the carcass fat 1820 

colour.  1821 

4.3.7 Instrumental meat quality 1822 
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Two samples from the longissimus dorsi muscle were removed from the anterior fore-rib 1823 

joint at four days post-slaughter. These meat samples were aged at 3°C, one until day 7 and 1824 

the other until day 14 post-slaughter. At D7 ultimate pH (pHult) and colour (L*(lightness), 1825 

a*(redness) and b*(yellowness)) were assessed using a Jenway 370 pH meter and a Chroma 1826 

Meter CR-400, respectively. Both instruments were calibrated prior to measurements being 1827 

taken. D7 and D14 samples were then vacuum-packed and frozen, where they were stored 1828 

until further measurements were taken.  1829 

Samples were left to thaw over a period of 24 hours at 4°C. Following this, they were 1830 

removed from the packaging and left to bloom for 40 minutes. Samples were vacuum-1831 

packed and cooked in a water bath at 70°C for 50 minutes. Samples were weighed pre- and 1832 

post-cooking, and cooking loss was calculated as follows: 1833 

𝐶𝐶𝑜𝑜𝑜𝑜𝐶𝐶𝑔𝑔𝑔𝑔𝑔𝑔 𝑖𝑖𝑜𝑜𝐶𝐶𝐶𝐶 % = �
𝑝𝑝𝐶𝐶𝑤𝑤 𝐶𝐶𝑜𝑜𝑜𝑜𝐶𝐶𝑔𝑔𝑔𝑔𝑔𝑔 𝑤𝑤𝑤𝑤𝑔𝑔𝑔𝑔ℎ𝑜𝑜 − 𝑝𝑝𝑜𝑜𝐶𝐶𝑜𝑜 𝐶𝐶𝑜𝑜𝑜𝑜𝐶𝐶𝑔𝑔𝑔𝑔𝑔𝑔 𝑤𝑤𝑤𝑤𝑔𝑔𝑔𝑔ℎ𝑜𝑜 

𝑝𝑝𝐶𝐶𝑤𝑤 𝐶𝐶𝑜𝑜𝑜𝑜𝐶𝐶𝑔𝑔𝑔𝑔𝑔𝑔 𝑤𝑤𝑤𝑤𝑔𝑔𝑔𝑔ℎ𝑜𝑜 
�  100 1834 

Warner Bratzler Shear Force (WBSF) measurements were completed on each sample using 1835 

an Instron 3366 Universal Testing Instrument. Samples were cored parallel to the 1836 

longitudinal orientation of the muscle fibres and ten cores (sub-samples) were taken from 1837 

each meat sample. All sub-samples were of the same diameter (12.5mm), and were sheared 1838 

perpendicular to the muscle fibres. The mean maximum load of the 10 sub-samples was 1839 

considered as the WBSF value for each meat sample.  1840 

4.3.8 Statistical Analysis 1841 

All statistical analysis was completed using Genstat (19th edition). Summary statistics were 1842 

conducted on the composition of feed. Analysis of dry matter intakes was carried out using 1843 

linear mixed model (LMM) methodology using the REML estimation method. A factorial 1844 
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arrangement of year, season and production system were fitted as fixed effects, with 1845 

subject and day fitted as the random effects for grower intakes; while pen and day were 1846 

included as random effects for finishing intakes. A Fisher’s Least Significant Test was used to 1847 

further assess pairwise differences between the individual levels of the effects. Live weight 1848 

performance and FCR during the grower period were also analysed using the REML 1849 

estimation method. Fixed effects included initial age, initial weight and a factorial 1850 

arrangement of year, season and production system; again multiple comparisons were 1851 

conducted using a Fisher’s Least Significant Test. Live weight performance and FCR during 1852 

the finishing period, carcass characteristics and instrumental meat quality were analysed in 1853 

the same way, with the addition of finishing pen number being included as a random effect.  1854 

Health variables were modelled using generalised linear mixed model methodology with 1855 

initial age, initial weight, year, season and production system as fixed effects and finishing 1856 

pen number as a random effect. The binary variables used a binomial distribution with a 1857 

logit link function, while the count variables used a Poisson distribution with a logarithmic 1858 

link function. 1859 

4.4 Results 1860 

The chemical composition of the feed offered is shown in Table 4.2. Forage, concentrate 1861 

and total DMI (Table 4.3) differed significantly during the grower period for each of the four 1862 

production systems; with GA bulls having the greatest total DMI. However, there was no 1863 

significant differences between years, seasons or any of the interactions. Intakes during the 1864 

finishing period show a greater number of significant differences; during year two bulls had 1865 

a lower (P<0.001) forage DMI, greater (P<0.001) concentrate DMI and greater (P<0.001) 1866 

total DMI than in year one. The same trend exists for the AB bulls when comparing the 1867 
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effects of season. Forage DMI was greatest (P<0.001) for G2 and HA bulls during finishing, 1868 

while GA bulls had the greatest concentrate intake. Subsequently GA bulls also had the 1869 

significantly greatest (P<0.001) total DMI during finishing. These trends were further 1870 

highlighted by a number of significant interactions for intakes during the finishing period 1871 

(Tables 4.4 to 4.6). Table 4.3 also demonstrates the significant (P<0.001) difference in total 1872 

concentrate intake; with GA bulls consuming 0.77t more concentrates than G bulls. 1873 

1874 

Table 4.2: Composition of feed offered to bulls 
 Concentrates Grass Silage Grass 
 Year 1 Year 2 Year 1 Year 2 Year 

1 
Year 

2  Grower Finishing Grower Finishing Grower Finishing Grower Finishing 
DM (g/kg) 873.8 870.0 883.0 867.6 253.6 281.8 283.3 311.5 217.4 269.7 
Ash (g/kg) 69.57 80.91 77.28 81.89 108.3 107.5 119.7 106.7   

Gross energy (MJ/kg) 18.36 18.33 18.27 18.28 18.66 18.71 18.61 18.97   

ADF (g/kg) 143.8 124.0 123.6 144.8 358.6 325.1 340.4 308.3   

NDF (g/kg) 312.9 298.5 295.6 363.1 583.8 545.3 589.7 535.0   

CP (%DM)         17.18 15.97 
ADF (%DM)         31.09 30.3 
WSC (%DM)         11.55 15.05 
ME (MJ/kgDM)         10.93 11.06 

DM = dry matter; ADF = acid detergent fibre; NDF = neutral detergent fibre; CP = crude protein; WSC = water soluble 
carbohydrates; ME = metabolisable energy 
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Table 4.3: Dry matter intakes during the grower and finishing period for the main effects of year, season and production system 

  Year (Y) Season (S) Production System (PS) SED Significance 
    One Two AB SB G G2 GA HA Y S PS 

Grower DMI Forage (kg/d) 2.36 2.44 2.58 2.22 3.30 b 3.10 b 1.97 a 1.23 a 0.334 ns ns <0.001 

 Concentrate (kg/d) 4.10 4.47 4.56 4.02 - 1.66 a 5.84 b 5.36 b 1.223 ns ns 0.01 

 Total (kg/d) 5.50 5.87 6.05 5.32 3.54 a 4.99 ab 7.69 c 6.51 bc 0.716 ns ns <0.001 
Finishing DMI Forage (kg/d) 2.07 1.84 1.70 2.21 1.83 a 2.05 b 1.92 a 2.04 b 0.018 <0.001 <0.001 <0.001 

 Concentrate (kg/d) 7.60 8.07 8.31 7.37 7.40 a 8.00 c 8.33 d 7.62 b 0.034 <0.001 <0.001 <0.001 
  Total (kg/d) 9.70 9.93 10.01 9.62 9.23 a 10.10 c 10.28 d 9.66 b 0.038 <0.001 <0.001 <0.001 
Total concentrate DMI (t) 2.06 1.92 2.02 1.95 1.57 a 1.81 b 2.34 c 2.22 c 0.048 <0.05 ns <0.001 
SED= for main effect of  Year 

 75 

 76 

Table 4.4: Dry matter intakes during the grower and finishing period for the interactions between year and season, and year and production system 

  Year.Season 
SED P-value 

Year.Production System 
SED P-value   One Two One Two 

    AB SB AB SB G G2 GA HA G G2 GA HA 
Grower DMI Forage (kg/d) 2.47 2.25 2.70 2.18 0.472 ns 3.14 2.86 2.13 1.30 3.46 3.34 1.81 1.15 0.669 ns 

 Concentrate (kg/d) 4.53 3.68 4.58 4.36 1.729 ns - 1.60 5.97 4.74 - 1.72 5.71 5.98 2.117 ns 

 Total (kg/d) 5.76 5.23 6.34 5.41 1.011 ns 3.38 4.70 8.063 5.83 3.70 5.28 7.32 7.19 1.432 ns 

Finishing DMI Forage (kg/d) 1.90 b 2.25 d 1.51 a 2.17 c 0.038 <0.001 1.95 c 2.25 d 2.17 d 1.93 c 1.71 ab 1.85 bc 1.66 a 2.15 d 0.060 <0.001 

 Concentrate (kg/d) 7.95 7.25 8.66 7.48 0.073 ns 7.23 a 7.68 b 8.43 d 7.07 a 7.57 b 8.32 cd 8.23 cd 8.16 c 0.115 <0.001 

  Total (kg/d) 9.84 b 9.56 a 10.18 c 9.68 a 0.082 <0.001 9.18 ab 9.97 cd 10.65 f 9.01 a 9.28 b 10.23 de 9.90 c 10.31 e 0.129 <0.001 

Total concentrate DMI (t) 2.06 2.05 1.98 1.86 0.068 ns 1.68 1.87 2.46 2.21 1.46 1.75 2.23 2.23 0.096 ns 
 77 
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Table 4.5: Dry matter intakes during the grower and finishing period for the interaction between season and production system 
    Season.Production System 

SED P-value   AB SB 
    G G2 GA HA G G2 GA HA 
Grower DMI Forage (kg/d) 3.46 3.12 2.15 1.62 3.14 3.09 1.79 0.84 0.667 ns 

 Concentrate (kg/d) - 1.63 6.33 5.70 - 1.69 5.35 5.02 2.120 ns 

 Total (kg/d) 3.66 4.96 8.56 7.03 3.42 5.02 6.83 5.99 1.430 ns 
Finishing DMI Forage (kg/d) 1.95 c 1.75 b 1.55 a 1.56 a 1.71 b 2.34 d 2.28 d 2.52 e 0.064 <0.001 

 Concentrate (kg/d) 8.29 e 8.08 de 9.04 f 7.82 cd 6.52 a 7.92 d 7.61 bc 7.42 b 0.123 <0.001 

 Total (kg/d) 10.23 de 9.86 c 10.63 f 9.33 b 8.23 a 10.34 e 9.92 c 10.00 cd 0.139 <0.001 
Total concentrate DMI (t) 1.70 1.79 2.35 2.24 1.44 1.84 2.33 2.20 0.096 ns 

 78 

 79 

 80 

Table 4.6: Dry matter intakes during the grower and finishing period for the interaction between year, season and production system 

    Year.Season.Production System 

SED P-value   One Two 

  AB SB AB SB 
    G G2 GA HA G G2 GA HA G G2 GA HA G G2 GA HA 
Grower  
DMI  
(kg/d) 

Forage 3.39 2.78 1.88 1.82 2.89 2.94 2.38 0.79 3.53 3.45 2.41 1.41 3.40 3.23 1.20 0.90 0.943 ns 
Concentrate - 1.58 6.81 5.20 - 1.63 5.13 4.27 - 1.69 5.85 6.21 - 1.75 5.56 5.76 2.995 ns 
Total 3.54 4.51 8.73 6.28 3.23 4.89 7.40 5.38 3.79 5.41 8.38 7.78 3.62 5.15 6.26 6.60 2.021 ns 

Finishing 
DMI  
(kg/d) 

Forage 2.00 defg 2.05 dfgh 1.88 d 1.65 c 1.90 def 2.44 i 2.46 i 2.20 gh 1.90 de 1.45 b 1.23 a 1.47 b 1.51 b 2.25 h 2.10 gh 2.83 j 0.087 <0.001 

Concentrate 7.78 efg 7.74 fg 9.06 j 7.24 cd 6.68 b 7.63 ef 7.80 fg 6.91 bc 8.79 j 8.43 i 9.02 j 8.40 i 6.35 a 8.22 hi 7.43 de 7.92 gh 0.167 <0.01 

Total 9.73 ef 9.80 f 10.98 j 8.86 bc 8.62 b 10.14 fg 10.32 gh 9.17 cd 10.73 ij 9.92 ef 10.29 gh 9.80 ef 7.83 a 10.54 hi 9.52 de 10.83 ij 0.188 <0.001 
Total concentrate DMI (t) 1.77 1.83 2.49 2.15 1.59 1.92 2.42 2.28 1.63 1.75 2.22 2.32 1.30 1.75 2.24 2.13 0.135 ns 
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 1881 

 1882 

 1883 

Initial: Year P<0.001; Season P<0.001; Production system P>0.05 
Housed: Year P<0.001; Season P<0.001; Production system P<0.001 (represented by letters a-d) 
Slaughter: Year P<0.001; Season P<0.01; Production system P<0.001 (represented by letters x-y) 

Grower: Year P<0.001; Season P<0.05; Production system P<0.001 (represented by letters a-d) 
Finishing: Year P<0.001; Season P<0.001; Production system P<0.001 (represented by letters l-n) 
Overall: Year P<0.001; Season P<0.001; Production system P<0.001 (represented by letters x-z) 
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 1884 

In year one bulls were significantly (P<0.001) heavier at both housing and slaughter (Figure 1885 

4.1) than year two. In addition, Figure 4.1 indicates that there was 88.3kg of difference in 1886 

live weight between G bulls and HA bulls at housing, however this was reduced to a 1887 

difference of 48.3kg at slaughter. Housed live weight, was lowest for AB G bulls in year two 1888 

(Table 4.11), while that of SB GA and SB HA bulls was significantly (P<0.05) the greatest at 1889 

the end of the grower period. However, Tables 4.8 – 4.11 show that there were no 1890 

interactions (P>0.05) for live weight at slaughter. 1891 

During the grower period G bulls had a DLWG of 0.69kg/d while that of HA bulls was 1892 

1.46kg/d (Figure 4.2). This trend was reversed during the finishing period with G bulls having 1893 

the significantly (P<0.001) greatest DLWG of 1.48kg/d and HA bulls had the lowest of 1894 

1.27kg/d, with G2 and GA bulls as intermediates. However, when the full production system 1895 

is taken into consideration the bulls on ad libitum concentrates (GA and HA) had the 1896 

significantly (P<0.001) greatest overall DLWG. Table 4.8 illustrates that AB bulls in year two 1897 

Grower: Year P<0.001; Season P=0.001; Production system P<0.001 (represented by letters a-c) 
Finishing: Year P>0.05; Season P<0.001; Production system P<0.001 (represented by letters l-n) 
Overall: Year P<0.01; Season P>0.05; Production system P<0.01 (represented by letters x-y) 
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had the significantly (P<0.001) poorest DLWG during the grower period. This is further, 1898 

demonstrated by Table 4.11 where AB G bulls in year two had a DLWG of 0.43kg/d. Tables 1899 

4.8 - 4.11 show that there were no interactions (P>0.05) for finishing DLWG  or overall 1900 

DLWG. 1901 

Year had a significant (P<0.001) effect on FCR during the grower period, with the bulls from 1902 

year one being more efficient, however there was no difference during the finishing period 1903 

(Figure 4.3). Spring born bulls had a significantly (P=0.001) lower FCR than AB bulls during 1904 

the grower period, yet conversely during the finishing period AB bulls had a significantly 1905 

(P<0.001) lower FCR than SB bulls. However, when combining both periods, there was no 1906 

significant (P>0.05) difference in FCR. Considering the effects of production system, HA bulls 1907 

were the most efficient during the grower period, while GA bulls were the least efficient. 1908 

However, during the finishing period G bulls proved to have the significantly (P<0.001) 1909 

lowest FCR, while HA bulls had the greatest. Over the full study period, GA bulls were the 1910 

least efficient. Considering the three-way interaction (Table 4.11), FCR during the grower 1911 

period was significantly (P<0.01) greater for AB G and AB G2 bulls in year two.  1912 

Significant differences were observed between age at slaughter (Table 4.7) for both year 1913 

(P<0.05) (year one bulls had a greater age at slaughter) and season (P<0.001) (SB bulls had a 1914 

greater age at slaughter). Carcass weights of bulls were 20.7kg heavier in year one, than in 1915 

year two; and 21.5kg heavier for AB bulls than SB bulls. The same trend was observed for 1916 

carcass gain. Similar carcass weights were observed for G and G2 bulls while that of GA and 1917 

HA bulls were significantly (P<0.001) greater. Carcass gains were lowest for G bulls, and 1918 

greatest for GA and HA bulls, with that of G2 as an intermediate. There were no significant 1919 

(P>0.05) interactions for either carcass weight or carcass gain (Tables 4.8 - 4.11).  1920 
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 21 

 22 

Table 4.7: Carcass characteristics and meat quality of autumn and spring born bulls on four production systems over two years 
  Year (Y) Season (S) Production System (PS) SED Significance 

    One Two AB SB G G2 GA HA Y S PS 
Age at slaughter (d) 475.1 470.6 466.1 479.6 474.6 471.6 473.2 471.9 1.45 <0.05 <0.001 ns 
Carcass weight (kg) 302.6 281.9 303.0 281.5 274.6 a 284.4 a 305.2 b 304.8 b 3.91 <0.001 0.01 <0.001 
Carcass gain (kg/d) 0.71 0.65 0.72 0.64 0.62 a 0.66 b 0.72 c 0.72 c 0.012 <0.001 <0.01 <0.001 
Carcass conformation classification1 4.31 3.97 4.31 3.97 4.01 3.97 4.24 4.33 0.140 <0.01 ns ns 
Carcass fat classification 2 7.40 7.05 8.05 6.40 7.13 7.28 7.46 7.03 0.233 <0.01 <0.001 ns 
Dressing proportion (g/kg) 508.9 505.7 508.4 506.2 504.0 504.4 508.2 512.6 3.197 ns ns ns 
Internal fat (kg) 19.95 18.17 21.24 16.88 18.06 ab 17.67 a 20.82 c 19.69 bc 0.669 <0.001 <0.001 <0.01 
Subcutaneous fat depth (mm) 7.05 7.66 7.61 7.09 7.10 7.08 7.86 7.36 0.334 ns ns ns 
MSA marbling score 445.1 411.6 457.9 398.8 410.9 424.8 450.1 427.6 19.27 <0.01 ns ns 
Carcass fat colour 3 2.60 2.43 2.59 2.44 2.38 2.57 2.53 2.59 0.078 0.01 ns ns 
Ultimate pH  5.76 5.71 5.73 5.75 5.66 5.79 5.71 5.79 0.044 ns ns ns 
Colour - L* (Lightness) 38.18 39.29 39.37 38.10 39.43 38.31 38.77 38.43 0.464 ns ns ns 
Colour - a* (Redness) 26.42 25.99 26.58 25.82 26.66 26.11 26.38 25.67 0.502 ns ns ns 
Colour - b* (Yellowness) 10.20 10.10 10.56 9.74 10.46 10.00 10.30 9.85 0.276 ns ns ns 
Cooking loss D7 (%) 25.86 25.29 25.78 25.36 25.85 25.24 25.84 25.37 0.904 ns ns ns 
Cooking loss D14 (%) 26.70 26.47 28.13 25.03 26.76 25.68 28.05 25.84 0.900 ns ns ns 
WBSF D7 (kgF) 4.89 4.38 4.51 4.76 4.77 4.59 4.46 4.72 0.168 <0.01 ns ns 
WBSF D14 (kgF) 4.44 4.07 4.13 4.38 4.29 4.27 4.11 4.37 0.132 0.01 ns ns 
SED= for main effect of  Year; Grower: Initial to housing; Finishing: Housing to slaughter; Overall: Initial to slaughter; 1 Score 1-15 (1=P-, 15=E+);  2 Score 1-15 (1= 1-, 15=5+);  
3Score 1-5 (1=pale, 5=dark) 
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 1923 

 1924 
Table 4.8: Performance, carcass characteristics and meat quality for the  

interaction between year and season 
    Year.Season 

SED P-value     One Two 
    AB SB AB SB 
Live weight (kg) Initial  195.0 107.3 227.9 131.9 5.711 ns 
  Housed 274.5 b 318.7 c 241.7 a 340.1 d 6.11 <0.001 
  Slaughter 611.8 572.5 575.6 537.0 12.34 ns 
DLWG (kg/d) Grower 1.23 c 1.14 bc 0.90 a 1.13 b 0.053 <0.001 
  Finishing 1.53 1.34 1.49 1.23 0.048 ns 
  Overall 1.45 1.24 1.30 1.18 0.039 ns 
FCR Grower 4.95 a 4.61 a 7.35 b 4.89 a 0.477 <0.001 
  Finishing 6.40 7.53 6.13 7.83 0.324 ns 
  Overall 5.99 6.34 6.61 6.42 0.237 ns 
Age at slaughter (d) 465.3 a 484.9 c 466.9 a 474.3 b 2.58 <0.001 
Carcass weight (kg) 315.2 290.0 290.8 273.0 7.36 ns 
Carcass gain (kg/d) 0.76 c 0.66 b 0.67 a 0.62 a 0.218 <0.05 
Carcass conformation 
classification1  4.33 b 4.28 b 4.29 b 3.65 a 0.253 <0.05 
Carcass fat classification 2 8.29 6.51 7.81 6.30 0.419 ns 
Dressing proportion (g/kg) 512.40 505.40 504.40 507.10 5.688 ns 
Internal fat (kg) 21.09 b 18.81 b 21.28 b 14.96 a 1.219 <0.01 
Subcutaneous fat depth (mm) 7.40 6.69 7.82 7.49 0.599 ns 
MSA marbling score 446.8 b 443.5 b 469.1 b 354.0 a 34.68 <0.01 
Carcass fat colour 3 2.69 2.51 2.49 2.37 0.140 ns 
Ultimate pH  5.69 ab 5.84 b 5.76 ab 5.66 a 0.082 <0.01 
Colour - L* (Lightness) 39.05 37.32 39.68 38.89 0.874 ns 
Colour - a* (Redness) 27.57 c 25.27 a 25.60 ab 26.38 bc 0.656 <0.001 
Colour - b* (Yellowness) 11.17 c 9.22 a 9.95 ab 10.26 bc 0.518 <0.001 
Cooking loss D7 (%) 26.81 24.91 24.76 25.86 1.648 ns 
Cooking loss D14 (%) 29.42 b 23.98 a 26.84 ab 26.09 a 1.650 <0.01 
WBSF D7 (kgF) 4.95 b 4.82 ab 4.07 a 4.69 ab 0.313 <0.05 
WBSF D14 (kgF) 4.46 b 4.42 b 3.80 a 4.34 b 0.244 <0.05 

Grower: Initial to housing; Finishing: Housing to slaughter; Overall: Initial to slaughter; 
  1 Score 1-15 (1=P-, 15=E+);  2 Score 1-15 (1= 1-, 15=5+);  3 Score 1-5 (1=pale, 5=dark) 
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Table 4.9: Performance of bulls for the interaction between year and production system 
    Year.Production system 

SED P-value     One Two 
    G G2 GA HA G G2 GA HA 
Live weight (kg) Initial  148.9 150.4 154.1 151.2 180.2 180.2 178.3 180.9 8.08 ns 
  Housed 251.5 a 277.5 b 328.5 d 329.0 d 240.7 a 270.2 b 312.8 c 339.7 d 6.27 <0.05 
  Slaughter 560.8 577.1 618.8 611.8 527.4 547.8 576.9 573 13.39 ns 
DLWG (kg/d) Grower 0.79 b 1.02 c 1.48 e 1.46 e 0.59 a 0.84 b 1.17 d 1.45 e 0.055 0.001 
  Finishing 1.49 1.47 1.42 1.37 1.46 1.44 1.36 1.18 0.052 ns 
  Overall 1.24 1.30 1.43 1.40 1.14 1.22 1.31 1.29 0.043 ns 
FCR Grower 4.48 4.92 5.60 4.12 6.08 6.06 7.35 4.99 0.490 ns 
  Finishing 6.71 ab 6.74 ab 7.20 b 7.20 b 6.09 a 6.68 ab 7.11 b 8.02 c 0.364 <0.05 
  Overall 5.98 6.14 6.59 5.94 6.11 6.40 6.98 6.58 0.2551 ns 

Grower: Initial to housing; Finishing: Housing to slaughter; Overall: Initial to slaughter. 
Year.Production system had no significant effect on carcass characteristics or meat quality, so the results are not shown 

 25 

Table 4.10: Performance of bulls for the interaction between season and production system 
    Season.Production system 

SED P-value     AB SB 
    G G2 GA HA G G2 GA HA 
Live weight (kg) Initial  209.8 210.2 213.4 212.4 119.2 120.4 118.9 119.7 8.08 ns 
  Housed 218.4 a 242.8 b 276.8 c 294.4 d 273.8 c 304.9 d 364.5 e 374.3 e 7.16 <0.001 
  Slaughter 577.2 577.0 615.2 605.3 511.1 547.9 580.6 579.4 15.29 ns 
DLWG (kg/d) Grower 0.62 0.89 1.27 1.47 0.76 0.97 1.37 1.44 0.062 ns 
  Finishing 1.61 1.53 1.53 1.38 1.34 1.39 1.25 1.17 0.060 ns 
  Overall 1.30 1.32 1.45 1.42 1.08 1.20 1.29 1.28 0.049 ns 
FCR Grower 6.11 d 5.70 cd 7.54 e 5.14 abc 4.46 ab 5.28 bcd 5.30 bcd 3.97 a 0.560 <0.05 
  Finishing 5.92 6.07 6.18 6.88 6.88 7.35 8.13 8.34 0.413 ns 
  Overall 6.07 6.07 6.76 6.31 6.02 6.47 6.81 6.22 0.291 ns 
Grower: Initial to housing; Finishing: Housing to slaughter; Overall: Initial to slaughter. 
Season.Production system had no significant effect on carcass charactersictics or meat quality, so the results are not shown 

 26 
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 28 

Table 4.12: Incidence of liver abscesses and pneumonia identified by post-mortem examination 

 Year (Y) Season (S) Production System (PS) Significance 
  One Two AB SB G G2 GA HA Y S PS 
Liver abscesses 0.15 (0.09-0.25) 0.04 (0.02-0.11) 0.04 (0.01-0.13) 0.15 (0.05-0.34) 0.05 (0.02-0.16) 0.11 (0.05-0.23) 0.09 (0.04-0.22) 0.09 (0.03-0.20) ns ns ns 

Pneumonia 0.08 (0.04-0.17) 0.07 (0.03-0.15) 0.02 (0.01-0.10) 0.21 (0.08-0.45) 0.08 (0.03-0.22) 0.06 (0.02-0.18) 0.16 (0.07-0.33) 0.03 (0.01-0.14) ns ns ns 

PRED (LCI-UCI) 
29 

G G2 GA HA G G2 GA HA G G2 GA HA G G2 GA HA
Live weight (kg) Initial 191.4 194.9 198.8 194.9 106.3 105.9 109.4 107.5 228.3 225.5 228.1 229.9 132.2 134.9 128.5 132.0 11.42 ns

Housed 236.0 bc 260.0 d 305.3 gh 296.9 fgh 267.0 de 295.0 fg 351.6 i 361.1 ij 200.9 a 225.6 b 248.3 cd 291.9 fg 280.6 ef 314.9 h 377.4 jk 387.6 k 9.51 <0.05
Slaughter 600.4 587.1 636.9 622.8 521.2 567.1 600.8 600.8 553.9 567.0 593.5 587.9 500.9 528.6 560.4 558.0 20.29 ns

DLWG (kg/d) Grower 0.80 bc 1.07 d 1.57 f 1.48 ef 0.77 b 0.97 cd 1.39 e 1.45 ef 0.43 a 0.71 b 0.97 d 1.47 ef 0.75 b 0.97 d 1.36 e 1.43 ef 0.083 <0.01
Finishing 1.66 1.50 1.51 1.47 1.32 1.45 1.32 1.26 1.57 1.56 1.55 1.29 1.36 1.33 1.18 1.07 0.079 ns
Overall 1.39 1.37 1.54 1.49 1.10 1.24 1.33 1.32 1.22 1.28 1.37 1.34 1.06 1.17 1.25 1.24 0.065 ns

FCR Grower 4.61 abcd 4.39 abc 5.84 bde 4.95 bcd 4.36 ab 5.45 bcde 5.35 bcde 3.29 a 7.60 f 7.00 ef 9.45 g 5.34 bcd 4.56 abcd 5.11 bcd 5.25 bcd 4.65 bcd 0.743 <0.01
Finishing 6.18 6.55 6.50 6.37 7.25 6.94 7.90 8.03 5.66 5.59 5.87 7.39 6.52 7.77 8.36 8.65 0.550 ns
Overall 5.79 5.94 6.35 5.90 6.18 6.35 6.82 5.99 6.35 6.21 7.16 6.72 5.87 6.59 6.79 6.45 0.387 ns

465.3 464.7 466.2 464.9 487.6 482.0 484.6 485.4 468.3 465.3 468.8 465.3 477.1 474.4 473.2 472.3 4.07 ns
310.8 297.3 330.4 322.1 260.3 288.3 305.7 205.7 272.7 288.9 300.4 301.3 254.5 263.1 284.3 290.0 12.34 ns
0.74 0.71 0.81 0.79 0.57 0.66 0.70 0.70 0.61 0.66 0.71 0.70 0.56 0.62 0.66 0.66 0.036 ns
4.47 3.96 4.36 4.53 3.97 3.96 4.57 4.61 4.15 4.21 4.36 4.43 3.46 3.74 3.68 3.74 0.406 ns
8.38 8.29 8.67 7.81 6.24 6.46 6.41 6.93 7.98 7.57 8.30 7.40 5.90 6.82 6.47 5.99 0.667 ns

516.3 cd 504.4 abcd 514.9 bcd 514.0 bcd 498.9 abc 508.0 abcd 505.7 abcd 509.0 abcd 492.3 a 507.8 abcd 504.8 abcd 512.5 bcd 508.4 abcd 497.5 ab 507.2 abcd 515.1 d 8.963 <0.05
20.14 17.92 23.94 22.36 16.76 19.20 19.62 19.66 20.28 20.23 23.60 21.43 15.08 13.32 16.11 15.33 1.974 ns
7.10 7.55 7.65 7.30 6.02 6.39 7.62 6.74 7.44 6.90 8.53 8.41 7.84 7.48 7.63 7.01 0.957 ns
444.3 424.9 470.9 446.8 393.5 478.2 452.5 449.9 433.8 452.8 507.5 482.4 371.9 343.3 369.6 331.3 55.36 ns
2.50 2.77 2.86 2.65 2.13 2.64 2.46 2.82 2.48 2.54 2.46 2.49 2.41 2.32 2.33 2.43 0.221 ns

Year.Season.Production System

SED P-valueOne Two
AB SB AB SB

Dressing proportion (g/kg)
Internal fat (kg)

Grower: Initial to housing; Finishing: Housing to slaughter; Overall: Initial to slaughter;  1 Score 1-15 (1=P-, 15=E+);  2 Score 1-15 (1= 1-, 15=5+);  3 Score 1-5 (1=pale, 5=dark)
Year.Season.Production system had no significant effect on meat quality, so the results are not shown

Table 4.11: Performance and carcass characteristics for the interaction between year, season and production system

Subcutaneous fat depth (mm)
MSA Marbling score
Carcass fat colour 3

Age at slaughter (d)
Carcass weight (kg)
Carcass gain (kg/d)
Carcass conformation classification1

Carcass fat classification 2
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Table 4.8 shows that SB bulls in year two had a significantly lower carcass conformation 1930 

classification (P<0.05), internal fat (P<0.01) and MSA marbling score (P<0.01) than the other 1931 

three groups. Meat quality was largely unaffected during this study, with the exception of 1932 

the interaction shown in Table 4.8, however trends within the results are not clear.  1933 

Table 4.12 shows that there was no significant (P>0.05) difference between the incidence of 1934 

liver abscesses or pneumonia that were identified during a post-mortem examination. 1935 

Furthermore, the clinical incidence of pneumonia during both the growing and finishing 1936 

periods was too insignificant to analyse. Furthermore, there were no significant (P>0.05) 1937 

interactions, and thus these results are not shown.   1938 

Table 4.13: Economic appraisal of four production systems  
Production systems  G G2 GA HA 
Beef carcass price (p/kg carcass) 317.10 320.30 323.50 320.70 

Carcass value (£) 886.70 918.30 992.20 983.50 

Calf purchase price (@ 121p/kg) (£) 200.00 200.00 200.00 200.00 

Gross output value (£) 686.70 718.30 792.20 783.50 
  

    

Feed costs  Grower forage (£) 42.83 40.24 25.57 20.32 
 Grower concentrates (£) 0.00 79.98 281.37 258.24 
 Finishing forage (£) 51.19 57.34 53.71 57.06 
 Finishing concentrates (£) 345.40 318.22 233.43 230.16 
 Total feed costs (£) 439.42 495.78 594.08 565.78 
 

 
    

Margin over feed costs (£) 247.28 222.52 198.12 217.72 

Impact on margin/head (£)     

 Calf purchase price (±10p/kg) 16.50 16.50 16.50 16.50 

 Concentrate price (±£10/t) 15.70 18.10 23.40 22.20 

  Beef price (±10p/kg) 27.46 28.44 30.52 30.48 
 1939 

Table 4.13 outlines the margin over feed costs for each of the four production systems. Bulls 1940 

on the G production system had the lowest carcass value of £886.70, however these bulls 1941 

also had the lowest total feed costs, which resulted in the greatest margin over feed costs.  1942 
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4.5 Discussion  1943 

4.5.1 Grower period 1944 

Total DMI during the grower period was lowest for G and G2 bulls, this is as expected due to 1945 

the predominantly forage based diet that these bulls were offered. A high forage diet often 1946 

leads to restricted intakes, due to the bulky, fibrous nature of the feedstuff (Allen, 2000). 1947 

Therefore, they were unable to consume the same quantity of DM as GA and HA bulls; 1948 

whose intakes were regulated by their energy demands (Allen, 2000). Furthermore, the 1949 

lower forage intakes of GA and HA bulls, is characteristic of cattle supplemented with 1950 

concentrates (Steen and Kilpatrick, 1998).  1951 

As a whole, SB bulls performed better during the grower period than AB bulls, however, 1952 

Table 4.8 shows that it was the AB bulls in year two that had a poor level of performance. In 1953 

year two, three groups of AB bulls (G, G2, GA), experienced a LW loss following turnout. This 1954 

was primarily due to the poor weather conditions which persisted for two weeks. Therefore, 1955 

the first 30 days of what was a relatively short grower period (88 days), was hampered by an 1956 

initial loss in LW and the subsequent time required to return to their initial turnout weight. 1957 

Post-turnout LW losses have previously been documented within the literature (Steen, 1958 

1994). In contrast, the HA bulls did not experience a setback (Table 4.11), and maintained a 1959 

high level of weight gain throughout the grower period. Furthermore, LW gains over the two 1960 

years were much more consistent for HA bulls.  1961 

During the grower period HA bulls not only had the greatest DLWG, but also had the lowest 1962 

FCR. This is likely a combination of a high plane of nutrition and a lower maintenance 1963 

requirement than the three treatment groups that were grazed. As these bulls were housed 1964 

there would have been considerably less energy expenditure due to exercise (Moloney et 1965 
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al., 2004). Furthermore, they were not exposed to the unfavourable weather conditions that 1966 

the other treatments were occasionally subjected to (McNamee et al., 2015).  1967 

4.5.2 Finishing period  1968 

The greater total DMI, and higher proportion of concentrates in the diet of AB bulls may 1969 

have been due to the fact that these bulls were slaughtered from January to March, and 1970 

therefore were approaching maximum weight during the winter when ambient 1971 

temperatures were at their lowest. Thus, the combination of an ability to consume more 1972 

DM, together with the need to meet increased energy demands may account for this 1973 

difference (Kirkland et al., 2006, Allen, 2000). This is further supported by the results shown 1974 

in Table 4.7. The greater concentrate intake likely explains the greater DLWG for AB bulls 1975 

during the finishing period. Although significant differences were observed for finishing 1976 

intakes in the interactions shown in Tables 4.4-4.6, there is no apparent trend, and thus the 1977 

results are unexplainable.  1978 

The overall DLWG of GA and HA bulls was similar to that reported by Kirkland et al. (2006) 1979 

for bulls slaughtered at 550kg LW. However, DLWG decreased during the finishing period for 1980 

HA bulls in comparison to the grower period. This is characteristic of the sigmoidal growth 1981 

curve of cattle, where growth rates reduce as animals reach maturity (Brody, 1945). The 1982 

expression of which is more evident when the diet remains consistent (McDonald et al., 1983 

1988), as was the case with this treatment group. GA bulls had a significantly (P<0.001) 1984 

greater DLWG during finishing than that of HA bulls. These bulls did however, have the 1985 

greatest concentrate DMI and total DMI during the finishing period; which is likely to have 1986 

sustained this higher level of performance.  1987 
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The DLWG achieved by G bulls during the grower period is in agreement with the mean 1988 

DLWG of 0.72kg/d observed by Keane and Fallon (2001) during a 203 day grazing period. 1989 

These bulls went on to gain 1.36kg/d during the ad libitum finishing period, somewhat lower 1990 

than that achieved in this study. The bulls on the G and G2 production systems had the 1991 

greatest DLWG during the finishing period. Furthermore, they also proved to be the most 1992 

efficient, with a lower finishing FCR than that of HA bulls. Therefore, it is likely that 1993 

compensatory growth occurred during this time, due to the higher plane of nutrition 1994 

(Hornick et al., 2000).  1995 

4.5.3 Carcass characteristics and meat quality 1996 

The bulls on G and G2 production systems reached similar slaughter and carcass weights as 1997 

those slaughtered at 16 months on a 50:50 silage to concentrate diet by Kirkland et al. 1998 

(2007). While the slaughter and carcass weights of GA and HA are consistent with that of 1999 

the ad libitum fed bulls of (Manni et al., 2017). 2000 

Although there was no significant (P>0.05) difference in carcass fat classification or 2001 

subcutaneous fat depth, internal fat was significantly greater for GA and HA bulls in 2002 

comparison to G and G2 bulls. This contrasts with the results of Therkildsen et al. (1998) 2003 

who found all three fat measurements to be significantly reduced for bulls that had spent a 2004 

season at grass. However, in the current study, bulls had a longer finishing period, and thus, 2005 

were able to gain a sufficient fat cover. The fact that internal fat remained lower for G and 2006 

G2 bulls, is likely due to their lighter slaughter weight (Caplis et al., 2005). Fat colour did not 2007 

differ according to production system. Previous research has shown that slaughtering bulls 2008 

off grass results in a yellower fat colour than that of bulls intensively finished.  However an 2009 
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intensive finishing period of 10 weeks is sufficient to counteract any differences   2010 

(Therkildsen et al., 1998).  2011 

Production system had no effect on meat quality, and therefore if any differences were 2012 

apparent after the growing period, these were eliminated during the finishing period. 2013 

Slaughter dates were balanced for production system, but understandably the effects of 2014 

year and season meant AB and SB bulls were slaughtered on different occasions. Thus, the 2015 

differences in meat quality reported in Table 4.8 may be due to variations in the conditions 2016 

and durations of transport and lairage (Rutherford et al., 2019, Ponnampalam et al., 2017). 2017 

4.5.4 Health 2018 

Health status was not impacted by any of the fixed effects in this study. The fact that the 2019 

clinical incidence of pneumonia was lower (and therefore unable to be analysed) than that 2020 

identified post-mortem is not atypical. Clinical signs of pneumonia are often not apparent 2021 

until up to 50% of the lung is damaged (Currin, 2009). Furthermore, it is possible that some 2022 

of the lung damage identified may have originated from the rearing period, or indeed 2023 

between weaning and the beginning of this study. The post-mortem incidence of 2024 

pneumonia was generally lower than that reported by Brscic et al. (2012) in veal calves. In 2025 

addition, the non-significant incidence of liver abscesses between production systems 2026 

indicates that the level of concentrate feeding did not have any adverse effects. Bulls were 2027 

gradually built up to ad libitum concentrates in this study, thus allowing the rumen time to 2028 

adjust. This, together with the provision of adequate forage in the diet is thought to be key 2029 

in preventing nutritional disorders of this kind (Galyean and Rivera, 2003). 2030 

4.6 Conclusion 2031 
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In conclusion, the results of this study demonstrate that bulls on ad libitum concentrates 2032 

(GA and HA) had superior performance during the grower period achieving DLWGs of 2033 

1.32kg/d and 1.46 kg/d, respectively. In contrast, G and G2 bulls had elevated growth rates 2034 

during the finishing period (1.48kg/d and 1.46kg/d, respectively), and likely exhibited a 2035 

degree of compensatory growth during this time. However, differences in carcass weight 2036 

were still revealed, with that of G (274.6 kg) and G2 (284.4kg) bulls being lighter than GA 2037 

(305.2kg) and HA (304.8kg) bulls. Nevertheless, G and G2 production systems did result in a 2038 

lower total concentrate intake than GA and HA (0.65t difference between G and HA 2039 

production systems), which would assist in reducing production costs. This was 2040 

demonstrated in the margin over feed costs, where that of G bulls was the greatest.  2041 

Differences were displayed between years and seasons, with AB bulls having greater carcass 2042 

weights. Instrumental meat quality and animal health were largely unaffected in this study.   2043 
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Chapter 5 2048 

Evaluation of rumen temperature as a novel indicator 2049 

of meat quality: Rumen temperature and 2050 

haematological indicators of stress during the pre-2051 

slaughter period as predictors of instrumental meat 2052 

quality in bulls 2053 

(Published in Meat Science) 2054 

  2055 
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5.1 Abstract    2056 

The use of new technologies such as rumen temperature boluses, together with the 2057 

collective assessment of an animal stress responses may have the potential to act as an 2058 

indicator of meat quality. Therefore, the objective of this study was to evaluate rumen 2059 

temperature as a novel indicator of meat quality, by investigating its relationship with 2060 

welfare measures and instrumental meat quality. The study involved 42 Holstein bulls 2061 

(15.8±0.08 months of age), which were transported 42km to a commercial abattoir. Mean 2062 

rumen temperature rose by 0.511°C (P<0.001) during the pre-slaughter phase; peaking 2063 

during lairage. In addition, cortisol, creatine kinase (CK) and lactate dehydrogenase (LDH) 2064 

were significantly (P<0.001) elevated at slaughter. Bulls with a greater rumen temperature 2065 

during the pre-slaughter phase produced meat with significantly higher pHult. Pre-slaughter 2066 

rumen temperature was positively associated with slaughter CK, slaughter cortisol, pHult, L* 2067 

and a*. Thus, rumen temperature demonstrates the potential to be used both as a novel 2068 

welfare indicator and predictor of meat quality. 2069 

5.2 Introduction 2070 

Cattle are subject to a number of stressful situations; including transportation, social mixing 2071 

and exposure to novel environments and personnel in the pre-slaughter period of their life 2072 

(Ferguson and Warner, 2008, Miranda-de la Lama et al., 2014). This period which consists of 2073 

all events from loading at the farm until slaughter at the abattoir represents a risk to both 2074 

animal welfare and meat quality (Hemsworth et al., 2011, Lomiwes et al., 2014) which 2075 

results in a significant cost for the red meat industry (Teke et al., 2014). Suboptimal meat 2076 

quality is primarily caused by accelerated glycogenolysis during the pre-slaughter period. 2077 

This process is initiated by the release of catecholamines following the activation of the 2078 
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sympathetic nervous system and is aimed at generating energy required for the initiation of 2079 

a stress response (Ponnampalam et al., 2017). As a result meat quality is compromised due 2080 

to insufficient acidification post-slaughter, which leads to a high ultimate pH (pHult) (Tarrant 2081 

and Lacourt, 1984). Muscle activity, injury and fatigue can also be associated with a stress 2082 

response, and will further add to the negative impact on meat quality. The occurrence of 2083 

such muscular damage can be detected by the presence of muscle enzymes in serum such 2084 

as creatine kinase (CK) and lactate dehydrogenase (LDH) (Losada-Espinosa et al., 2018).  2085 

Other haematological measures of a stress response are often used as welfare indicators; 2086 

with the stress hormone cortisol being commonly used (Cafazzo et al., 2012). Cortisol is 2087 

secreted in response to the release of adrenocorticotrophic hormone (ACTH) (Shaw and 2088 

Tume, 1992); with changes in serum concentration being detectable minutes after exposure 2089 

to a stressor, and lasting for up to two hours (Trunkfield and Broom, 1990). 2090 

Stress-induced hyperthermia is a well-documented physiological response to stressful 2091 

events (Pascual-Alonso et al., 2017, Pedernera-Romano et al., 2011, Bouwknecht et al., 2092 

2007, Losada-Espinosa et al., 2018).  Hyperthermia occurs when the thermoregulatory 2093 

system is altered by the autonomic nervous system; causing the thermoregulatory set point 2094 

to be increased (Spooren et al., 2002). Rumen temperature boluses are a new technology 2095 

primarily marketed for the detection of ill health, and they enable non-invasive, continuous 2096 

data collection (Timsit et al., 2011a). Therefore, their use may assist with providing broader 2097 

insights into stress-induced hyperthermia in cattle, particularly with regard to the effects of 2098 

the handling, journey and lairage during the pre-slaughter period; an area where their 2099 

application has so far been overlooked.    2100 
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Thus, an observational study was conducted to determine associations between 2101 

instrumental meat quality and the pre-slaughter phase rumen temperature and existing 2102 

physiological welfare measures. Specifically, we examine the hypothesis that changes in 2103 

rumen temperature will be associated with behavioural, haematological and meat quality 2104 

indicators. 2105 

5.3 Materials and methods 2106 

This study was undertaken in June 2018 at the Agri-Food and Biosciences Institute (AFBI), 2107 

Hillsborough, Northern Ireland. AFBI is located at latitudes and longitudes of 54.45° and -2108 

6.07°, respectively and is 91m above sea level. The area has a mean annual temperature of 2109 

8.6°C and a mean annual rainfall of 1024mm (Climate Data, 2019). Mean temperature for 2110 

June 2018 was 15.1°C (MetOffice, 2018).  All experimental procedures used in this study 2111 

were conducted in compliance with the United Kingdom Animals (Scientific Procedures) Act 2112 

1986. 2113 

5.3.1 Animal management and experimental design 2114 

A total of 42 Holstein bulls, 15.8 ± 0.08 months of age and 575.9 ± 8.84 kg live weight were 2115 

used in this study. Bulls were selected as they represent 10% of the prime cattle slaughtered 2116 

in the UK, and are widely known to be more susceptible to stress than steers or heifers 2117 

(Tennessen et al., 1983, Bonny et al., 2016). Bulls were housed indoors on slatted 2118 

accommodation and split between 13 pens in groups of one (n=1), two (n=8), three (n=21) 2119 

or four (n=12) bulls. Bulls were offered grass silage and concentrates ad libitum for 240 days 2120 

prior to the onset of this study, the chemical composition of these feeds is shown in Table 2121 

5.1. Bulls were transported to a commercial abattoir in a passively ventilated double decker 2122 

lorry, at a space allowance of 1.53m2/h. The single journey which was primarily along a dual-2123 
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carriageway was 42 km; with a journey time of 46 min. The lorry was subdivided into 8 pens 2124 

and bulls were transported in a groups of four (n=8), five (n=15), six (n=12) or seven (n=7). 2125 

Prior to unloading at the abattoir bulls had a stationary waiting time of 38 min. Bulls were all 2126 

unloaded into one pen, and thus mixing occurred during lairage. Mean time spent in lairage 2127 

was 86.9 min, and ranged from 56 to 117 min. The bulls were slaughtered using the 2128 

commercial abattoir procedure which consisted of stunning using the penetrative captive 2129 

bolt method followed by exsanguination via ventral-neck incision. Electric goads were not 2130 

used at any stage of this study, nor was electrical stimulation during processing. 2131 

Table 5.1: Chemical composition of feed 
Chemical composition Grass silage Concentrates 
DM  (g kg-1) 272 866 
CP (g kgDM-1) 124 150 
ME (MJ kgDM-1) 10.6 11.1 
ADF (g kgDM-1) 313 121 
NDF (g kgDM-1) 532 295 
Ash (g kgDM-1)  106 82.4 
Nitrogen  (g kgDM-1) 14.7 28.7 

  2132 

5.3.2 Environmental conditions 2133 

Farm conditions were recorded using a weather station (Davis Vantage Pro 2, Davis 2134 

Instruments, USA) positioned externally in a central point of the farm. Environmental 2135 

conditions during transport were recorded using two iButtons (Hydrochron, DS1923 F5, 2136 

Maxim Integrated, USA) which were secured to the sides of the lorry just above animal 2137 

height; ensuring the face of the iButton was not obscured. In both cases ambient 2138 

temperature (°C) and relative humidity (RH %) were recorded and used to calculate the 2139 

temperature-humidity index (THI) for the farm and during transport. THI was calculated 2140 

using the formula below where T is ambient temperature (°C) and RH is relative humidity 2141 

expressed as a proportion (Hahn et al., 2009) 2142 
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𝑇𝑇𝑇𝑇𝑇𝑇 = 0.8𝑇𝑇 + 𝑅𝑅𝑇𝑇(𝑇𝑇 − 14.4) + 46.4 2143 

5.3.3 Rumen temperature 2144 

Rumen temperature (°C) was automatically recorded at five minute intervals, using a rumen 2145 

temperature bolus (ThermoBolus Small, Medria, France). The dimensions of the cylindrical 2146 

bolus were 7x2.5cm, with a weight of 64.6g. The factory-calibrated bolus recorded to a 2147 

tenth of a degree Celsius. Each bull had a rumen temperature bolus administered from 2148 

three months of age; animals were restrained in a head locking crush and boluses were 2149 

administered orally using an applicator.  Prior to transport, data was downloaded from the 2150 

boluses continually, however once the bulls were loaded, the boluses were out of range for 2151 

data download to occur. Thus, boluses were recovered from the rumen following slaughter 2152 

and brought back to AFBI to allow the remaining data to be downloaded. A basal rumen 2153 

temperature was established for each bull during the 48 h prior to loading. Rumen 2154 

temperature during transportation and lairage were comprised of the durations between 2155 

loading and unloading; and between unloading and slaughter, respectively. For each of the 2156 

three phases, a mean and maximum rumen temperature were calculated.   2157 

5.3.4 Blood collection and live weight 2158 

Blood samples were taken at three time points; 24 h prior to transport (T1), 0 h prior to 2159 

transport (T2) and at slaughter (T3). T1 and T2 were obtained via tail venipuncture at 2160 

approximately the same time each morning; with the mean of these considered as an 2161 

individual basal value. Bulls were also weighed full (due to an ad libitum diet) on both 2162 

occasions using walk over scales; with the mean being considered as the slaughter weight. 2163 

T3 was taken from the jugular vein during exsanguination at a mean of 249.2 ± 3.96 min (4 h 2164 

9 min) after T2. Serum (10ml) was collected into evacuated tubes (with no additive) at each 2165 
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time point for determination of cortisol, CK and LDH.  Blood samples were stored at 4°C 2166 

until centrifuged.   2167 

5.3.5 Observations 2168 

Stock person actions toward each animal were recorded during T1, T2 and at loading; in 2169 

addition animal behaviour was also scored during loading. On each occasion bulls were 2170 

identified by a number (1-42) which was spray painted across the animals back, this number 2171 

was then cross-referenced with the bulls registered identification number. Ethograms and 2172 

scoring systems (Table 5.2 and 5.3) were adapted from Hultgren et al. (2014); these 2173 

ethograms were designed for use in a driving race at an abattoir and thus, minor alterations 2174 

were made to each ethogram for application to this study.  The observation period for T1 2175 

and T2 occurred for the full duration the animal was outside its pen. A total of two trained 2176 

stockpersons were present and scored; the first brought animals to and from the weigh 2177 

area, the second moved the animals through the weigh area. Actions of the two 2178 

stockpersons were combined at each time point to give scores for the full observational 2179 

period. Two stockpersons were also present during loading, and the observational period 2180 

was recorded using a GoPro Camera (Hero 5 Session), and videos later scored using The 2181 

Observer XT13 software. Hultgren et al. (2014) also assigned an animal welfare rating (0=no 2182 

effect, 1=mild, 2=moderate, 3=severe) for each action and behaviour; allowing the effect on 2183 

animal welfare to be quantified. The sum of these scores during each observational period 2184 

were used to develop an animal welfare rating for stockperson actions (AWR ACT) and an 2185 

animal welfare rating for animal behaviour (AWR BEH) for each animal.   2186 

 2187 
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Table 5.2: Stockperson actions during handling and loading (adapted from Hultgren et al., 
2014) 

Action Description Animal 
Welfare rating 

Speaking  Speaks or whistles softly and quietly 0 
Shouting  Speaks or shouts harshly or loudly 2 
Rattling Makes noise by shakes rattle or clapping hands 1 
Slamming Makes noise by hitting wall with a tool 1 
Touching rear  Touches the animal behind hip bone with hand 1 
Touching front Touches the animal in front of hip bone with hand 1 
Slapping rear  Slaps the animal behind hip bone with hand 2 
Slapping front Slaps the animal in front of hip bone with hand 2 
Touching rear -tool  Touches the animal behind hip bone with tool 1 
Touching front -tool Touches the animal in front of hip bone with tool 2 
Hitting rear -tool Hits the animal behind hip bone with tool 3 
Hitting front -tool  HIts the animal in front of hip bone with tool 3 
Booting  Kicks the animal 3 
Gate hitting Closes gate on animal 2 
Tail twisting  Bends or twists tail 3 
Any other action Any other action - 
 2188 

Table 5.3: Animal behaviours during loading (adapted from Hultgren et al., 2014) 

Behaviour Description Animal Welfare 
rating 

Crowding  Is prevented by other animals from moving 
forwards or backwards 

2 

Moving forwards Moves at least 2 steps forwards 0 
Moving backwards Moves at least 2 steps backwards 2 
Turning Turns or attempts to turn 2 
Running Runs forward 2 
Jumps onto lorry Jumps onto ramp of lorry 0 
Minor slipping Feet slide, but continues to walk forward 1 
Major slipping Feet slide and stops walking, but only hooves or 

legs in contact with floor 
2 

Falling Body in contact with floor 3 
Kicking Kicks legs behind towards stockperson 2 
Minor struggling Repeatedly trips, moves from side to side or kicks 2 
Major struggling Repeatedly throws itself against wall, jumps, 

tosses head, shivers or pants 
3 

Freezing Stops moving and refuses to walk despite 
repeated attempts by stockperson 

2 

Vocalising Makes vocal sounds 2 
Exploring Looks around or sniffs surrounding while standing 

still 
0 

Any other behaviour Any other action - 
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5.3.6 Haematological variables 2189 

Blood samples were centrifuged at 3,000g force at 4°C for 20 min. Plasma was collected 2190 

from each sample and stored at -20°C until analysis was conducted by NationWide 2191 

Laboratories (England).  Cortisol concentration was determined using an Immulite 2000 2192 

analyser (Siemens Healthcare Diagnostics Inc.,Belmont, CA) with a solid-phase competitive 2193 

chemiluminescent enzyme immunoassay. The mean interassay CV (n=20) was 5.0% for 2194 

cortisol. CK and LDH were measured using a clinical chemistry analyser (Model AU640; 2195 

Beckman Coulter, UK). For CK the mean intraassay CV (n=20) was 1.14% and the interassay 2196 

CV (n=20) was 2.43%. Similarly, for LDH the mean intraassay CV (n=20) was 1.13% and the 2197 

interassay CV (n=20) was 1.52%. 2198 

5.3.7 Instrumental meat quality 2199 

At slaughter, carcass weight, fat classification and carcass conformation were recorded 2200 

using video imaging analysis (VIA) equipment according to the 15-point EU classification 2201 

system. At 24 h post-slaughter, carcass sides were split between the 9th and 10th rib, and the 2202 

longissimus dorsi muscle was scored for marbling using the United States Department of 2203 

Agriculture scoring system (Agricultural Research Council, 1965). Subcutaneous fat depth 2204 

(mm) was also measured at three points; ¼, ½ and ¾ along the length of the longissimus 2205 

dorsi muscle on both sides of the carcass, the mean of these values was taken as the 2206 

subcutaneous fat depth for each animal (Kirkland et al., 2007).   2207 

One meat sample (mean weight 0.93±0.028 kg) from the longissimus dorsi muscle was 2208 

removed from the fore-rib joint at 4 days post-slaughter. The meat sample was then split 2209 

evenly into two samples which were aged at 3°C, one until D7 and the other until D14 post-2210 

slaughter. At D7 pHult was assessed using a Jenway 370 pH meter (Jenway, UK) and 2211 
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calibrated prior to measurements being taken using two buffer solutions of pH 4 and pH 7. 2212 

Colour (L*(lightness), a*(redness) and b*(yellowness)) was also assessed on D7 using a 2213 

Chroma Meter CR-400 which was calibrated using a white tile. D7 and D14 samples were 2214 

then vacuum-packed and blast froze, where they were stored for two months until further 2215 

measurements were taken.   2216 

Samples were left to thaw over a period of 24 h at 4 °C. Following this, they were removed 2217 

from the packaging and left to bloom for 40 min. D7 and D14 samples were scored for 2218 

marbling using the MSA scoring system (MLA, 2006); with the mean of D7 and D14 2219 

considered as the marbling score. Samples were vacuum-packed and cooked in a water bath 2220 

at 70°C for 50 min. Samples were weighed pre- and post-cooking, and cooking loss was 2221 

calculated as follows: 2222 

𝐶𝐶𝑜𝑜𝑜𝑜𝐶𝐶𝑔𝑔𝑔𝑔𝑔𝑔 𝑖𝑖𝑜𝑜𝐶𝐶𝐶𝐶 % = �
𝑝𝑝𝐶𝐶𝑤𝑤 𝐶𝐶𝑜𝑜𝑜𝑜𝐶𝐶𝑔𝑔𝑔𝑔𝑔𝑔 𝑤𝑤𝑤𝑤𝑔𝑔𝑔𝑔ℎ𝑜𝑜 − 𝑝𝑝𝑜𝑜𝐶𝐶𝑜𝑜 𝐶𝐶𝑜𝑜𝑜𝑜𝐶𝐶𝑔𝑔𝑔𝑔𝑔𝑔 𝑤𝑤𝑤𝑤𝑔𝑔𝑔𝑔ℎ𝑜𝑜 

𝑝𝑝𝐶𝐶𝑤𝑤 𝐶𝐶𝑜𝑜𝑜𝑜𝐶𝐶𝑔𝑔𝑔𝑔𝑔𝑔 𝑤𝑤𝑤𝑤𝑔𝑔𝑔𝑔ℎ𝑜𝑜 
�  100 2223 

Warner Bratzler Shear Force (WBSF) measurements were completed on each sample using 2224 

an Instron 3366 Universal Testing Instrument. Samples were cored parallel to the 2225 

longitudinal orientation of the muscle fibres and 10 cores (sub-samples) were taken from 2226 

each meat sample. All sub-samples were of the same diameter (12.5mm), and were sheared 2227 

perpendicular to the muscle fibres. The mean maximum load of the 10 sub-samples was 2228 

considered as the WBSF value for each meat sample.  2229 

5.3.8 Statistical Analysis 2230 

All statistical analysis were completed using Genstat (16th edition). Summary statistics were 2231 

conducted on carcass characteristics and animal welfare scores. Analysis of rumen 2232 

temperature and haematological variables were carried out using linear mixed models with 2233 
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repeated measures. Animal was fitted as the subject factor and time point as a fixed effect. 2234 

The correlation between time points was accounted for using an antedependence model of 2235 

order 1. A series of one way ANOVAs with Fishers Protected LSD were used to examine the 2236 

effect of pHult group on a range of measures including; rumen temperature, haematological 2237 

variables, behavioural measures and meat quality.   The models identifying factors 2238 

associated with rumen temperature were developed using a stepwise multiple regression 2239 

analysis, with both forward and backward selection methodologies employed.  Explanatory 2240 

variables included haematological variables (cortisol, CK and LDH) at slaughter (T3), and 2241 

instrumental meat quality characteristics (pHult, L*,a*,b*, cooking loss and WBSF); 2242 

combinations of these variables were compared to identify the best model. This model was 2243 

then fitted to a multiple linear regression, and evaluated on the basis of residual variance.  2244 

The models developed to predict meat quality characteristics were developed using the 2245 

same methodology, however in this case the explanatory variables included haematological 2246 

variables (cortisol, CK and LDH) at slaughter (T3), and rumen temperature. 2247 

5.4 Results 2248 

Two rumen temperature boluses were unable to be recovered at the abattoir and thus final 2249 

temperature data was not obtained for these bulls. As a result, they were removed from the 2250 

study; and the results presented below are for 40 bulls. 2251 

Mean ambient temperature and relative humidity (±SEM) on the farm during the 24 hour 2252 

period that this study was conducted were 12.88 ±0.241°C and 78.76 ±1.260%, as a result 2253 

THI was 55.34±0.405.  Likewise, during transport mean values of 18.55 ±0.142°C and 69.18 2254 

±0.654% were recorded, subsequently, giving a mean THI of 64.13 ±0.222. 2255 

5.4.1 Observations 2256 
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The mean of the animal welfare ratings derived from stock person actions during T1, T2 and 2257 

loading, are shown in Table 5.4. Loading had the greatest mean animal welfare rating of 2258 

56.59, the mean number of times an animal was hit during loading was 4.2. This measure 2259 

included four actions from the ethogram in Table 5.2; touches rear with tool, touches front 2260 

with tool, hitting rear with tool and hitting front with tool. Mean animal welfare rating 2261 

based on behaviour was 3.78; there were no incidences of falling, kicking or struggling 2262 

during loading.  2263 

 2264 

 2265 

 2266 

 2267 

 2268 

 2269 

5.4.2 Rumen temperature 2270 

Rumen temperature (Figure 5.1) increased significantly (P<0.001) during the pre-slaughter 2271 

phase.  Mean temperature increased by 0.511°C, while maximum temperature increased by 2272 

0.568°C.  Although mean rumen temperature was not significantly different during transport 2273 

or lairage; maximum rumen temperature was significantly greater (P<0.001) during lairage 2274 

(40.46±0.085°C); with 90% of bulls reaching their peak rumen temperature during this time. 2275 

Table 5.4: Summary statistics of animal welfare ratings and hitting 
counts 

  Mean SEM Median Maximum 
AWACT T1 a 8.95 1.552 6.5 40.0 
AWACT T2 a 4.53 1.151 2.0 29.0 
AWACT Loading a 56.59 9.055 29.8 229.5 
Count of hitting during loading b 4.20 1.283 0.0 36.0 
AWBEH Loading c 3.78 0.498 4.0 12.0 
a Sum of animal welfare rating per animal derived from stockperson 
actions  
b Count of hitting using a "tool" during loading 
c Sum of animal welfare scores per animal derived from behaviours  
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 2276 

 2277 

 2278 

 2279 

 2280 

5.4.3 Haematological variables 2281 

The effect of the pre-slaughter phase on haematological variables is presented in Table 5.5. 2282 

Cortisol, CK and LDH were all significantly elevated (P<0.001) at slaughter. Haematological 2283 

variables did not differ (P>0.05) between T1 and T2.  2284 

 2285 

Table 5.5: Haematological variables of bulls at three timepoints 
  T1 T2 T3 SED F dof Sig. 
Cortisol (nmol/l) 33.7 a 34.1 a 68.6 b 4.33 19.83 2/47.5 <0.001 
CK (IU/l) 363 a 204 a 900 b 124.4 30.82 2/44.0 <0.001 
LDH (IU/l) 3110 a 3141 a 3748 b 65.0 93.52 2/49.3 <0.001 
T1: 24 h prior to transport; T2: 0 h prior to transport; T3: Slaughter; dof: degrees of 
freedom; CK: creatine kinase; LDH: lactate dehydrogenase; a, b represent significant 
differences between timepoints. 

Basal: 48 hour period prior to loading; Transport: loading to unloading; Lairage: 
unloading to slaughter; a, b represent significant differences (P<0.001) 
between mean temperatures; x, y represent significant differences (P<0.001) 
between maximum temperatures. 

Figure 5.1: Rumen temperature (°C) at three time points 
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5.4.4 Carcass characteristics and meat quality 2286 

Table 5.6 outlines the carcass characteristics of the bulls used in this study.  Carcass 2287 

characteristics were not associated with rumen temperature, haematological variables or 2288 

instrumental meat quality, and thus these relationships are not documented. 2289 

When pHult is considered within three thresholds (<5.8; 5.8-6.2; >6.2) (Jeremiah et al., 1991, 2290 

Chulayo et al., 2016) a clear difference is observed between rumen temperature values. 2291 

Table 5.7 illustrates that bulls with a meat pH >6.2 had the greatest mean rumen 2292 

temperature (40.13°C) during the pre-slaughter phase (P<0.001), in addition there was a 2293 

tendency for mean rumen temperature to be increased when pHult was 5.8-6.2 in 2294 

comparison to those <5.8. Maximum rumen temperature during the pre-slaughter phase 2295 

was significantly different (P<0.001) within each of the three pHult ranges. There were no 2296 

significant differences (P>0.05) in the duration that rumen temperature was elevated above 2297 

the individual basal level between the three pH categories. In contrast, time spent above 2298 

40°C was significantly greater (P<0.001) for bulls with a pHult >6.2. 2299 

 2300 

   2301 

 2302 

 2303 

 2304 

 2305 

 2306 

Table 5.6: Summary statistics of carcass 
characteristics 

  Mean SEM 
Slaughter age (days) 479.6 2.24 
Slaughter LW (kg) 576.0 8.73 
Carcass weight (kg) 294.1 5.48 
Carcass conformation a 4.35 0.141 
Carcass fat classification b 7.05 0.232 
Subcutaneous fat depth (mm) 6.47 0.277 
Marbling (USDA) c 2.05 0.121 
aScore 1-15 (1=P-, 15=E+)   
bScore 1-15 (1= 1-, 15=5+)  
cScore 1-8 (1= A (Traces), 8=H (Abundant))  
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Table 5.7:  Rumen temperature, behavioural measures, haematological variables and 
 instrumental meat quality according to ultimate pH 

 Ultimate pH    
    <5.8 5.8-6.2 >6.2   SED F Sig. 
Number of bulls (n)  19 11 10     

         
Basal RT (°C)  39.24 39.24 39.26  0.079 0.07 ns 
Mean RT during transport (°C)  39.65 a 39.64 a 39.94 b  0.103 5.13 <0.05 
Mean RT during lairage (°C)  39.55 a 39.63 a 40.43 b  0.262 6.46 <0.01 
Maximum RT during basal period (°C)  39.83 a 39.80 a 40.25 b  0.143 5.64 <0.01 
Maximum RT during transport (°C)  39.87 a 39.90 a 40.28 b  0.132 5.49 <0.01 
Maximum RT during lairage (°C)  40.06 a 40.52 b 41.16 c  0.194 17.33 <0.001 
Time RT > Basal (min)  190.0 175.0 185.0  11.64 0.99 ns 
Time RT > 40°C (min)  47.1 a 58.2 a 125.0 b  19.76 8.64 <0.001 

         
AWACT T1  6.8 7.1 15.0  3.78 2.76 ns 
AWACT T2  4.9 3.3 5.3  2.99 0.23 ns 
AWACT Loading  52 57 65  23.5 0.18 ns 
Count of stockman hitting (Loading)  4 4 5  3.3 0.09 ns 
AWBEH Loading  4 3 4  1.3 1.19 ns 
Lairage duration (min)  93 54 79  7.5 1.93 ns 

         
Basal Cortisol (nmol/l)  32.3 33.5 37.4  2.87 0.84 ns 
Basal CK (ui/l)  161 162 653  239.0 2.56 ns 
Basal LDH (ui/l)  3073 3076 3276  229.6 0.47 ns 
Slaughter Cortisol (T3) (nmol/l)  62.1 76.5 72.1  14.2 0.65 ns 
Slaughter CK (T3) (ui/l)  559 a 982 b 1458 c  211.0 9.79 <0.001 
Slaughter LDH (T3) (ui/l)  3596 3829 3949  214.2 1.62 ns 

         

L* (Lightness)  39.56 b 36.53 a 35.86 a  1.160 6.88 <0.01 

a* (redness)  27.04 c 23.60 b 22.27 a  0.569 43.6 <0.001 

b* (blue/yellow)  10.56 c 8.22 b 6.98 a  0.497 30.6 <0.001 
Marbling Score (MSA)  718 682 722  50.1 0.37 ns 

Cooking loss D7 (%)  26.05 c 23.63 b 19.58 a  0.737 40.9 <0.001 
Cooking loss D14 (%)  25.68 b 24.99 b 19.43 a  1.381 12.1 <0.001 

WBSF D7 (kg)  4.70 b 5.18 b 3.43 a  0.341 17.1 <0.001 
WBSF D14 (kg)   4.46 b 4.71 b 2.96 a   0.266 22.1 <0.001 
RT: Rumen temperature; AWACT: Sum of animal welfare scores per animal derived from 
stockperson actions; AWBEH: Sum of animal welfare scores per animal derived from animal 
behaviour; a,b,c represent significant differences between Ultimate pH threshold 
ndf=2, ddf=37; n=40 

 2307 
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Stockperson actions, animal behaviour during loading and lairage duration did not differ 2308 

(P>0.05) with pHult. Likewise, basal cortisol, CK and LDH did not differ with pHult, however, 2309 

there was a tendency for basal levels of these haematological variables to be greater when 2310 

pHult >6.2.  Slaughter CK increased significantly (P<0.001) with increasing pHult.   2311 

There were no significant differences (P>0.05) in carcass characteristics between the three 2312 

pHult ranges and thus these results are not shown in Table 5.7.  Greater values for meat 2313 

colour (L* (P<0.01), a*, b*(P<0.001)) were observed for meat with a pHult <5.8. Cooking loss 2314 

and WBSF were the lowest (P<0.001) for meat with a pHult >6.2. Although WBSF was 2315 

numerically the greatest on day 7 and 14 for a pHult range of 5.8-6.2, the difference was not 2316 

significant from that at a pHult <5.8.   2317 

5.4.5 Relationship between rumen temperature, haematological variables and instrumental 2318 

meat quality  2319 

Table 5.8 outlines the post-slaughter factors that were related to pre-slaughter phase 2320 

rumen temperature. CK at slaughter was significantly (P<0.001) positively related to mean 2321 

rumen temperature during transportation. The model for maximum lairage rumen 2322 

temperature had the greatest R2 value of 52.5 and included three variables: a*, CK at 2323 

slaughter and pHult. Mean rumen temperature during transport was associated with CK at 2324 

slaughter, while that during lairage was associated with CK and cortisol at slaughter. The 2325 

model identified for maximum rumen temperature consisted of two meat quality 2326 

parameters: pHult and L*.   2327 
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 2328 

 2329 

 2330 

Table 5.8: Post-slaughter factors associated with rumen temperature 

Y Model (X1+X2+X3) intercept s.e. t pr. X1 s.e. t pr. X2 s.e. t pr. X3 s.e. t pr. R2 
Mean Transport RT T3CK 39.52 0.0685 <0.001 0.00023 6.3E-05 <0.001       23.4 
Mean Lairage RT T3CK + T3Cort 39.81 0.241 <0.001 0.00061 0.00016 <0.001 -0.0081 0.0028 0.006    32.9 

Maximum Transport RT pHult + L* 35.78 1.44 <0.001 0.544 0.157 0.001 0.0247 0.0186 0.193    21.9 

Maximum Lairage RT a* + T3CK + pHult 39.69 2.99 <0.001 -0.0883 0.0501 0.087 0.0002 0.00015 0.133 0.467 0.335 0.172 52.5 

Time RT>40°C T3CK + pHult -209.0 133.0 0.124 0.0396 0.0147 0.011 41.2 23.8 0.092       38.0 

T3CK = creatine kinase at slaughter; T3Cort = cortisol at slaughter; pHult = ultimate pH; L* = lightness; a* = redness 

Table 5.9: Prediction of meat quality based on rumen temperature and post-slaughter haematological variables 

Y Model (X1+X2+X3) intercept s.e. t pr. X1 s.e. t pr. X2 s.e. t pr. X3 s.e. t pr. R2 

pHult MaxLRT + T3Cort + T3CK -7.69 3.39 0.029 0.330 0.084 <0.001 0.0016 0.00129 0.220 0.00017 8.7E-05 1.950 53.1 
L* MaxLRT 120.5 30.2 <0.001 -2.045 0.747 0.009       14.3 
a*  MaxLRT + T3CK 136.9 18.4 <0.001 -2.754 0.454 <0.001 -0.0086 0.0085 0.320    47.2 
b* MaxLRT + T3CK 67.40 17.6 <0.001 -1.422 0.441 0.003 -0.0009 0.00046 0.048    45.4 
Cooking Loss D7 MaxLRT + T3CK 108.7 31.6 0.001 -2.072 0.793 0.013 -0.0013 0.00082 0.128    33.4 
Cooking Loss D14 MaxLRT + T3Cort 112.1 41.2 0.010 -2.130 1.010 0.043 -0.0286 0.019 0.141    9.2 
WBSF D7 MeanLRT + T3CK 25.00 10.0 0.017 -0.507 0.255 0.054 -0.0004 0.0003 0.203    17.5 
WBSF D14 MeanLRT + T3CK 26.12 8.08 0.003 -0.546 0.205 0.011 -0.0003 0.00024 0.300    23.2 

MaxLRT = maximum lairage rumen temperature; MeanLRT = mean lairage rumen temperature; T3CK = creatine kinase at slaughter; T3Cort = cortisol at slaughter 
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Table 5.9 outlines the combination of haematological variables and rumen temperature 2331 

measurements that can be used as predictors of meat quality.  The greatest R2 value (53.1) 2332 

was observed for pHult with a combination of maximum lairage rumen temperature, CK and 2333 

cortisol at slaughter being used as predictor variables. Maximum rumen temperature during 2334 

lairage and CK at slaughter was the most common model for predicting meat quality; being 2335 

used for three measures L*, a* and cooking loss D7. 2336 

5.5 Discussion 2337 

Consistent with our hypothesis, the results demonstrate that the continuous monitoring of 2338 

rumen temperature during the pre-slaughter phase offers a tool to monitor aspects of 2339 

animal welfare and meat quality, as evidenced by the relationships between these 2340 

parameters that were uncovered by the current study. 2341 

5.5.1 Rumen temperature 2342 

Cattle exposed to heat stress will have a greater body temperature and  respiration rate 2343 

(Gaughan and Mader, 2014). However, in this study mean THI during transportation did not 2344 

exceed the threshold of 65 outlined by Ammer et al. (2016); above which a rise in rumen 2345 

temperature can be expected. Thus, the observed rise in rumen temperature was not 2346 

caused by heat stress.  The initiation of a fight or flight response is controlled by the 2347 

autonomic nervous system (ANS) resulting in a number of physiological changes. These are 2348 

considered the first line of response upon exposure to a stressful situation, ensued by 2349 

behavioural changes and the activation of the hypothalamic-pituitary-adrenal axis (HPA) 2350 

(Losada-Espinosa et al., 2018).  Thus, the elevated cortisol concentrations at slaughter and 2351 

associations between rumen temperature and meat quality, indicate that the observed rise 2352 
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in rumen temperature during the pre-slaughter phase was caused by stress-induced 2353 

hyperthermia.   2354 

Mean rumen temperatures during transport and lairage were similar, yet rumen 2355 

temperature peaked higher during lairage, than in transportation; with bulls having a 0.48°C 2356 

greater maximum temperature during lairage. Bulls had access to water during lairage, and 2357 

when considering the findings of Bewley et al. (2008b), who reported a reduction in rumen 2358 

temperature associated with water intake; this could be the likely explanation as to why 2359 

mean rumen temperature did not differ significantly during transport and lairage. However, 2360 

it should be noted that bulls had access to water during the basal period, and yet mean 2361 

basal rumen temperature and that of lairage, were significantly different. Thus, indicating 2362 

that the rise in rumen temperature due to stress-induced hyperthermia was substantial 2363 

enough to supersede any decline caused by water intake.  2364 

Furthermore, the rise in rumen temperature during the pre-slaughter period indicates that 2365 

both transport and lairage were considered novel environments. The progressive 2366 

habituation of cattle to a novel environment has been well documented (Njisane and 2367 

Muchenje, 2017, Broom, 2003, Chacon et al., 2005); with rectal temperatures of bulls 2368 

peaking within the first 30 min of a 9 hour journey, before recovering to pre-transport levels 2369 

(Burdick et al., 2010). However, in this study rumen temperature continued to rise 2370 

throughout the pre-slaughter period, peaking during lairage. Therefore, as this study 2371 

consisted of a short journey; it is likely that these bulls did not have sufficient time to 2372 

acclimatise to transportation (Chacon et al., 2005). Hence, indicating that rumen 2373 

temperature did not fully recover prior to exposure to a second novel environment; thus 2374 

creating a cumulative stressor effect.   2375 
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One further reason for the elevated temperatures during lairage was that bulls were largely 2376 

transported within the groups they had been housed in. Whereas, at the abattoir they were 2377 

all unloaded into one pen and thus, mixing occurred. Social mixing of bulls results in a 2378 

greater occurrence of aggressive interactions as they attempt to establish a social hierarchy; 2379 

thus creating social stress (Warriss et al., 1984, Tennessen et al., 1985, Kenny and Tarrant, 2380 

1987a).  Aggressiveness is also associated with increased physical effort, with possible 2381 

carcass bruising and muscle damage; the extent of which will largely depend on the 2382 

intensity and duration of such interactions (Ferguson and Warner, 2008). Therefore, mixing 2383 

during lairage would have not only contributed towards the elevated rumen temperatures 2384 

that were observed in this study; but also is the likely explanation for the elevated CK and 2385 

LDH concentrations at slaughter (Losada-Espinosa et al., 2018, Tarrant, 1990). This is further 2386 

supported by the findings shown in Table 5.8; where rumen temperature during lairage was 2387 

associated with a*, CK at slaughter and pHult. In addition Chacon et al. (2005) reported that 2388 

transport had no effect on CK concentration, provided bulls were transported under good 2389 

conditions; with gentle handling and at recommended stocking densities. Thus, muscle 2390 

damage associated with transport could well have been minimal in this study. 2391 

5.5.2 Cortisol 2392 

Basal cortisol was in agreement with that of Buckham Sporer et al. (2008), and Chacon et al. 2393 

(2005), but greater than that observed by Cafazzo et al. (2012), and outlined as reference 2394 

values by Radostits et al. (2007). Cortisol is widely known for its variability (Losada-Espinosa 2395 

et al., 2018) with concentrations being impacted by numerous animal factors (Grandin, 2396 

2000b); therefore, irregularity between studies is to be expected. Concentrations of cortisol 2397 

doubled at slaughter (T3) in comparison to basal levels. Thus, indicating that the pre-2398 
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slaughter environment was substantially more stressful than the routine handling 2399 

associated with weighing and blood sampling; which may largely be due to the social mixing 2400 

and novelty of the pre-slaughter environment (Bourguet et al., 2015). Chacon et al. (2005) 2401 

transported bulls for 3 different durations (30 min, 3 h & 6 h); the author observed greater 2402 

cortisol concentrations for bulls with a journey time of 3 and 6 h in comparison to basal 2403 

levels determined one week prior to transportation. Thus, indicating that a short journey (30 2404 

min) was not substantial enough to activate the hypothalamic-pituitary-adrenocortical axis 2405 

to the same magnitude as a medium or long journey. Trunkfield and Broom (1990) outlined 2406 

that a sharp and rapid increase was characteristic of cortisol; with rises occurring within 2407 

minutes and lasting for up to 2 h. This raises the question as to which part of the pre-2408 

slaughter phase was responsible for the rise in cortisol detected in this study. It is possible 2409 

that the bulk of the observed rise occurred during lairage and hence, cortisol may have 2410 

followed the same pattern as rumen temperature. However, due to these cattle being 2411 

slaughtered under commercial conditions, blood sampling post-transport was not practically 2412 

feasible. Thus, the dynamic pattern of the haematological variables during the pre-slaughter 2413 

phase of this study is unknown.   2414 

5.5.3 Instrumental meat quality 2415 

The high proportion of carcases with a pHult >5.8 are likely due to the individual’s perception 2416 

of the pre-slaughter environment and its associated stressors (Grandin, 1993). The cattle 2417 

used in this study were naive to transportation, and were all managed within a small stable 2418 

social group throughout their lifetime. This naivety to the stressors experienced during the 2419 

pre-slaughter phase may have magnified the individual variability within the group, as 2420 
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individual stress responses were not impacted by previous habituation (Stockman et al., 2421 

2011).   2422 

Bulls with a pHult >6.2 had a significantly greater maximum rumen temperature during the 2423 

basal period; yet there was no difference in mean rumen temperature during this time. 2424 

Thus, suggesting that these elevations in temperature were acute and hence causes of 2425 

hyperthermia, such as ill-health could be eliminated (Timsit et al., 2011a). Burdick et al. 2426 

(2010) reported that temperamental bulls had a higher maximum rectal temperature than 2427 

calm bulls during transportation. Furthermore, research has shown that temperamental or 2428 

excitable cattle have a greater pHult, and poorer meat quality (Voisinet et al., 1997a, 2429 

Ponnampalam et al., 2017, Hall et al., 2011); due to their increased susceptibility to stress. 2430 

Therefore, in the current study, an increased maximum basal temperature may indicate that 2431 

these bulls were more easily raised or stressed, even within an environment in which they 2432 

were acclimatised to. In addition, the observed relationship between pHult and maximum 2433 

temperature during both transportation and lairage, further supports this suggestion.   2434 

The cattle used in this study, were weighed fortnightly throughout their lifetime and daily 2435 

feeding was also carried out by a stockperson. Consequently, they were accustomed to 2436 

regular human interaction; which may be justification as to why stockperson actions had no 2437 

impact on rumen temperature or meat quality. These findings are supported by previous 2438 

research which observed a reduction in cortisol response as cattle became habituated to 2439 

repeated handling (Andrade et al., 2001, Solano et al., 2004). Waynert et al. (1999) observed 2440 

similar results when evaluating the impact of a stressor over time; with decreased heart rate 2441 

and movement.   2442 
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Rumen temperature during the pre-slaughter phase is associated with validated indicators 2443 

of stress as shown by the models in Table 5.8.  This is as expected, considering that stress 2444 

results in a number of physiological changes while also initiating glycogenolysis, thus 2445 

impacting meat quality (Ponnampalam et al., 2017). This demonstrates the potential for 2446 

rumen temperature, measured using a bolus, to be used to provide broader insights into the 2447 

welfare of ruminants.  Furthermore, rumen temperature may also have the capacity to act 2448 

as a pre-slaughter indicator of meat quality. When combined with haematological variables 2449 

at slaughter, particularly CK and Cortisol, models can be identified to define the relationship 2450 

with instrumental meat quality. This provides valuable information for the red meat 2451 

industry, which may allow for preventative action to be taken prior to slaughter. Further 2452 

research would be required to identify the extent to which animal factors (e.g. sex, age, 2453 

breed) contribute to individual variability; so that a reliable threshold can be identified. In 2454 

addition, remedial treatments could be evaluated in order to identify the rate at which 2455 

rumen temperature can be reduced to acceptable levels prior to slaughter.  A potential 2456 

limitation of using rumen temperature boluses, may be the ability for them to be recovered 2457 

post-slaughter. Although the boluses were easily recovered in this study, the practicalities 2458 

are largely dependent on the abattoir and economics of recovery. Furthermore, the risk of 2459 

bolus regurgitation should also be taken into consideration.  2460 

5.6 Conclusion 2461 

In conclusion, bulls had a significantly elevated mean rumen temperature during transport 2462 

and lairage in comparison to basal levels. Rumen temperature peaked during lairage, 2463 

possibly due to the cumulative effect of multiple stressors, and social stress associated with 2464 

mixing during lairage. As a result pre-slaughter rumen temperature was significantly 2465 
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associated with pHult. Cortisol, CK and LDH were all significantly elevated at slaughter, 2466 

however, CK was the only haematological variable that increased as pHult increased. 2467 

Therefore, through the continuous, non-invasive monitoring of stress induced hyperthermia 2468 

in ruminants, a greater understanding of stress responses can be gained. Thus, rumen 2469 

temperature boluses have the potential to be widely used as a welfare indicator and may 2470 

even have uses as a monitoring tool within animal welfare monitoring schemes.  In addition 2471 

with further research, rumen temperature during the pre-slaughter phase may have the 2472 

ability to act as a predictor of instrumental meat quality.  2473 

  2474 
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Chapter 6 2479 

General Discussion 2480 
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6.1 Introduction 2482 

Dairy-origin beef is a central component of the prime beef supply in the UK (LMC, 2019b). 2483 

Yet, in an ever-changing market that is renowned for fluctuating prices and increasing input 2484 

costs (Ashfield et al., 2013), the fundamentals of health and performance must be 2485 

optimised. Furthermore, repeated shifts in market specification for beef cattle, particularly 2486 

young bulls, mean that research must be kept up to date with the current industry position. 2487 

In addition, consumers are becoming more aware of where their food comes from, which 2488 

places increased pressure on the industry to manage both their perceptions and 2489 

expectations. Agriculture is also now firmly under the spotlight in relation to climate change 2490 

and environmental sustainability, thus creating further challenges for the industry 2491 

(Committee on Climate Change, 2018). Recent advances in precision technology allow for a 2492 

more targeted approach to many aspects of animal management. This creates the 2493 

opportunity to improve efficiency, productivity and ultimately sustainability. However, 2494 

further research is required to fully understand its potential within the industry, and 2495 

improve the uptake of using precision technologies on commercial farms (Neethirajan et al., 2496 

2017). This thesis addressed four areas that show potential to improve the health and 2497 

performance of dairy origin beef cattle.   2498 

6.2 Synthesis of results 2499 

6.2.1 Health 2500 

The literature review highlights the transmission pathway of BRD; a disease which is 2501 

deemed a substantial problem in beef cattle, leading to considerable economic losses due to 2502 

morbidity and mortality (Duff and Galyean, 2007). Furthermore, health status has a massive 2503 

impact on animal performance, leading to reduced weight gains (Virtala et al., 1996). 2504 
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Therefore, maximising animal health is the first step in improving the sustainability of a 2505 

dairy-origin beef system.  2506 

Cold stress has been documented to have a negative impact on health status. Nonnecke et 2507 

al. (2009) reported that calves in a warm environment had reduced respiratory scores and 2508 

antibiotic costs in comparison to those reared in a cold environment. The results from 2509 

chapter 2 indicate that calf jackets increased mean skin temperature by 4.61°C, thus 2510 

creating a micro-environment for the calf. Yet, calf jackets had no effect on health status or 2511 

antibiotic usage during the rearing period. These results were in agreement with previous 2512 

calf jacket research (Earley et al., 2004, Scoley et al., 2019). Earley et al. (2004) reported no 2513 

difference in diarrhoea or BRD incidence in calves reared outdoors with or without a calf 2514 

jacket. These calves were older than those of Scoley et al. (2019) (19d vs ≤12h) who 2515 

investigated the use of calf jackets in the first 3 weeks of life. Thus, chapter 2 was unique 2516 

from previous calf jacket studies as it was conducted commercially in a naturally ventilated, 2517 

purpose built shed using calves of 30.9 days of age. Furthermore, calves in each batch were 2518 

sourced from up to 13 farms and the study ran for a full year in order to take into account 2519 

seasonality. However, even though seasonality was considered in this study, it is unlikely 2520 

that temperature ranges were low enough for calves to experience cold stress. 2521 

Similarly, the research findings from chapter 4 highlight that production system also had no 2522 

impact on disease incidence. Autumn housing after a grazing period, is characteristically a 2523 

period of greater BRD risk; the associated changes in environment, ambient conditions, diet 2524 

and social grouping creates additional stress (Duff and Galyean, 2007). However, this proved 2525 

not to be the case in this study, as BRD incidence rate was so low that it could not be 2526 

analysed. Furthermore, a post-mortem inspection was conducted of the heart, liver and 2527 
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lungs of each bull. This approach not only identified any undetected cases of BRD, but also 2528 

highlighted any liver abscesses which may have occurred as a result of an ad libitum 2529 

concentrate diet (Galyean and Rivera, 2003). However, yet again there was no significant 2530 

difference between production system treatments for any of the disorders identified post-2531 

mortem. The scientific literature on production systems and finishing systems gives little 2532 

attention to the impact on animal health. Granted, disease incidence of BRD is more 2533 

prominent during the rearing period (Svensson et al., 2003). However, nutritional disorders, 2534 

particularly those related to ruminal acidosis, are common in finishing cattle, and will impact 2535 

performance (Nagaraja and Chengappa, 1998). For instance, large active liver abscesses 2536 

have been shown to reduce DLWG by 9.44% (Galyean and Rivera, 2003). This has further 2537 

implications for the red meat industry as condemnations of offal result in a reduction in the 2538 

saleable proportion of the carcass (Yibar et al., 2015).  2539 

Although the calves used in chapter 2 had been purchased from numerous farms, and 2540 

consequently, would have had different levels of disease exposure (Edwards, 2010), all 2541 

farms were considered credible sources. Additionally, the cattle in chapter 4 were born at 2542 

AFBI, where strict protocols are adhered to.  Therefore, in both studies it would be expected 2543 

that calves had a good level of neonatal care. Furthermore, all animals were managed under 2544 

a health programme, together with best practice guidelines throughout the duration of the 2545 

study. Thus, the fact that neither calf jacket treatment nor production system had any 2546 

impact on animal health is not unexpected. Particularly as these animals were probably at a 2547 

lower risk of developing health problems than those found on a commercial farm (Nicholas 2548 

and Ayling, 2003). Thus, if the industry was as stringent with management practices, 2549 

perhaps BRD incidence rates could be reduced (Edwards, 2010). 2550 



 

140 
 

One of the main issues with BRD is that clinical signs of the disease aren’t apparent until 2551 

after lung damage has occurred (Currin, 2009). Therefore, detection of the disease is often 2552 

late, which generally reduces the success of the initial antibiotic treatment (Cusack et al., 2553 

2003). Rumen temperature boluses are a precision technology which may allow for the early 2554 

detection of disease. Previous research has demonstrated their potential in this area (Timsit 2555 

et al., 2011a). However this does require further research, in order to improve both the 2556 

sensitivity and specificity of detection. During the planning of this thesis this was an aspect 2557 

that was to be investigated. However, for the reasons outlined above, the cattle used in 2558 

chapter 4 did not have a sufficient disease incidence to provide an adequate sample size of 2559 

clinical cases to examine the utility of rumen temperature boluses for the purpose of 2560 

disease detection.  2561 

Therefore, rumen temperature boluses were instead used to examine the factors which may 2562 

influence rumen temperature, including; the effects of behaviour and diet. Chapter 3 2563 

demonstrates that although animal behaviour did impact rumen temperature, all 2564 

temperatures were within the normal range for healthy cattle. Therefore, the impact of 2565 

behaviour does not need to be taken into consideration when assessing health status using 2566 

rumen temperature boluses. This was an important validation study to rule out the 2567 

potential for behaviour to act as a confounding variable when using rumen temperature 2568 

boluses for the detection of disease. 2569 

6.2.2 Performance 2570 

As outlined in the literature review, optimising performance throughout the animals’ 2571 

lifetime is vital to ensure cattle meet target market specifications. In chapter 2 the use of 2572 

calf jackets had no effect on animal performance during the rearing period. The provision of 2573 
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a sufficient quantity of dry bedding substrate, such as straw allows calves to display nesting 2574 

behaviour. This, together with access to ad libitum concentrates meant calves were able to 2575 

counteract the effects of short-term cold periods (Nonnecke et al., 2009, Hepola et al., 2576 

2006). Thus, calf jackets had minimal benefit during the ambient conditions experienced 2577 

over the course of the experiment. This is also in agreement with the findings of Earley et al. 2578 

(2004) and Scoley et al. (2019), where calf performance was unaltered due to calf jacket 2579 

treatment.  2580 

One factor that may warrant consideration is the genetic potential of the calves used in this 2581 

study. Calves were sourced from a number of farms and thus, a mix of breeds was 2582 

inevitable. Treatment groups were balanced for breed and source farm. However, within 2583 

breed variation is common, with the genetic potential of a calf being influenced by the 2584 

superiority of the sire (Clarke et al., 2009). The calves used in chapter 2 would have been a 2585 

mixture of AI bred calves, and those bred by a stock bull. Thus, a degree of variation in 2586 

performance is to be expected; which may have diluted the minimal effects of calf jackets. 2587 

Although the variation (breed and source farm) of the calves used in study 2 may raise the 2588 

question of scientific soundness. This trial was highly representative of a commercial 2589 

situation and thus, is very applicable to industry. 2590 

Current market specifications mean that bull beef systems rely heavily on maximising 2591 

performance and carcass weight. This is generally achieved through a predominantly 2592 

concentrate based diet for extended periods of time (Allen and Kilkenny, 1984, Kirkland et 2593 

al., 2006). In 2018 the NI mean carcass weight for HOL and FR young bulls was 281kg (BOVIS, 2594 

2018)  The results in chapter 4 demonstrate that in a housed, ad libitum concentrate system 2595 

a DLWG of 1.35kg/d can be achieved, resulting in a carcass weight of 304.8kg. This is in 2596 
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agreement with previous research (Kirkland et al., 2006). Yet, over the full experimental 2597 

period HA bulls consumed a total of 2.22t of concentrates; resulting in a high cost of 2598 

production. Grazed grass is deemed to be the cheapest form of feed (O'Donovan et al., 2599 

2011). The results from chapter 4 show that when bulls are grazed with 0 or 2kg 2600 

concentrates during the grower period, a DLWG of 0.69kg/d and 0.93kg/d respectively, can 2601 

be achieved. The literature presents mixed results for the performance of HF bulls at grass, 2602 

Keane and Fallon (2001) reported gains of 0.72kg/d and 0.80kg/d; while Therkildsen et al. 2603 

(1998) reported gains of up to 1.10kg/d, which were similar to that of Steen and Kilpatrick 2604 

(1998). As discussed in chapter 4, poor weather conditions can have a huge impact on 2605 

performance. This was also documented in the findings of McNamee et al. (2015) where a 2606 

DWLG of 0.58kg/d was reported.  2607 

However, G and G2 bulls exhibited compensatory growth during the finishing period, with G 2608 

bulls having a mean growth rate of 1.48kg/d. The G and G2 bulls did however have a lower 2609 

carcass weight. However, a substantial reduction in total concentrate usage for G and G2 2610 

bulls, in comparison to those offered ad libitum concentrates throughout, reduces 2611 

production costs. Which was illustrated in the margin over feed costs, where that of G bulls 2612 

was the greatest. Thus, when deciding on the optimum production system, a balance must 2613 

be reached between input costs and carcass value.  2614 

6.2.3 Meat quality 2615 

An area which is often over looked by primary producers is the quality of meat. Yet, poor 2616 

meat quality results in considerable economic losses for the red meat industry each year 2617 

(Warriss and Brown, 2008).  The results in chapter 4 indicate that production system had no 2618 

effect on carcass characteristics or meat quality. The observed results are likely due to the 2619 
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fact that all bulls were finished on the same diet. In addition, these results are in agreement 2620 

with previous research investigating different beef production systems (Moran et al., 2017, 2621 

Moloney et al., 2004). 2622 

Minimising pre-slaughter stress is vital to ensure meat quality is not compromised 2623 

(Immonen et al., 2000). Chapter 5 demonstrates that rumen temperature can be used as a 2624 

welfare indicator during the pre-slaughter phase in an attempt to quantify stress. Stress-2625 

induced hyperthermia is a well-known response to stressful events (Spooren et al., 2002). 2626 

Losada-Espinosa et al. (2018) completed a systematic review of welfare indicators during 2627 

the pre-slaughter phase, and concluded that monitoring body temperature was of 2628 

intermediate validity, requiring further research. The recent developments of commercially 2629 

available long lasting rumen temperature boluses now facilitates research into this topic in a 2630 

non-invasive manner, with the results from chapter 5 therefore very timely. The continuous 2631 

monitoring of body temperature is a relatively new approach to assessing welfare (Burdick 2632 

et al., 2010) in comparison to more traditional methods such as monitoring behaviour or 2633 

plasma cortisol concentrations (Van de Water et al., 2003, Maria et al., 2004). Thus, its full 2634 

potential has not yet been established. However, the continuous nature of the data 2635 

obtained, allows for a detailed examination of the events occurring during the pre-slaughter 2636 

phase. In chapter 5, rumen temperature continued to rise throughout the pre-slaughter 2637 

phase, peaking during lairage. Thus, indicating that the bulls did not become acclimatised 2638 

during the pre-slaughter phase and that the cumulative effect of the associated stressors led 2639 

to an increased stress response.  2640 

In addition, the results from chapter 5 identified an important relationship between rumen 2641 

temperature, haematological variables and meat quality; which subsequently has the 2642 
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potential to be used as a predictor of meat quality. The pre-slaughter prediction of meat 2643 

quality is an area where the scientific literature is particularly limited. Thus, this is a highly 2644 

novel approach, which could be used to identify high risk animals prior to slaughter, 2645 

together with best practice guidelines to reduce the incidence of dark cutting carcasses.  2646 

6.3 Implications of results for agricultural practice 2647 

Commercially, calf jackets are becoming increasing used. However, as a whole, research 2648 

doesn’t show any significant benefits of using calf jackets (Earley et al., 2004, Scoley et al., 2649 

2019). Although it’s likely that the effects of which are determined by the quality of housing 2650 

and prevalence of draughts. The calf housing on a research farm would be expected to be of 2651 

a high standard, furthermore, the shed used in chapter 2 was purpose built, and had been 2652 

designed by an experienced team. Thus, these calves would not have been exposed to the 2653 

full extent of ambient conditions that may be experienced in some commercial situations. 2654 

Furthermore, dystocia calves are known to have a reduced ability to thermoregulate, in 2655 

addition to sick or weak calves (Vermorel et al., 1989, Roland et al., 2016). Therefore, the 2656 

selective use of calf jackets may have some merit, however, as chapter 2 outlines their use 2657 

on every calf may not be necessary.  2658 

The early detection of ill health using rumen temperature boluses is unaffected by animal 2659 

behaviour and diet, thus these factors should not lead to false positive health alerts. The 2660 

animals used in chapter 3 were bulls, yet these findings should also be applicable to steers 2661 

and heifers. Bulls are renowned for their aggressive nature (Mounier et al., 2006b), 2662 

therefore if any difference did exist it should be more pronounced in bulls.  2663 

The cost implications for the commercial use of rumen temperature boluses for the 2664 

detection of ill health should be considered. The boluses used in this research could be 2665 
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administered from three months of age, and had a retail price of £50. Each bolus had a 3 2666 

year battery life, and thus, if recovered at slaughter could be reused in another animal. 2667 

However, if operating a 24 month beef system, the battery life would not last the full 2668 

duration of the two animals, resulting in a period of around 6 months when the bolus was 2669 

not transmitting in the second animal. If applied to a 16 month bull beef system, reusing the 2670 

bolus would essentially half the cost, resulting in a cost of £25 per head. The cost per case of 2671 

BRD varies greatly depending on the severity of the disease, it can also be difficult to 2672 

quantify the long term effects due to reduced performance. Costs have been reported of 2673 

£30 per head for a mild case and in the case of mortality up to £500 per head (Scott, 2012). 2674 

However, as the boluses can only be administered after 3 months of age, the high risk 2675 

period for BRD is over (Svensson et al., 2003). Thus, with BRD incidence rates of between 9 2676 

and 21% being reported during the store and finishing periods (Van Donkersgoed et al., 2677 

1993, Maunsell et al., 2009), it is unlikely that at the current market price using rumen 2678 

temperature boluses for the early detection of disease is economically viable. However, 2679 

technology is being developed rapidly, and there may be the potential to considerably 2680 

reduce the cost of this technology in the future. 2681 

 Although chapter 4 highlights that a grazing period can be included in a bull beef 2682 

production system, the optimum system will depend not only on animal health and 2683 

performance; but also on a number of farm factors, including the provision of suitable 2684 

grazing for bulls. Appropriate grazing infrastructure is vital to ensure bulls are not in close 2685 

contact with other groups of cattle, particularly cows or heifers. Furthermore, farmer safety 2686 

is a major concern. Bulls often become aggressive as they approach sexual maturity, and 2687 

thus without appropriate handling facilities, may present a health and safety risk (Jago et al., 2688 

1997). Other considerations include forage availability, concentrate price and beef price. 2689 
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Rumen temperature boluses also have the potential to be used within the industry as a 2690 

welfare indicator, particularly as part of welfare monitoring schemes. With regard to meat 2691 

quality, the ability to identify high risk animals prior to slaughter, could allow for mitigation 2692 

practices to be put in place, either to reduce stress or allow muscle glycogen levels 2693 

adequate time to recover. This approach would assist in reducing the proportion of dark 2694 

cutting carcasses and creating potential savings for the industry.  2695 

6.4 Future research 2696 

Ambient conditions appear to the primary factor that determine the effects of calf jackets; 2697 

yet this is something that cannot be controlled in a conventional calf house. Thus, to fully 2698 

understand the potential of calf jackets, future research should focus on their use within a 2699 

controlled environment. This would allow for a range of temperatures to be assessed, 2700 

together with the severity of temperature fluctuations. As a result a temperature range 2701 

could be identified at which the use of calf jackets is beneficial.   2702 

The market requirements for beef production are ever changing (Ashfield et al., 2013). Thus, 2703 

there may be the possibility of further age restrictions and carcass specifications. Therefore, 2704 

further research should identify which requirements are economically viable for the industry 2705 

to meet, in addition to alternative production systems. 2706 

Numerous factors are thought to influence rumen temperature, many of which were 2707 

outlined in the literature review. However, few have been extensively researched. The 2708 

assessment of the impact of these factors on rumen temperature would further improve the 2709 

accuracy of disease detection. In addition it may highlight other potential uses for rumen 2710 

temperature. 2711 
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Further research using rumen temperature boluses could provide broader insights into 2712 

stress-induced hyperthermia in ruminants. The continuous nature of the data, allows for 2713 

more detailed observations to be made. Stressful events such as dehorning, castration and 2714 

weaning (Duff and Galyean, 2007, Lorenz et al., 2011a) could all be investigated, with rumen 2715 

temperature used to identify optimum methods and management practices.  2716 

The use of this data for the prediction of meat quality requires further validation, 2717 

particularly as this study was the first of its kind and based on an observational study. 2718 

Furthermore, in the current study bulls were housed in groups of 3 or 4 animals to allow 2719 

intakes to be recorded; and thus they were mixed during transport and lairage. This lead to 2720 

a greater proportion of dark cutting carcasses than previously outlined in the literature 2721 

(Warriss and Brown, 2008). Regardless of this, the results did show some interesting 2722 

relationships between rumen temperature and meat quality. Further research involving 2723 

experimental manipulation of pre-slaughter conditions is required to investigate aspects 2724 

such as individual variability due to breed, sex and temperament. Once validated, the next 2725 

step is to investigate methods of preventing and counteracting the effects of pre-slaughter 2726 

stress for high risk animals.  2727 
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