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ABSTRACT 

PREDICTORS OF HEALTH AND GROWTH IN NEONATAL SURPLUS DAIRY 

CALVES: INVESTIGATING APPROACHES TO IDENTIFY AND MANAGE CALVES AT 

HIGH HEALTH RISK CALVES EARLY IN LIFE 
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University of Guelph, 2021

Advisor(s): 
Dr. David F. Kelton 
Dr. Todd F. Duffield 
 

 The research described in this thesis is comprised of an exploration of navel 

healing in male and female neonatal Holstein calves, an evaluation of leukocyte 

differential cell counts as a biomarker for health and growth in male surplus calves, and 

an evaluation of a selective antimicrobial therapy strategy based on individual health 

risk assignment on the time of arrival at a surplus calf rearing facility. This research also 

involved the validation of a rapid automated leukocyte cell counter in neonatal Holstein 

calves. 

 A longitudinal study design was used to explore daily navel healing in male and 

female Holstein calves over a 14 day observation period beginning after birth. Multiple 

associations were found between navel diameter and length measurements with the 

day of observation, time of birth, and calf factors (sex, birthweight, and medical 

treatment). A large proportion of calves had navel diameters above a recently identified 

13 mm threshold for navel infection suggesting occult navel infections or that a different 

threshold may be more appropriate in this population.



  

 A cross-sectional diagnostic accuracy study was conducted to validate a rapid 

automated leukocyte cell counter in neonatal Holstein calves that performed well in 

estimating neutrophil counts and had fair performance in estimating lymphocyte counts. 

Leukocyte cell counts were evaluated as a potential biomarker for health and growth in 

a cohort study that sampled surplus Holstein calves at the time of arrival and 72 hours 

post-arrival. At the time of arrival, lymphocyte counts were associated with future 

growth; 72 hours post-arrival lymphocyte counts were associated with morbidity and 

mortality risk, and neutrophil counts were associated with mortality risk. 

 A randomized control trial was conducted to compare a selective therapy 

strategy and a conventional group therapy strategy at the time of arrival to a surplus calf 

facility. Although no difference was found between interventions for morbidity over the 

study period, the selective therapy strategy had an increased hazard of mortality and 

lower growth in the winter. These results suggest that a selective therapy strategy may 

not be appropriate for all facilities in all seasons. Further refinement to risk assignment 

and therapy protocols are required.   
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1 Chapter 1: Literature Review 

1.1 Male calves in the dairy industry 

 The primary goal of breeding on most dairy farms is to result in a pregnancy that 

will ensure a subsequent lactation. A secondary goal might be to produce enough 

female calves to meet the goals of the dairy, be it to maintain overall herd milk 

production by replacing cows that leave the herd; for herd expansion; or, sale of 

replacement females (Seidel, 2014). Multiple breeding tools and strategies are available 

to dairy farms such as genomic selection, sexed-semen, and the use of beef semen (De 

Vries et al., 2008; Clasen et al., 2021), and although conventional breeding has 

historically been the most commonly used strategy (De Vries et al., 2008; Seidel, 2014) 

this trend is beginning to change. Pregnancies resulting from conventional breeding 

have an equal probability of producing a male or female calf. Male calves are most 

commonly shipped off farm at an early age with only a very small proportion finished on 

farm, or sold for breeding or semen collection. It should be acknowledged, however, 

that the increased use of alternate breeding strategies will result in a growing number of 

surplus calves of either gender and various breed compositions (De Vries et al., 2008; 

Bolton and Keyserlingk, 2021). Thus, discussions on the challenges presented by male 

dairy calves in this context could be extended to all surplus calves regardless of gender 

or breed composition. 

1.1.1 Overview of the challenges in male dairy calf industries 

 Male calves are not commonly retained on the source farm for more than 3 to 7 

days (Renaud et al., 2017) and over 60% are marketed through auction barns (NAHMS, 

2014). Since male calf prices are highly variable and these animals often bring a low 

dollar value (Marquou et al., 2019; Renaud et al., 2019), resources allocated to them on 

the farm of origin are perceived as having a low return on investment in some 
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operations (Wilson et al., 2021). Factors relating to both the management of male 

calves on the dairy farm of origin (such as level of veterinary involvement at herd check, 

method of colostrum feeding, bedding source, frequency of maternity pen monitoring, 

high antimicrobial use, and high mortality rate) and transportation (such as distance 

transported and time of feeding prior to transportation) have been associated with future 

health at calf rearing facilities (Renaud et al., 2018c; Santman-Berends et al., 2018; 

Roadknight et al., 2021). Specifically, leaving the farm of origin involves the stress of 

comingling, variable periods of fasting, variable environmental exposures, and 

transportation. The high levels of morbidity and mortality observed early in the 

production cycle (Winder et al., 2016; Scott et al., 2019a; Renaud et al., 2021) 

contributes to narrow economic margins and threaten the viability of this industry due to 

the concerns regarding the health and welfare of this population of animals (Renaud et 

al., 2019; Rell et al., 2020). In addition to these concerns, the high-levels of disease are 

drivers for high-levels of antimicrobial use (Pardon et al., 2012b; Bokma et al., 2018) 

which creates public health implications where high antimicrobial use (AMU) leads to 

selection for antimicrobial resistant (AMR) bacterial strains (Catry et al., 2016; Jarrige et 

al., 2017; Springer et al., 2019). In response to these concerns, regulatory changes 

have been made in Canada, the United States of America, and some countries in the 

European Union to restrict the use of prophylaxis or metaphylaxis in an effort to promote 

responsible antimicrobial stewardship and increase veterinary oversight in beef and veal 

production among other sectors (Food and Drugs Act, 2017; Food and Drug 

Administration, 2015, Murphy et al., 2017). These challenges have stimulated research 

into all aspects of the surplus calf supply chain for the purpose of improving calf health 

and welfare, while reducing antimicrobial use and ensuring the viability of this industry.   

 The focus of this literature review is to explore what is known about clinically 

measurable risk factors and biomarkers for predicting calf health and growth at the time 

male dairy calves enter the veal or dairy beef industry. Additionally, strategies to reduce 
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antimicrobial use in this population of calves will be discussed with an emphasis on the 

time of arrival. 

1.2 Male dairy calf health and welfare 

 Calves require conscientious pre-weaning management to optimize calf health 

and growth, while minimizing the impact of disease on calf welfare, future productivity, 

and profitability (Donovan et al., 1998; Mee, 2008; Lorenz et al., 2011b). While their 

immune and physiological systems are maturing, they are more susceptible to the 

effects of environmental conditions, nutritional management, stress, and pathogen 

exposure (Lorenz et al., 2011a). Male calves early in life, during this period of immune 

and physiological system development, are often exposed to multiple changes in feed, 

housing, and social groupings in their journey from the farm of origin to male calf rearing 

facilities. In order to better understand calf health upon arrival each step along their 

journey should be scrutinized, starting with the farm of origin, auction barn(s), as well as 

transportation in-between each location. 

1.2.1 Male calf health on the farm of origin 

 Time and resources on dairy farms are often skewed towards the milking herd; 

and it has been found that surplus calves, such as male dairy calves, do not receive the 

same level of care as replacement females on their farm of origin (Renaud et al., 2017b; 

Shivley et al., 2019; Wilson et al., 2021). For example, the importance of colostrum 

feeding and management in calves has been well studied; however, male calves often 

do not to receive the same quality, volume, or time to first feeding of colostrum as 

replacement females on some operations (Shivley et al., 2019; Renaud et al., 2020). 

Other differences between the care of male and female calves have been reported such 

as nutrition (Renaud et al., 2017), navel care (Renaud et al., 2017b), housing (Renaud 

et al., 2018c; Wilson et al., 2020b), pain management (Shivley et al., 2019), and 

vaccination (Renaud et al., 2017). Circumstances that hamper good male calf care have 



 

 

 

 

4 

been associated with prioritization of resources towards animals remaining on farm, lack 

of education on best early life care practices, economics, and infrastructure (Wilson et 

al., 2021). Additionally, these calves often leave the farm at a week of age or younger 

(Renaud et al., 2017; Shivley et al., 2019; Wilson et al., 2020b) and their fate is not 

commonly reported back to the original owners. Therefore, although most producers 

would like to provide good calf care (Wilson et al., 2021), the consequences of any 

deviation in calf management for male calves is often not known to the producer. 

 Studies investigating male dairy calves at their farm of origin have found at least 

one measurable health abnormality in over a third of male calves prior to transportation 

(Renaud et al., 2018b; Wilson et al., 2020b), and more recently these have been directly 

associated with poor health outcomes (Wilson et al., 2020b). The health abnormalities 

most commonly reported in male calves on dairy farms are abnormal navels, failed 

transfer of passive immunity (FTPI), depressed attitude, and diarrhea (Renaud et al., 

2018c; Wilson et al., 2020b). 

1.2.2 Calf health during transportation 

 Transportation of calves under a week of age can be a significant source of 

stress during a sensitive period before their immune, metabolic, and physiological 

systems are able to cope with the effects (Hulbert and Moisá, 2016; Marcato et al., 

2018). These stressors can include handling, commingling, exposure to adverse 

environmental conditions, and variable periods without access to feed, water, or rest. 

Severe or prolonged stress and fasting can have long-term consequences on calf 

resilience leading to increased susceptibility to disease (Mormede et al., 1982; Hulbert 

and Moisá, 2016; Marcato et al., 2018) from infectious and/or opportunistic pathogens 

(Murray et al., 2016). 

 The effects of transportation stress and fasting can contribute to dehydration, 

loss of body condition, negative energy balance, muscle fatigue, and immune 
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impairment (Marcato et al., 2018, 2020; Roadknight et al., 2021). These effects are 

likely to be exacerbated in calves with existing health conditions prior to transport. In 

fact, recent studies have found associations between calf management and health 

immediately prior to transportation and their condition upon arrival as well as future 

health and welfare (Wilson et al., 2020b; Roadknight et al., 2021).  

1.2.3 Calf health at auction barns 

 Calves that are marketed through auction barns and assembly yards (temporary 

holding or collection centers for a consignment of calves) are exposed to additional and 

repeated stressful events. These can include transportation to and from the facility, 

multiple handling events, multiple comingling events, as well as multiple changes to 

their environment and housing conditions. While at these facilities, calves often do not 

have access to food or water (Wilson et al., 2020a; 2020c). In addition, these locations 

represent a significant source of exposure to pathogens carried by other calves, cull 

cows, and species that are assembled from many locations either through direct 

contact, shared airspace, or contaminated environment (Dubé et al., 2010; Caswell, 

2014). 

 Recent studies have investigated the health condition of calves arriving at 

auction barns and their association with sale price (Marquou et al., 2019; Wilson et al., 

2020c) and future health at calf rearing facilities (Wilson et al., 2020b). In British 

Colombia, 20% of the calves examined at one auction facility had a least one 

observable health abnormality (Wilson et al., 2020c), while in Quebec this was found to 

be as high as 43% (Marquou et al., 2019). Some of the more common health 

abnormalities described include abnormal navels, diarrhea, abnormal respiratory score 

(coughing, nasal/ocular discharge), dehydration, and depression (Marquou et al., 2019; 

Wilson et al., 2020c).  
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1.2.4 Calf health at calf rearing facilities 

 There are many health abnormalities identified on arrival at calf rearing facilities, 

including depression (8-14%), dehydration (35 – 46%), low body condition (~50%), 

diarrhea (14 – 17%), abnormal respiratory scores (5-10%), and abnormal navel (18-

27%) (Pempek et al., 2017; Renaud et al., 2018a; Scott et al., 2019a). The health 

condition of calves arriving at calf rearing facilities may be, in part, a reflection of the calf 

procurement decisions made by the facility. Clinical signs of compromised calf health 

have been associated with lower purchase prices at auction barns (Marquou et al., 

2019; Renaud et al., 2019). Male calf industries, such as veal production, operate on 

narrow profit margins that are subject to volatility in input costs such as calf purchase 

price, cost of feed, and cost of treatment (Rell et al., 2020). Therefore, although not all 

health abnormalities will be known to the purchaser, a balance must be reached with 

regard to calf health and purchasing price, which often result in purchasers incurring 

some risk with respect to calf health. 

 Given the findings with respect to calf morbidity described at different stages on 

their journey, it is unsurprising that annualized mortality may be upwards of 7% in some 

facilities (Renaud et al., 2018c; Scott et al., 2019a; Goetz et al., 2021). Some 

observational studies have reported that over 87% of calves received treatment for 

disease (Scott et al., 2019a; Goetz et al., 2021).  

1.3 Risk Factors for health and growth at calf rearing facilities 

 Although factors relating to calf management and transportation prior to arrival 

have been associated with future health at calf rearing facilities (Renaud et al., 2018c; 

Santman-Berends et al., 2018; Roadknight et al., 2021), this information is not often 

available to help guide calf management at the time of arrival. Therefore for the 

purposes of this review, discussions of risk factors for health and growth will be limited 

to factors that are known or can be measured at the time calves arrive. These risk 
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factors can include general traits, clinically observable traits, and measurable 

biomarkers. 

1.3.1 General risk factors prior to arrival 

 General risk factors for future health and growth during the production period that 

would be known at the time calves arrive include season, calf procurement practices, 

and facility infrastructure and management. These factors will be discussed in more 

detail below. 

 Season. Season has been associated with future health and growth in multiple 

studies. Winder et al. (2016) found that calves arriving in the winter or spring were at 

greater risk of death during the production period; whereas summer (Renaud et al., 

2018a; Santman-Berends et al., 2018) and fall (Santman-Berends et al., 2018) were 

found to be higher risk periods in other studies. Although there is not a consensus on 

the highest risk season between these studies, it has been suggested that adjustments 

for weather conditions, such as temperature and humidity, should be considered over 

season (Santman-Berends et al., 2018), as weather conditions by month will vary based 

on geographic location. With respect to growth, calves were found to have reduced 

average daily gain in the winter at one facility in Ontario, Canada (Scott et al., 2019b); 

however, summer or fall were associated with reduced growth at other facilities in the 

same province (Renaud et al., 2018d). Facility protocols for adjusting feeding schedules 

to reflect the greater energy demands required in colder temperatures may play a role in 

these findings (Scott et al., 2019b). It is possible that facility infrastructure or 

management, such as the provision of additional feed, ventilation, or bedding material to 

offset the effects of temperature extremes, may play a role in ameliorating the negative 

seasonal effects on health and growth. 

 Calf procurement practices. The supplier of calves has been found to be 

associated with future mortality risk (Winder et al., 2016; Renaud et al., 2018a) and 
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growth (Renaud et al., 2018d), which could be a reflection of calf procurement 

decisions, the quality of calves available, duration of transport, and/or demand for 

calves at the time of purchase. Renaud et al. (2018a) found that calves procured by 

drover (third party transporter of calves from multiple dairy farms to a calf rearing 

facility) had a reduced hazard of mortality as compared to calves delivered directly by 

local dairy farms. In addition, calves purchased at auction or from some drovers has 

been associated with increased growth compared to direct and locally sourced calves 

(Renaud et al., 2018d), which could be an indication of purchaser selection decisions or 

the quality of calves available. Additionally, the breed of calves purchased has been 

associated with morbidity (using antimicrobial treatment as a proxy) (Bokma et al., 

2018) and mortality (Santman-Berends et al., 2018).  

 Infrastructure and management. Facility has been associated with mortality 

risk (Winder et al., 2016; Renaud et al., 2018a) and growth (Renaud et al., 2018d) 

suggesting that factors relating to facility infrastructure, management, or both may play 

a significant role. This is supported by findings that facilities that did not have all-in / all-

out calf management systems were found to be at higher mortality risk, as were facilities 

that fed calves a below average amount of feed (Santman-Berends et al., 2018). 

Further, management practices relating to biosecurity, such as purchasing calves from 

a large number of source dairy farms and a prolonged time to fill the facility, are 

considered high risk of disease outbreaks (Damiaans et al., 2019). Air quality, barn 

climate, lack of quarantine, and absence of vaccinations against common bovine 

respiratory disease (BRD) pathogens were also associated with increased AMU or 

mortality (Lava et al., 2016). Additionally, high stocking density (number of calves per 

pen) and bucket feeding (compared to trough or automated milk feeding) were 

associated with a higher number of antimicrobial treatments (Jarrige et al., 2017).  
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1.3.2 Clinically observable risk factors for future health and performance at the 
time of arrival 

 Clinical observation is a relatively inexpensive way to determine risk status for 

calves as compared to the cost of obtaining biomarker data. Decisions based on clinical 

observation could be employed during calf procurement (Renaud et al., 2019) as well as 

when calves are processed at the time of arrival (Renaud et al., 2018a) in an effort to 

maximize calf health and growth during the production period. The health and growth 

risks associated with a calf’s body weight, navel health, hydration status, flank, and 

evidence of disease are discussed below.  

 Body weight at arrival. Body weight measured at the time of arrival has been 

one of the most consistent predictors of morbidity, mortality, and growth (Creutzinger et 

al., 2021; Goetz et al., 2021). Higher body weight at arrival was found to be associated 

with a reduced hazard of morbidity and mortality, as well as an increased average daily 

gain (ADG) (Brscic et al., 2012; Renaud et al., 2018a; Goetz et al., 2021). This is 

consistent with other work that found lighter surplus dairy calves at higher risk of 

mortality within the first few weeks of arrival (Winder et al., 2016; Renaud et al., 2018a; 

Santman-Berends et al., 2018). Calves that arrived with a body mass index (BMI) > 371 

g/cm were found to be associated with lower morbidity and mortality (Scott et al., 

2019a), and increases in BMI resulted in greater ADG (Scott et al., 2019b). 

 Navel health. Navel infections can lead to localized infections, peritonitis, or 

septicemia (Steerforth and van Winden, 2018). Calves with palpably enlarged navels 

were found to be at increased risk of morbidity and mortality at the calf rearing facilities 

(Winder et al., 2016; Renaud et al., 2018b; a; Scott et al., 2019a). Navel health may 

also be an indicator of suboptimal care on the farm of origin as it has been suggested 

that maternity pen hygiene, colostrum management, and navel antisepsis can be 

involved (Lorenz et al., 2011c). 
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 Hydration status. Calves with signs of dehydration were found to be at 

increased risk of morbidity, mortality (Renaud et al., 2018a; b; Scott et al., 2019a) and 

decreased growth (Renaud et al., 2018d). Measurable signs of dehydration can include 

prolonged skin tent, sunken eye position in orbit, and can contribute to body weight 

losses (Marcato et al., 2018). Hydration status can be influenced by an inability to 

replace physiological water loss such as when access to water is restricted during road 

transportation, or pathological water loss from the effects of diseases such as diarrhea 

(Marcato et al., 2018, 2020).  

 Flank appearance. Calves that arrived with a visibly depressed paralumbar 

fossa, or sunken flank, were at higher risk of mortality (Renaud et al., 2018a). A sunken 

flank can be an indicator of a prolonged period of fasting (Renaud et al., 2018a), which 

is a probable consequence of time in transport and at auction barns prior to arrival.  

 Evidence of disease. Respiratory and fecal scores were associated with 

mortality when measured at the time of arrival (Renaud et al., 2018a; Scott et al., 

2019a). This makes intuitive sense, given that indications of existing pathology could 

suggest immune compromise leading to chronic or refractory conditions, or death. 

 Obtaining calf weights and performing a cursory clinical examination of calves by 

looking at navel health, hydration status, flank, and identifying evidence of disease at 

the time of arrival may be one of the most cost-effective tools for identifying calves that 

have increased health risk. These observations have the potential for use in a screening 

and management tool for providing supportive or antimicrobial therapy at the level of the 

calf instead of at the level of the group (Creutzinger et al., 2021). 

1.3.3 Biomarkers measured at arrival to predict future health and performance 

 Biomarkers refer to the specific components or characteristics of biological 

samples that can be used as an indicator of current or future health or performance 
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status (Pletcher and Pignone, 2011; Marcato et al., 2018). In order to be most useful to 

male dairy calf operations, sampling should be minimally invasive and rapid to collect 

while returning results in a timeframe that would allow facility operators to make 

management or purchasing decisions with them. Some of the biomarkers that have 

been studied include measures of stress, energy status, minerals, inflammation, 

immune status, and muscle fatigue. 

 Cortisol. Physiologically, stress activates the hypothalamic-pituitary-adrenal axis 

causing an increase in serum cortisol that can return to basal levels within 1-2 days if 

the source of stress is removed (Masmeijer et al., 2021; Marcato et al., 2018). Severe or 

prolonged stress can extend the period of high cortisol which may result in immune 

impairment and increased susceptibility to disease (Mormede et al., 1982; Hulbert and 

Moisá, 2016; Marcato et al., 2018). Increases in serum cortisol measured at the time of 

arrival were found to be associated with increased risk of BRD later in the production 

cycle and development of chronic and unresponsive BRD (Masmeijer et al., 2021).  

 Energy Status (NEFA, glucose, BHB, cholesterol). It has been established 

that calves may be subject to variable periods of fasting prior to arrival (Marcato et al., 

2018; Wilson et al., 2020a). Suboptimal energy status has been associated with 

immune impairment in calves (Obeidat et al., 2013; Ballou et al., 2015). Studies have 

investigated the consequences of negative energy balance at the time they arrive to calf 

rearing facilities. Higher levels of cholesterol were associated with a lower hazard of 

mortality (Renaud et al., 2018b; Goetz et al., 2021). Serum non-esterified fatty acids, 

glucose, and beta-hydroxybuterate were not found to be associated with morbidity or 

mortality when measured at arrival (Renaud et al., 2018b). However, given that these 

blood parameters are an indicator of energy balance, fat mobilization, and can play a 

role in suppressing immune function it has been suggested that they be re-evaluated 

after longer transportation distances (Marcato et al., 2018).  
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 Minerals. Mineral levels can be an indicator of dam nutrition prior to calving, calf 

stress, water loss in response to neonatal calf diarrhea (NCD), as well as play a role in 

calf immune function, calf growth, and development (Marcato et al., 2018; Goetz et al., 

2021). A recent study by Goetz et al. (2021) investigated the utility of calf mineral levels 

measured at the time of arrival. Higher levels of molybdenum were associated with an 

increased hazard of morbidity (Goetz et al., 2021). Higher levels of copper and iron 

were associated with increased ADG over a 78-day growing period; while increased 

zinc was negatively associated with ADG (Goetz et al., 2021). Given the complex 

relationship between trace mineral concentrations and calf health, it has been 

suggested that further studies be conducted to determine their role as a biomarker of 

future health and growth (Goetz et al., 2021). 

 Inflammation. Changes in acute phase proteins have been suggested as 

potential biomarkers of calf health for early disease diagnosis, prognosis, and 

estimating the severity of disease (Marcato et al., 2018). Higher levels of haptoglobin 

were found to be associated with an increased hazard of morbidity and lower ADG 

when measured at the time of arrival (Goetz et al., 2021). Decreases in level of serum 

albumin were found to be associated with increased risk of BRD (Masmeijer et al., 

2021); while higher concentration of albumin extended the time to treatment with 

antimicrobials (Seppä-Lassila et al., 2018). Increased serum amyloid A levels were 

associated with reduced growth (Seppä-Lassila et al., 2018).  

 Immune Status. Higher levels of immunoglobulin G (IgG) were associated with a 

lower hazard of morbidity and mortality, and increased ADG (Renaud et al., 2018b; 

Goetz et al., 2021). In addition, calves with higher levels of IgG that were treated with 

antimicrobials had an extended time before treatment was administered which may be 

suggestive that these calves did not become ill or ill as quickly as the rest of the cohort 

(Seppä-Lassila et al., 2018). In a European study, where calves are older (> 2 weeks of 

age) at the time of arrival, IgG levels under 7.5g/dL had a higher risk of BRD in the first 
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3 weeks; and lower expected ADG when alpha-2 globulins were also elevated (Pardon 

et al., 2015). Calves with negative serostatus for Bovine Coronavirus and Bovine 

Respiratory Syncytial Virus were at higher risk of BRD (Pardon et al., 2015) which may 

be suggestive of FTPI or that these antibodies were not present in bovine colostrum. 

Leukocyte differentials show potential for use as biomarkers in conjunction with clinical 

exam findings (Mohri et al., 2007; Roland et al., 2014; Marcato et al., 2018). 

 Muscle fatigue or damage. Creatinine kinase (CK) is an enzyme that is 

elevated in response to tissue damage, hypoxia and fatigue (Marcato et al., 2018). 

Given that it plays a role in cellular energy homeostasis, it could also be an indicator of 

an appropriate physiological response to challenge (Marcato et al., 2018). In fact, this is 

supported in a recent study that found higher levels of CK to be associated with a lower 

hazard of morbidity and increased ADG (Goetz et al., 2021).  

 Measuring biomarkers at the time of arrival shows promise for identifying calves 

at increased risk of poor health and growth. However, to date there are few tests that 

involve rapid, minimally invasive sampling that also return results fast enough for 

management decisions at the time of arrival. Another consideration is the added cost 

that testing might add in an industry that already operates with narrow economic 

margins (Rell et al., 2020). 

1.4 Antimicrobial use in male dairy calf rearing facilities 

 A high proportion of calves enter veal and dairy beef facilities with compromised 

health and as a result some facilities have reported very high levels of AMU (Pardon et 

al., 2012b; Bokma et al., 2019). In this section, AMU, AMR, and efforts to reduce AMU 

will be discussed. 
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1.4.1 Antimicrobial use 

 Male dairy calf industries, such as veal, are responsible for some of the highest 

levels of AMU in animal agriculture (Pardon et al., 2012b; Murphy et al., 2017). 

Antimicrobial usage behaviors in these operations are typically driven by operators 

attempting to mitigate the effects of the high level of disease observed (Rell et al., 

2020). Some reports suggest that up to a third of total AMU in some facilities is provided 

soon after arrival in the form of oral group antimicrobial therapy (Jarrige et al., 2017). 

Group metaphylaxis is provided under the assumption that it will help control high 

morbidity and prevent high mortality that is commonly experienced within the first 3 

weeks of production (Pardon et al., 2012a; Winder et al., 2016; Renaud et al., 2018c). In 

fact, group treatments throughout the production period have been historically 

responsible for the majority of AMU in some European countries (Pardon et al., 2012b), 

which prompted legislation to increase restriction in AMU. The provision of group 

treatments later in the production period are often in response to outbreaks of disease 

within management groups; however, this behavior has also been attributed to the 

absence of time and staffing to provide individual treatments in large scale operations 

(Rell et al., 2020). Nevertheless, even the level of individual treatments reported at 

some facilities are high given that nearly 90% of calves at one facility received at least 

one individual treatment over the entire production period (Goetz et al., 2021). 

1.4.2 Antimicrobial resistance 

 The use of antimicrobials can contribute to pressures that promote AMR by 

providing resistant bacterial strains with a competitive advantage to proliferate; and, by 

doing so increase opportunities for horizontal transfer of resistance genes to other 

bacteria (Call et al., 2008) thus contributing to the development of single- or multi-drug 

resistance. This represents a significant concern to both human and animal health. In 

animal agriculture, AMR can have significant consequences for animal health and 

welfare in response to therapeutic failures and limited access to drug classes; as well as 
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negative economic impacts through reduced growth and increased input costs 

(Bengtsson and Greko, 2014) which can affect the viability of low margin industries such 

as veal production. As previously discussed, male dairy calf industries are responsible 

for high levels of AMU; and this practice has been directly associated with the 

development of AMR in pathogenic and commensal bacteria (Catry et al., 2016). 

Additionally, the fact that antimicrobial resistant bacteria have been cultured from veal 

products purchased in retail chains underlines the importance of addressing the issue of 

AMU in this industry (Cook et al., 2011). Agricultural practices are not the sole source 

for AMR found in human health; however, it does present a risk for transmission to 

those that raise calves as well as those that consume the final harvested products 

(Cook et al., 2011; Hutchinson et al., 2017). As a result, there have been concerted 

efforts to reduce AMU in animal agriculture in multiple countries.  

1.4.3 Efforts to reduce antimicrobial use 

 The use of antimicrobials in calf rearing facilities is often highest early in the 

production period and associated with the health risk of calves. Therefore, calf health 

and AMU surrounding the time of arrival will be the focus of this section.  

 Improvements in calf health prior to arrival. Improvements to calf health prior 

to arrival may reduce the need for group metaphylaxis at the time of arrival, a practice 

that is responsible for a large amount of AMU. However, the management of calves 

before they arrive is largely outside of the control of most calf rearing facilities within the 

framework of current production systems. It has been suggested that efforts to improve 

calf management on their source farm, as well as immediately prior to and during 

transportation would improve calf health condition at the time of arrival (Creutzinger et 

al., 2021). Longer term solutions would require substantial industry changes in the way 

that surplus calves are managed and marketed such as raising them on their source 

farm to an older age, or direct farm to farm marketing to avoid auction barns (Bolton and 

Keyserlingk, 2021; Creutzinger et al., 2021; Wilson et al., 2020a).  
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 Calf procurement. Calf rearing facilities have some control over the calves they 

purchase, therefore changes to calf procurement protocols could be considered as a 

strategy to improve the health of calves that enter into production. Sourcing calves 

directly from their dairy farm of origin has been proposed as an alternative to reduce the 

health risk presented by additional time spent in transit and at auction barns 

(Creutzinger et al., 2021). This practice was included as part of a study protocol, in 

combination with other management changes, and was found to reduce AMU in a 

recent study by Becker et al. (2020). Additionally, recent work identifying the 

relationships between calf characteristics (sex, breed, weight, health status) and calf 

purchase price at auction (Marquou et al., 2019; Renaud et al., 2019); as well as 

predictors of health determined at auction such as navel health, attitude, and weight 

(Wilson et al., 2020b), may help calf purchasers refine their buying protocols. However, 

care would have to be taken not to exceed estimated breakeven purchase prices based 

on calf health and market conditions in order to prevent profit loss (Renaud et al., 2019). 

 Infrastructure and facility management. It has been suggested that biosecurity 

practices on veal operations, such as protocols for introducing animals, the use of all-in 

/ all-out systems, improved facility sanitization between cohorts, and improved 

biosecurity measures for visitors and staff, could be employed to reduce disease 

outbreaks and as a result reduce AMU (Damiaans et al., 2019). A recent study looking 

at addressing suboptimal facilities conditions and management, demonstrated a 

significant reduction in AMU and mortality by vaccinating calves against BRD 

pathogens, introducing a quarantine period in individual hutches upon arrival, and 

raising calves in small groups outdoors with access to adequate bedding and shelter 

(Becker et al., 2020). Optimizing nutritional management has also been recently 

suggested as a strategy for improving calf health by increasing the amount of milk 

offered as well as considering additives and supplements as a means to improve calf 

health and reduce AMU (Creutzinger et al., 2021).  
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 Legislative changes. In response to concerns about the high levels of AMU in 

some sectors of animal agriculture, some countries have banned or restricted the use of 

antimicrobials for prophylaxis, metaphylaxis, and growth promotion (Murphy et al., 2017, 

Food and Drugs Act, 2017; Food and Drug Administration, 2015). These changes 

directly reduce AMU in some areas of production and were done in an effort to increase 

veterinary oversight and promote improvements to antimicrobial stewardship  (Food and 

Drugs Act, 2017; Food and Drug Administration, 2015, Murphy et al., 2017). Industry 

stakeholders have expressed concern for the rapid reduction of AMU due to 

apprehensions that it would increase the level of morbidity and mortality (Rell et al., 

2020). However, there is not consensus as to whether calf morbidity and mortality 

increased in response to a reduction in overall AMU (Bokma et al., 2019). Recent 

transport regulatory changes in some countries could also reduce AMU indirectly by 

improving the health condition of calves after transportation. In Canada, regulatory 

changes have implemented restrictions on calf transportation such as requiring a healed 

navel; minimum age of 9 days for transport to an auction barn; limiting the duration of 

transportation; and, requiring timely access to food, water and rest (Health of Animals 

Act, 2019; (Creutzinger et al., 2021). However, without fast and easy access to calf 

records, age limitations can be difficult to enforce without a clinically measurable proxy 

(Buczinski et al., 2019). As the gender and breed composition of surplus calves 

continues to fluctuate in response to alternative breeding tools and strategies used on 

dairy farms, it is becoming increasingly unlikely that a single clinical measure could be 

used to determine age with adequate resolution. An interesting alternative might be to 

consider multiple clinical measurements in a decision tree such as coat colour, body 

weight, hip height, and navel measurement(s). 

 Selective antimicrobial therapy. Improving the ability to detect calves with 

existing health conditions may reduce the need for group therapy, thus reducing AMU at 

the time of arrival. As previously discussed, there is a growing body of literature 

demonstrating that, even in the absence of health and management history, there are 
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means to assess health risk in calves at the time of arrival. Assigned risk status upon 

arrival has the potential for use in a selective antimicrobial therapy strategy targeting a 

subset of calves at high risk of negative health outcomes (Marcato et al., 2018; Renaud 

et al., 2018a). One of the challenges is to identify risk rapidly so that management 

decisions can be made soon after calves arrive at the facility. A recent study by 

Masmeifer et al. (2021) identified high and low BRD risk veal calves using a subset of 

clinical measurements and biomarker, namely body weight, cortisol, serum total protein, 

and acute phase proteins. However, the time and cost of obtaining the biomarker data 

could be a barrier to the implementation of such practices (Rell et al., 2020). The 

question of how best to intervene given individual calf risk assignment is likely 

complicated by the environmental, infrastructure, and management factors discussed 

above.  

1.5 Rational for thesis 

 Industry stakeholders have shown concern about the potential negative 

consequences on calf health, welfare, and operational economics resulting from the 

reduction of AMU in response to legislation (Rell et al., 2020). Currently, a relatively 

large proportion of male dairy calves arrive to facilities in suboptimal health condition 

leading to increased health risk and AMU (Renaud et al., 2018a; Creutzinger et al., 

2021). The ability to determine calf health risk when calves arrive would present an 

opportunity to explore selective antimicrobial therapy strategies based on risk 

assignment (Renaud et al., 2018b).  

 The emphases of this thesis are to investigate the utility of a rapidly assessed 

biomarker on health and growth; describe navel healing early in life; and evaluate a 

selective antimicrobial therapy strategy at the time of arrival. More specifically, 

leukocyte differential counts were investigated as a potential biomarker for future health 

and growth of male dairy calves at the time of arrival or soon after arrival at calf rearing 
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facilities. This led to the need to validate a calf side machine for determining leukocytes 

differentials in this population of animals. Additionally, navel healing early in life was 

investigated for its importance as a risk factor of health and growth as well as for its 

potential as an indicator of calf age and suitability for transportation. Finally, a strategy 

for reducing AMU at the time of arrival to a calf rearing facility based on individual calf 

risk assignment was evaluated as compared to conventional group metaphylaxis. 

1.6 Thesis Objectives 

 The overarching objectives of this thesis are to determine individual health risk in 

calves at the time of arrival at a male dairy rearing facility; and, to investigate a selective 

therapy strategy based on individual health risk for the purpose of reducing overall 

antimicrobial use during the production period. The specific objectives of each chapter 

are as follows: 

 Chapter 2 

• Describe navel healing in male and female neonatal Holstein calves over the first 

14 days of life. 

• Determine the association between dam parity, calving factors, and calf factors 

on navel diameter and time to healing. 

Chapter 3 

• Validate the QScout BLD test (Advanced Animal Diagnostic, Morrisville, NC) in 

its ability to determine leukocyte differential counts in neonatal Holstein calves. 

 Chapter 4 
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• Assess the utility of leukocyte differential cell counts measured at the time of 

arrival for determining morbidity risk, mortality risk, and average daily gain in 

grain fed veal calves. 

• Evaluate leukocyte differential cell counts in a subset of calves taken 72 hours 

post arrival to determine if the values differed from the initial measurement and if 

there was any improvement in utility for determining future risk of morbidity, 

mortality, and average daily gain. 

 Chapter 5 

• Determine the effect of a selective therapy strategy based on an individual calf 

risk assessment conducted at the time of arrival on morbidity, mortality, average 

daily gain, and antimicrobial use as compared to a positive control, conventional 

group oral antimicrobial strategy. 
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2 Chapter 2: Navel healing in male and female Holstein 
calves over the first 14 days of life: A longitudinal cohort 
study 

2.1 Abstract 

 The objectives of this study were to 1) describe navel healing in male and female 

neonatal Holstein calves over a 14 d observation period, and 2) determine the 

associations of dam parity, calving factors, and calf factors with navel measurements 

and time to healing. A total of 68 Holstein calves (43 female and 25 male) were enrolled 

between July 3 and October 17, 2018. Navel healing outcomes (cessation of navel 

discharge, navel cord remnant drying, navel cord remnant drop-off) and navel stump 

measurement outcomes (proximal diameter, distal diameter, length) were collected 

every 24 +/- 1 h for a 14 d observation period. Data were also collected for dam factors 

(parity), calving factors (time of birth, calving ease), and calf factors (calf sex, calf vitality 

at birth, birth weight, average daily gain, serum total protein, medical treatment(s)). The 

mean time to navel cord remnant drying was 2.4 +/- 0.1 d and all calves had dry navels 

by d 5. Fifty-six percent of calves retained their navel cord remnant beyond the end of 

the observation period and calves began to shed their navel cord remnants as early as 

d 2. A large proportion of calves in this study had navel diameter measurements over a 

13 mm threshold recently proposed to identify navel infections at each day of 

observation. No associations were identified between navel healing outcomes and dam, 

calving, and calf factors. Navel measurement outcomes were associated with calving 

and calf factors. Specifically, proximal navel stump diameter was associated with the 

day of observation (decreased from d 5-14), calf sex (smaller in female calves), time of 

birth (larger in calves born overnight/unobserved as compared to the morning), and 

birthweight (larger in birthweights > 44.1 kg compared to < 38.5 kg). Distal navel stump 

diameter was associated with calf sex, medical treatment, and day of observation; 
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however, there was an interaction between sex and day of observation (larger in male 

calves on many observation days), and sex and medical treatment (larger in untreated 

male calves, no difference between treated male and female calves). Navel stump 

length was associated with time of birth (longer in calves born overnight/unobserved as 

compared to any other time) and the interaction of birthweight and day of observation 

(longer in birthweights > 44.1 kg compared to 38.6 – 41.5 and 41.6 - 44.0 kg on multiple 

observation days). The wide range in time to navel drying and drop off suggest that 

these measures may not be an adequate indicator of calf age or suitability for 

transportation on their own. More research on navel healing is required to improve our 

understanding of factors that influence navel measurements and time to healing as well 

as how this information could be used in an objective assessment of navel healing to 

establish suitability for transportation. 

2.2 Introduction 

 During gestation the umbilical cord is an important connection between calf and 

dam for the transfer of nutrients, oxygen, and waste. Umbilical cord structures, such as 

the umbilical arteries, umbilical vein, and urachus, that provide direct links to the 

circulatory system, liver, and bladder, rupture and retract during the birthing process. 

The external remnants of the umbilical cord post-rupture up to the junction with skin are 

referred to as ‘navel cord remnant’, while the skin covered abdominal protuberance that 

remains distal to the abdominal body wall is referred to as ‘navel stump’. Navel cord 

remnants present a potential port of bacterial entry that can lead to a localized or 

generalized infection when navel antisepsis is not provided and the calf is exposed to 

unhygienic environments (Mee, 2008; Lorenz et al., 2011; Steerforth and Winden, 

2018). Transfer of passive immunity from dam to calf through good colostrum 

management and feeding practices has also been thought to decrease the risk of navel 

infection (Mee, 2008).  
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 Despite these preventative practices, many calves develop evidence of navel 

stump inflammation or infection (as defined by the detection of pain, heat, swelling, or 

purulent discharge). Cumulative incidence of navel infections on dairy farms has been 

reported between 1 – 29 % over the first few weeks of life (Svensson et al., 2003; 

Grover and Godden, 2010; Wieland et al., 2017). If calves develop navel stump 

abnormalities, they are at increased risk of negative health outcomes and decreased 

growth (Virtala et al., 1996; Renaud et al., 2018a; Scott et al., 2019). The negative 

health and growth sequelae combined with the fact that not all farms experience the 

same levels of navel inflammation and infection (Mee, 2008), highlight the need to 

further study this area of calf management.  

 The extent of navel healing, specifically identifying the presence of a navel cord 

remnant and evaluating the level of tissue desiccation, have been used to estimate calf 

maturity and suitability for transportation and marketing (Hides and Hannah, 2005; 

Boyle and Mee, 2021; Creutzinger et al., 2021). However, an Australian study that 

evaluated male and female Friesian and Friesian-Jersey crossbred calves concluded 

that navel cord remnant desiccation was a poor indicator of age when used alone 

(Hides and Hannah, 2005). Beyond this study, there are relatively few others that 

describe navel healing and measurement parameter changes over time, and fewer still 

that investigate the influence of factors associated with the dam, calving process, or 

calf. Sex of the calf may be another important factor as male calves have been found to 

have a higher prevalence of abnormal navel scores as compared to female calves on 

their dairy farm of origin (Renaud et al., 2018b). Although this finding is likely due in part 

to difference in calf care provided between the sexes (Renaud et al., 2017; Shivley et 

al., 2019; Wilson et al., 2021), it is possible that anatomic differences could play a role 

through the increased soiling of the navel stump and cord remnants from urination in 

males. A thorough understanding of navel healing over time and factors that impact this 

process is warranted due to the high levels of navel stump inflammation and infection 
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observed in dairy calves as well as for its role in evaluating calf fitness and compliance 

with transport regulations (Creutzinger et al., 2021).  

 The primary objective of this longitudinal cohort study was to describe navel 

healing in male and female neonatal Holstein calves over the first 14 d of life. The 

secondary objective was to describe the association of dam parity, calving factors, and 

calf factors with navel measurements and time to healing. 

2.3 Materials and methods 

 This longitudinal cohort study was reported following the guidelines described 

within Strengthening the Reporting of Observational Studies in Epidemiology – 

Veterinary Extension (STROBE-Vet) (Sargeant et al., 2016). 

2.3.1 Animal use 

 This study was conducted between July 3 and November 1 of 2018 at the 

University of Guelph Livestock Research and Innovation Center, Dairy Facility, Elora, 

Ontario, Canada. Animal use and sample collection protocols abided by the 

requirements of the University of Guelph Animal Care Committee (AUP # 3850), which 

operates in compliance with Ontario regulations and the Canadian Council on Animal 

Care.   

2.3.2 Animal enrolment and management  

 Enrolment. All live-born calves at the facility were eligible for enrolment and 

were followed for the first 14 d of life. Stillbirths, as defined by calves that were born 

dead or that died within 24 h of birth, were excluded. Calves were enrolled between July 

3 and October 17, 2018. 

 Calving pen management. Close up dry cows were moved from a free stall 

enclosure to clean individual box stalls (4.88 x 3.5 m) with wood shavings when 
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showing signs that they would soon give birth. There were no calves born in the free 

stall during the course of the study. Individual stalls were cleaned and fresh shavings 

were added daily. Cows had ad-libitum access to clean water and were fed a total 

mixed ration twice daily. Cows were monitored for signs of calving regularly by facility 

staff between the hours of 3:30 am and 7 pm. 

 Calf management after birth. Immediately following birth and the day following 

birth, navels were dipped in a 2.5% iodine solution (2.5% Iodine tincture, Galenova, 

Quebec, Canada). Calves were moved within 2 – 8 hrs of birth to individual pens (1.52 x 

1.67 m) along the inside perimeter of a group pen (9.14 x 4.88 m) within 1 of 4 nursery 

rooms. All pens were bedded with wood shavings. Prior to placement in a pen, birth 

weight was measured on a digital scale (Calf scale 1-2-3 animal scales, Bosche 

Wägetechnik, Damme, Germany). All calves were fed 3 L of high-quality colostrum 

(22% or greater on Brix refractometer (Digital Refractometer from Calf Lab Testing, 

Gold Calf Company, Wisconsin, USA)) via bottle or tube within the first 2 – 8 h of life. A 

second colostrum feeding was offered to all calves within 6 – 12 h of the first feeding. If 

high quality colostrum was not available, colostrum replacer would be used in its place 

(100 g IgG bovine colostrum, Calf’s Choice Total, Saskatoon Colostrum Company, 

Saskatchewan, Canada). All calves received a subcutaneous dose of vitamin E and 

selenium (Dystosel DIN 00170968, Zoetis, Quebec, Canada) within their first day of life. 

Rooms were filled in order of calf birth to a maximum capacity of 15 calves. If calves 

were born unobserved between 7 pm – 3:30 am, the procedures described above were 

performed as soon as facility staff arrived after 3:30 am. There were slight differences in 

how calves were managed based on their sex, where only female calves received 

halofuginone lactate (2 ml / 10 kg; Halocur DIN 02387980, Merck Animal Health, 

Quebec, Canada) every 24 h from immediately after the first colostrum feeding until 7 d 

of age for the prevention of Cryptosporidium parvum. 
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 Calf management day 2 - 14. New bedding was added to pens daily. All 

bedding was removed and replaced every 4 days. Calves were fed 3 times daily by 

bottle while housed in individual pens. On their second day of life all calves were fed 

transition milk. From d 3 onwards calves were fed milk replacer (MR) at a concentration 

of 150 g/L (Excel Pro-Gro 26/18, Grober Nutrition, Ontario, Canada). Calves were 

transitioned from their individual pen to the group pen from d 5 if they were found to be 

healthy and drinking well. In the group pen, calves were pushed up to the automated 

milk feeder (AMF) (DeLaval CF1000S, DeLaval, Ontario, Canada) 3 times daily until 

they were consuming at least 6 L/d on their own. Calves had access to ad-libitum water, 

MR, calf starter (FFM 22% Calf Starter Ration, Floradale Feed Mill Limited, Ontario, 

Canada), and chopped straw for the duration of the study.  

 Calf disease treatment day 2 -14. Neonatal calf diarrhea (NCD) was treated as 

follows: 1) Mild NCD, defined as calves with an abnormal fecal consistency with no 

feeding or behaviour changes would receive one dose of a non-steroidal anti-

inflammatory (NSAID) [male calves: ketoprofen (3mg/kg i.m., Anafen 100 mg/ml, DIN 

01938126, Boehringer Ingelheim Animal Health Canada Inc., Ontario, Canada); female 

calves: meloxicam (2.5ml/100kg s.c., Metacam 20mg/ml, DIN 02330059, Boehringer 

Ingelheim Animal Health Canada Inc., Ontario, Canada)]; 2) Moderate NCD, defined as 

calves with an abnormal fecal consistency with mild behaviour and feeding changes, 

were provided a dose of NSAID along with oral electrolytes twice daily for up to 3 days 

until resolution of NCD (76 g Calf Lyte II (DIN 02242113, Vetoquinol, QC, Canada) 

dissolved in 2 L of warm water); 3) Severe NCD, defined as calves with an abnormal 

fecal consistency and marked behaviour and feeding changes, were examined and 

treated by the facility veterinarians. Bovine respiratory disease (BRD) was not observed 

in calves during their 14 d observation period, therefore the facility protocol for BRD is 

not described. All other health concerns in this age group (1 – 14 d) were examined and 

treated by facility veterinarians during the study.  
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2.3.3 Data and sample collection  

 Dam and calf factors. Facility staff were trained for this study by TEVK to 

measure calf vitality as soon as calves were observed after birth. Calf vitality scores 

were based on the scoring system developed by Murray et al. (2015) as modified for 

distribution by the University of Guelph and Boerhinger Ingleheim (Appendix A, 

laminated reference sheet).  Measurements were performed by 1 of 4 facility staff 

members that worked in the maternity ward. Calf vitality scoring included the following, 

with higher numbers indicating normal clinical findings: visual appearance (severity of  

meconium staining (3-0), severity of swelling in head/tongue (3-0)); speed of initiation of 

movement (categorized); general responsiveness (strength of suckling reflex on fingers 

(3-0), strength of head shake in response to nasal stimulus (3-0), strength of response 

to tongue pinch (3-0), speed of corneal reflex in response to touching the eye (3-0)); 

oxygenation (assessment of mucous membrane colour (3-0)); and, categorized rates 

(respiratory rate (2-0), heart rate (2-0)). Individual scores were tallied to give an overall 

calf vitality score categorized as excellent (26-27), very good (23-25), good (21-22), 

marginal (18-20), and poor (< 17). Observers recorded the time of day a calf was born 

as morning (3:30 – 11:59 am), afternoon (12 – 7 pm), and overnight (7:01 pm – 3:29 

am). Calving ease was recorded as unassisted/unobserved, assistance by gentle 

traction (easy pull), assistance requiring forceful traction +/- fetal manipulation (hard 

pull), or surgical intervention (Caesarian section). Calf weight was measured on a digital 

scale and recorded by facility staff soon after birth (BW) and by research assistants 

once daily for the remainder of the study period. Average daily gain (ADG) was 

calculated by taking the final weight measured for the calf, subtracting birthweight, and 

dividing by the total number of days enrolled. Dam parity and calf treatment records 

were retrieved from digital facility management records recorded in DairyComp 305 

(Valley Agricultural Software, California, USA). 
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 Blood collection. A blood sample was collected from each calf on d 3 (i.e., 48 – 

72 h after birth) by jugular venipuncture into a 10 ml vacuum tube (BD Vacutainer 

Serum Blood Collection Tubes, Franklin Lakes, NJ, USA) using an 18- gauge 1 inch 

vacutainer needle and a plastic hub (BD Vacutainer Needles, Franklin Lakes, NJ, USA). 

Samples were centrifuged at 2,188 x g for 10 minutes within 3 h of collection. Serum 

total protein (TP) values were measured by an optical refractometer (RHC-200ATC, 

SinoTech, Fujian, China). 

 Navel measurements. Calf enrolment, navel measurements, and navel healing 

evaluation were performed once daily in the morning such that repeated measures were 

taken every 24 +/- 1 h for the 14 d observation period. Navel scoring and measurements 

were made by one of three observers (research assistants). Observer training and 

supervision was provided by TEVK. Navel length and diameter were measured using a 

digital caliper (150 mm Digital Vernier Caliper, Mastercraft Brand Tools, Ontario, 

Canada). To ensure consistency in caliper positioning, observers used the same 

orientation of caliper placement in relation to the calf (cranial to caudal) and a 10 mm 

felt pad bumper attached to the caliper. The bumper was used on the caliper to ensure 

both distal navel stump diameter and proximal navel stump diameter were measured at 

the same distance from the body wall and the most ventral portion of the umbilical 

stump, respectively. The jaws of the caliper were advanced against the umbilical stump 

with only enough pressure to ensure that contact friction would prevent caliper 

movement and in order to avoid tissue compression. Navel length was measured by 

placing the upper portion of the caliper jaw against the body wall and measuring to the 

most distal portion of the navel stump (excluding the navel cord remnant). The anatomic 

location of these measurements is illustrated in Appendix B. The navel cord remnant 

was scored by visual examination and reported as follows: 3 – recently dipped in iodine 

solution; 2 – navel cord remnant tissues appear moist / hydrated (wet); 1 – navel cord 

remnant tissues appeared to be dry / signs of desiccation (dry); 0 – navel cord remnant 

tissue is absent (fallen off). Navel discharge scores were made by visual inspection of a 
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2 x 2 gauze square that was dabbed on the most distal end of the navel cord remnant or 

stump as follows: 0 – no evidence of manure, dirt, or discharge; 1 – small amount of 

discharge; 2 – moderate amount of discharge; 3 – significant amount of discharge. 

Observers had access to laminated documents describing and illustrating umbilical 

measures and scoring for reference (Appendix B). 

2.3.4 Sample size 

 No formal sample size calculation was completed for this study. The number of 

calves enrolled was based off feasibility of collecting measurements and resource 

limitations. 

2.3.5 Data Analysis 

 Data were imported to Stata 15 (StataCorp LP, College Station, TX) for analysis 

from a Microsoft Excel spreadsheet (v.16.32, Microsoft Corporation, Redmond, WA). 

Dam parity was categorized into parity 1, parity 2, and parity 3 or greater. Calf vitality 

scores were collapsed into a binary variable as there were relatively few calves born 

with sub-optimal vitality: poor/marginal calf vitality and good/very good/excellent calf 

vitality. Descriptive statistics were reported for dam factors (parity), calving factors (time 

of birth, calving ease), calf factors (calf sex, calf vitality at birth, BW, ADG, TP, medical 

treatment), navel healing outcomes (cessation of navel discharge, navel cord remnant 

drying, and navel cord remnant drop-off), and navel measurements outcomes (proximal 

diameter, distal diameter, length). Calf factors were compared to identify differences 

between sexes. A Pearson Chi Square test was used to determine if the binary 

variables calf vitality (poor/marginal versus good-excellent) or medical treatment 

(treated versus untreated) were statistically different between sexes. The Shapiro-Wilks 

test was applied to the BW, ADG and TP data to determine normality. These variables 

were normally distributed, therefore a t-test was performed to establish statistical 

differences by calf sex. Navel measurements were graphically presented in mean plots 
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to illustrate the effect of time on these outcomes by calf sex. Navel healing outcomes 

over time were graphically presented in Kaplan-Meier curves. 

 Observer evaluations were performed for navel measurements on 10 calves. 

Intra-class correlation coefficients were calculated for the three observers using a two-

way random-effect model (Koo and Li, 2016). Observer evaluations were not performed 

on the navel healing outcomes given that navel discharge would be altered by the act of 

measurement. Navel cord remnant drop-off was deemed not to require observer 

evaluations given that presence / absence measurements leave little room for 

misinterpretation. 

 A causal diagram between outcomes (navel measurements and time to navel 

healing) and explanatory variables (dam factors, calving factors, and calf factors) was 

used to guide model building (Figure 2.1). Multicollinearity of independent explanatory 

variables was assessed using Spearman’s rank coefficient (> 0.6 some degree of 

collinearity) and variance inflation factors (VIF; > 5 some degree of collinearity). For 

collinear variables, the most biologically relevant would be retained in the model. No 

evidence of multicollinearity was detected in the variables offered to the models. 

Linearity was assessed using locally weighted regression (lowess) of the outcome on 

continuous explanatory variable for all outcomes of interest. The continuous variables 

TP, BW, and ADG failed to meet the linearity assumption in all models created resulting 

in their categorization. Serum total protein was categorized according to the consensus 

recommendations on quality of passive transfer of immunity put forward by Lombard et 

al. (2020) (poor: <5.1 g/dL, fair: 5.1-5.7 g/dL, good: 5.8 – 6.1 g/dL, excellent: >6.2 g/dL), 

while ADG and BW were categorized into quartiles.  

 Cox proportional hazard models were built to look at the relationship between the 

time to navel healing outcomes (cessation of navel discharge, navel cord remnant 

drying, and navel cord remnant drop-off) and the explanatory variables. Multilevel 

mixed-effects linear regression models were made to investigate the relationship 
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between the navel measurement outcomes (proximal diameter, distal diameter, and 

length) and the explanatory variables. Individual calf differences over time were 

accounted for in the models using a random effect for calf identification number by day. 

Univariable analysis was used to screen all potential explanatory variables using a 

liberal P value of 0.2. Manual backward stepwise selection was employed in model 

building and P < 0.05 was used as a cut-point to determine statistical significance. Two-

way interactions were explored in all models guided by the causal diagram in Figure 
2.1. The interaction of all explanatory variables and time (day of observation) were 

explored in the multilevel mixed-effects models. A variable was determined to have a 

confounding effect on the model if its removal changed the coefficient of any variables 

retained in the model by more than 20%. Explanatory variables were retained in the 

models if they were statistically significant, part of a statistically significant interaction, or 

had a confounding effect on the model. Independent, exchangeable, identity, and 

unstructured covariance structures were evaluated in the multi-level mixed effects 

model and the model with the lowest Akaike information criterion (AIC) number was 

selected as the final model. Model assumptions and model fit were evaluated in all 

models. The test for proportional hazards was performed for Cox proportional hazards 

models and Deviance, Martingale residuals, Cox-Snell residuals, Schoenfeld residuals 

were examined. Normality, homoscedasticity, and best linear predictions for random 

effects (at all levels) were evaluated for multi-level mixed effects models. Influential 

observations were investigated to ensure data records were biologically plausible. 

2.4 Results 

2.4.1 Observer evaluations 

 For proximal navel diameters measurements, the correlation between repeated 

measurements on the same calf was 0.73 [95% CI: 0.42 – 0.92], and the correlation of 

measurements between observers was 0.89 [95% CI: 0.69 – 0.97] (P < 0.01). For distal 
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navel diameter measurements, the correlation between repeated measurements on the 

same calf was 0.53 [95% CI: 0.14 – 0.83], and the correlation of measurements 

between observers was 0.77 [95% CI: 0.32 – 0.94] (P < 0.01). For navel stump length 

measurements, the correlation between repeated measurements on the same calf was 

0.58 [95% CI: 0.20 – 0.86], and the correlation of measurements between observers 

was 0.81 [95% CI: 0.43 – 0.95] (P < 0.01). 

2.4.2 Descriptive statistics 

 Dam parity. Sixty-nine calves were born from 67 dams during the study period, 

including 44 female calves (1 set of twins) and 25 male calves (1 set of twins). Of the 69 

calves born, one female calf was excluded as a stillbirth, resulting in 68 calves enrolled 

in the study. Thirty-seven percent of the calves enrolled were born to first parity animals, 

whereas calves born to second parity animals made up 32 % of the population and 

calves from cows in third parity or greater represented 32 % of the population.  

 Calving related factors. Thirty-eight percent of calves were born overnight 

between 7:01 pm – 3:29 am, and of these only 4 % required calving assistance by hard 

pull. Thirty-two percent of calves were born in the morning between 3:30 – 11:59 am, 

and 41 % were born with assistance (27 % easy pull and 14 % hard pull). Thirty percent 

of calves were born in the afternoon between 12 – 7 pm, and 55 % were born with 

assistance (35 % easy pull and 20 % hard pull). There were no calves born by 

caesarian section during this study. Calves were born with poor or marginal calf vigor 

scores 15 % of the time, and 50 % of these were born overnight.  

 Calf related factors. Mean calf BW was 41.5 +/- 0.6 kg with male calves having 

a mean BW of 43.2 +/- 1.1 kg and female calves having a mean BW of 40.5 +/- 0.5 kg 

(P = 0.03). Calf vitality scoring is reported in Table 2.1. Marginal or poor calf vitality was 

recorded in 15 % of the calves and this was split evenly between the sexes. Mean TP 

values were 6.1 +/- 0.1 g/dL for all calves, with mean values of 5.9 +/- 0.1 g/dL for male 
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calves and 6.2 +/- 0.1 g /dL for female calves (P = 0.03). Poor transfer of immunity (TP 

< 5.1 g/dL) was observed in 4 % of males and 4.7 % of female calves, fair transfer of 

passive immunity (TP 5.1 – 5.8 g/dL) was observed in 36 % of males and 23 % of 

females, good transfer of immunity (TP 5.8 – 6.1 g/dL) was observed in 16 % of male 

and 14 % of females, and excellent transfer of immunity (TP > 6.1 g/dL) was observed 

in 44 % of males and 58 % of females calves (P = 0.67). Mean colostrum quality was 

23.9 % (23.5 % for male calves and 24.1 % for female calves; (P = 0.47)). Colostrum 

replacer was fed to 5 heifer calves over the period of the study due to lack of availability 

of high quality colostrum. 

 During the observation period calves had an ADG of 0.5 kg, of which male calves 

had an ADG of 0.4 +/- 0.1 kg and female calves had an ADG of 0.5 kg (P = 0.20). Over 

the 14 day observation period, 53 % of calves were treated (72 % of male calves; 42 % 

of female calves (P < 0.01)). Of those treated, 92 % were treatments for neonatal calf 

diarrhea (NCD) with none of the calves being treated for omphalitis. Of the 68 calves 

enrolled in the study, 3 were euthanized as a humane endpoint for severe unresponsive 

NCD (2 male calves and 1 female calf) before the end of the observation period and 1 

died as the result of severe NCD (male calf). Humane euthanasia decisions were 

determined and performed by the facility veterinarians.  

2.4.3 Description of navel parameters 

 Mean navel diameter and length for male and female calves are summarized by 

day in Appendix C and shown graphically in Figure 2.2. A recent study that developed 

a formalized scoring system for navel infections included navel thickening greater than 

13 mm as a component (Steerforth and Winden, 2018). To visualize time at which mean 

navel diameters dropped below this cut point, a reference line at 13 mm was included in 

Figure 2.2A & 2.2B. The proportion of calves with proximal and distal navel diameters 

greater than 13 mm on all observation days by calf sex is reported in Table 2.2.   
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 Figure 2.3 illustrates Kaplan-Meier curves of the proportion of calves that have 

dry navel cord remnants, cessation of navel discharge, and navel cord remnant drop-off 

over time by sex. Mean time for the navel cord remnants to dry after birth was 2.4 +/- 

0.1 d, with it taking on average 2.5 +/- 0.3 d in male calves and 2.4 +/- 0.2 d in female 

calves (P = 0.84). All calves were recorded to have a dry navel by d 5. The mean time 

for cessation of navel discharge was 2.1 +/- 0.1 d, with it taking on average 2.2 +/- 0.2 d 

in male calves and 2.1 +/- 0.2 d in female calves (P = 0.87). All calves were reported to 

have cessation of navel discharge by d 4. Fifty-six percent of the calves enrolled in the 

study still had a dried navel cord remnant attached at the end of the 14 d observation 

period. Three calves were born without a discernable navel cord remnant, and the 

earliest time to cord remnant drop off was reported at d 2. 

2.4.4 Associations with navel parameters 

 Survival analysis. Cox proportional hazards models were evaluated for each 

navel healing outcome (cessation of navel discharge, navel cord remnant drying, and 

navel cord remnant drop-off). None of the explanatory variables examined were found 

to be statistically associated with navel healing. 

 Repeated measures models. Multilevel mixed-effects linear regression models 

were evaluated for each navel measurement outcome (proximal diameter, distal 

diameter, and length). Calf identification by day was included as a random effect to 

account for individual calf differences over time. An unstructured covariance matrix 

provided the best model fit for all navel measurement outcomes.  

 Proximal navel diameter was associated with day of observation, dam parity, calf 

sex, time of birth, BW, and ADG (Table 2.3). Proximal navel diameter did not differ in 

size significantly between d 1 and d 2 – 4 (P > 0.05); however, a significant decrease in 

proximal navel diameter was observed between d 1 and d 5 – 14 (P < 0.01). The 

proximal navel diameter was 0.94 +/- 0.43 mm smaller in dams that calved between 
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3:30 to 11:59 am as compared to calvings that occurred overnight or were unobserved 

between 7:01pm – 3:29 am (P = 0.03, 95 % CI: 0.10 – 1.78). Female calves had a 0.78 

+/- 0.39 mm smaller proximal navel diameter as compared to male calves (P = 0.04, 95 

% CI: 0.02 – 1.55). Calves that had > 44.1 kg BW had 1.06 +/- 0.51 mm greater 

proximal navel diameters than calves with < 38.5 kg BW (P = 0.04, 95 % CI: 0.06 – 

2.06). Dam parity and ADG were not statistically significant but were retained in the 

model as confounders. The variance partition coefficient (VPC) within calf (by day) was 

0.3 % and between calves in the study was 63.6 %.  

 Distal navel diameter was associated with calf sex , medical treatment, and day 

of observation; however, there were two interaction terms. Specifically, an interaction 

term between calf sex and day of observation (P = 0.02) and medical treatment and calf 

sex (P < 0.01). The relationship between calf sex and day of observation is illustrated in 

Figure 2.4. Male calves had larger distal navel diameters than female calves on d 3, d 

4, d 5, d 6, d 7, d 9, and d 12. Distal navel diameter was 2.93 +/- 0.84 mm larger in 

untreated male calves (P < 0.01; 95 % CI: 1.27 – 4.58) but no difference was observed 

between the sexes in treated calves (P = 0.91). The VPC within calf (by day) was 0.4 % 

and between calves in the study was 70.0 %. 

 Navel stump length was found to be associated with time of birth and an 

interaction between day of observation and BW (P =0.04). Calves that were born 

between 7:01 pm – 3:29 am (overnight/unobserved) had a 2.98 +/- 1.46 mm longer 

navel stump length than calves that were born between 3:30 – 11:59 am (P =0.04, 95 % 

CI: 0.12 – 5.84), and a 3.67 +/- 1.44 mm longer navel than calves born between 12:00 – 

7:00 pm (P =0.01, 95 % CI: 0.84 – 6.50). The relationship between BW and day of 

observation is illustrated in Figure 2.5. Calves with BW < 38.5 kg had shorter navel 

stump length than calves with BW 38.6 – 41.5 kg on d 1 (P = 0.05). Calves with BW > 

44.1 kg had longer navel stumps length than calves with BW 38.6 – 41.5 kg on d 3, d 8, 

d 9, d 10 and d 13; they also had longer navel stump length than calves with BW 41.6 – 
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44.0 kg on d 3, d 5, d 7, d 8, and d 13. The VPC within calf (by day) was 0.2 % and 

between calves in the study was 73.1 %. 

 

2.5 Discussion 

 Relatively few studies are available to demonstrate the process of navel healing 

despite the suggested importance of navel healing as an indicator of calf age, health, 

and welfare (Boyle and Mee, 2021; Creutzinger et al., 2021). This study determined that 

navel cord remnants dried at a very young age and less than half of the calves enrolled 

lost their navel cord remnant before the end of the 14 d observation period. A large 

number of calves had navel diameters above the recently proposed 13 mm threshold for 

navel infection with no other clinical signs. No association was found between navel 

healing outcomes and dam parity, calving, or calf factors. However, there were 

associations found between navel measurements over time and calving and calf factors. 

Specifically, proximal navel diameter measurements decreased between d 5 and 14. 

Female calves had smaller proximal navel diameter measurements than males, as well 

as smaller distal navel diameter measurements than males by days and when both 

sexes did not receive any medical treatments. Calves born overnight had larger 

proximal navel diameter measurements compared to those born in the morning and 

longer navel stump measurements compared to calves born at any other time of day. 

Calves with heavier birthweights had larger proximal navel diameters and longer navel 

stumps. 

 Mean time to navel cord remnant drying after birth was 2.4 d and all navel cord 

remnants had dried by d 5. Similar findings were reported in an Australian study that 

observed a 3.1 d mean time to navel cord remnant drying, with 96.7 % of calves having 

dry navel cord remnants by d 5 and all calves having a dry navel cord remnant by d 8 

(Hides and Hannah, 2005). Some studies have looked at navel cord remnant diameter 
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as a measure of navel healing, however, the time or diameter after which navel cord 

remnant tissues were determined to be dry/desiccated was not reported (Robinson et 

al., 2015; Fordyce et al., 2018).  While navel cord remnant diameter and visual 

inspection have been used to estimate navel cord remnant desiccation (Hides and 

Hannah, 2005; Robinson et al., 2015; Fordyce et al., 2018), there does not appear to be 

a consensus in the literature on how to objectively determine when navel cord remnants 

have dried. We propose that the generation of a formal objective clinical scoring metric 

for navel cord remnant evaluations would improve objectivity in the evaluation of this 

outcome and comparability between studies.  

 A recent study by Steerforth and Van Winden (2018) proposed a 13 mm navel 

stump diameter threshold for calves over 24 h of age (measured at mid-point on the 

navel stump) as a component of a formalized clinical-sign based scoring system for 

diagnosis of navel infection. This threshold was based on measurements from healthy 

male Holstein-Friesian calves at an abattoir estimated to be between 7 and 15 d of age. 

In that study, navel diameter alone would have only misclassified 15 % of the calves 

enrolled. However, in our study a large proportion of male and female calves were 

recorded to have both proximal and distal navel diameters above the 13 mm threshold 

at all observation days despite the fact that none were diagnosed with a navel disorder. 

Since abdominal ultrasound was not performed, it is not possible to confirm what 

proportion of calves had undetected intra-abdominal involvement of navel structures or 

if the 13 mm threshold should be re-evaluated in this population of male and female 

calves to increase specificity. The biological relevance of excessive navel stump length 

is not well studied; it is hypothesized that excessive navel stump length could lead to 

increased opportunities for environmental contamination and an increased risk of navel 

infection. Therefore, describing this parameter to determine a baseline and explore any 

potential associations with dam, calving and calf factors could lead to new preventative 

strategies for umbilical infections. 
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 There are few studies that have established associations between navel 

diameter and length and dam factors, calving factors, and calf factors. Wieland et al. 

(2017) found that weekly navel stump diameter measurements decreased over time, 

with the exception of calves with hernia or both navel infection and hernia that had 

increased navel stump diameters. In our study the measurement changes between 

days of observation were important in all models of navel measurement outcomes either 

on its own or as part of an interaction, which is likely a function of navel healing. No 

relationship was established between TP and navel measurement outcomes. However, 

few calves in our study were determined to have poor transfer of passive immunity, 

therefore this is a relationship that warrants further exploration given that good 

colostrum management is considered to be protective against navel infections (Mee, 

2008). Female calves had smaller proximal navel diameter measurements and distal 

navel diameter measurements when untreated during the study period. The majority of 

treatments over the course of the study were for moderate NCD resulting in the 

administration of an NSAID and electrolyte therapy. These findings suggest that the 

administration of an NSAID could reduce navel diameter for male calves leading to the 

elimination of distal navel diameter differences between sexes. Female calves did not 

display a significant reduction in distal navel diameter when treated. It could be 

surmised that the male calves in this study had more navel inflammation than their 

female counterparts; an observation that warrants future exploration. Calves that were 

born overnight/unobserved had a longer navel stump length and greater proximal navel 

diameter. It is possible that this is a reflection of the delay in receiving navel antisepsis 

and colostrum feeding, as well as prolonged exposure to the maternity pen and dam. 

Further exploration into the influence of nutrition, housing, bedding, and management at 

the time of calving is warranted. Calves in the largest BW quartile (> 44.1kg) had 

greater proximal navel diameter and longer navel stumps. For proximal navel stump 

diameter and length, these differences may reflect a proportional increase in relation to 
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overall calf size and stature associated with BW or prolonged calving; further 

investigation is required to confirm this hypothesis. 

 None of the dam, calving and calf factors were associated with the navel healing 

outcomes. It is likely that external factors such as pen hygiene, housing, bedding, and 

navel care practices play a greater role in navel healing (Hides and Hannah, 2005; Mee, 

2008; Boyle and Mee, 2021) and should be considered in future studies. 

2.5.1 Limitations 

 Calf enrollment and facility.  Male and female Holstein calves were enrolled at 

a single research facility where none of the calves developed navel pathologies, such 

as navel infection or herniation, during the course of the study. However, few studies of 

this nature are available and the primary objective to describe this population adding to 

the current knowledge base was achieved. Calves were enrolled once daily due to 

logistic and staffing limitations, a future consideration would be to train facility staff to 

collect navel healing and measurement outcomes at the time of birth.  

 Measurements. Observer evaluations were not performed on calf vitality scoring 

and navel healing outcomes. However, repeated handling and measurement of the 

navel stump and navel cord remnant is likely to not be innocuous. Although repeated 

assessment of navel stump discharge could cause earlier healing by removing moisture 

and contaminants daily (with the use of the towel), repeated manipulation of the navel 

cord remnant and stump also would have potential to introduce contamination and 

repeated caliper measurements could cause tissue trauma if excessive pressure were 

applied. This may then bias results towards an increased diameter if inflammation 

resulted from these interactions. Therefore, we chose to only measure calves once per 

day to avoid additional concerns as above, although this did limit our ability to assess 

intra observer reliability. 
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2.6 Conclusions 

 A large proportion of calves had navel diameters above a threshold of 13 mm 

that has been proposed to detect navel infections. Time to navel cord remnant drying 

was consistent with other reports in the literature, but time to navel cord remnant drop 

off could not be fully evaluated since 56 % of calves retained their navel cord remnant 

beyond the end of the observation period. In order to better capture the time to navel 

cord remnant drop off, calves should be followed until all navel cord remnants have 

detached. However, the findings in this study still yield important information that navel 

cord remnant drop off does not provide good resolution in the estimation of age and 

may not be a reliable indicator. No associations with navel healing outcomes (cessation 

of navel discharge, navel cord remnant drying, navel cord remnant drop-off) were 

uncovered between dam, calving, and calf factors; however, multiple associations were 

uncovered between navel measurement outcomes (proximal diameter, distal diameter, 

length) and calving and calf factors. There are relatively few studies describing navel 

healing despite its implications on calf health, welfare, and use in establishing calf 

suitability for transportation and marketing. More research is needed in the area of navel 

healing and navel care to establish formalized scoring systems for assessing navel cord 

remnant drying as well as exploring the influence of nutrition, housing, bedding, and 

management on navel healing outcomes. 
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Figure 2.1: Causal diagram used to illustrate the hypothesized relationship between explanatory 
variables measured to the outcomes of interest relating to navel measurements (proximal 
diameter, distal diameter, length) and navel healing (cessation of navel discharge, navel cord 
remnant drying, navel cord remnant drop-off).
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A) B)  

C)  

Figure 2.2: Illustration of mean navel stump measurements (mm) by sex during the 14 day 

observation period following birth in 68 male and female calves at the University of Guelph 
Livestock Research and Innovation Center, Dairy Facility in Elora, Ontario, Canada: A) mean navel 
stump diameter proximal to the body wall; B) mean navel stump diameter at the distal end of the 
navel stump; and, C) navel stump length. A dotted reference line on the Y-axis was added in A) 
and B) to represent the 13 mm cut-point identified in a formalized scoring system for navel 
infections by Steerforth and Winden (2018).



 

 

 

 

55 

A)  B)  

C)  

Figure 2.3: A) Kaplan-Meier survivor curve of the proportion of calves that have dry navels over 
time; B) Kaplan-Meier curve of the proportion of calves with navel discharge over time; C) Kaplan-
Meier survivor curve of the proportion of calves with navel cord remnants that have dropped off 
over time during the 14 day observation period following birth in 68 male and female calves at the 
University of Guelph Livestock Research and Innovation Center, Dairy Facility in Elora, Ontario, 
Canada.  

0.
00

0.
25

0.
50

0.
75

1.
00

Pr
op

or
tio

n 
of

 c
al

ve
s 

w
ith

 w
et

 n
av

el
s

0 1 2 3 4 5
Time (days)

Male calves Female calves

0.
00

0.
25

0.
50

0.
75

1.
00

Pr
op

or
tio

n 
of

 c
al

ve
s 

w
ith

 n
av

el
 d

is
ch

ar
ge

0 1 2 3 4
Time (days)

Male calves Female calves

0.
00

0.
25

0.
50

0.
75

1.
00

Pr
op

or
tio

n 
of

 c
al

ve
s 

w
ith

 n
av

el
 s

to
ck

 p
re

se
nt

0 1 2 3 4 5 6 7 8 9 10 11 12 13 14
Time (days)

Male calves Female calves



 

 

 

 

56 

  

Figure 2.4: Margins plot of the linear prediction of the distal navel diameter (mm) for the 

interaction between the sex of the calves and day over the14 day observation period 
following birth in 68 male and female calves at the University of Guelph Livestock 
Research and Innovation Center, Dairy Facility in Elora, Ontario, Canada. 

* The difference between male and females calves was significant at P < 0.05 
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Figure 2.5: Margins plot of the linear prediction of the navel stump length (mm) for the 
interaction between birth weight (BW) and day of observation following birth in 68 male 
and female calves at the University of Guelph Livestock Research and Innovation Center, 
Dairy Facility in Elora, Ontario, Canada. 

a The difference between BW < 38.5 kg and 38.6 – 41.5 kg was significant at P < 0.05 
b The difference between BW > 44.1 kg and BW 38.6 – 41.5 kg was significant at P < 0.05 
c The difference between BW > 44.1 kg and BW 41.6 – 44.0 kg was significant at P < 0.05 
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Table 2.1: Distribution of calf vitality scores evaluated at birth from 68 male and female calves at the University of Guelph Livestock 

Research and Innovation Center, Dairy Facility in Elora, Ontario, Canada. Adapted from Murray et al., 2015. 

Calf Vitality 
Score Description 

Total 
(n=68) 
[Prevalence 
% (no.)] 

Heifer  
(n = 43) 
[Prevalence 
% (no.)] 

Bull calves 
(n = 25) 
[Prevalence 
% (no.)] 

Meconium 
staining 

3 Normal: No meconium observed 87% (59) 84% (36) 92% (23) 

2 Slight: Meconium staining around the 
hind end of the calf 

7% (5) 9% (4) 4% (1) 

1 Moderate: Meconium staining over the 
body (excluding the head) 

3% (2) 5% (2) 0% (0) 

0 Severe: Meconium staining covering 
the entire calf 

3% (2) 2% (1) 4% (1) 

Tongue/Head 3 Normal: No swelling observed, tongue 
not protruding 

99% (67) 98% (42) 100% (25) 

2 Tongue protruding but not visibly 
swollen 

1% (1) 2% (1) 0% (0) 

1 Tongue protruding and swollen 0% (0) 0% (0) 0% (0) 

0 Head and tongue visibly swollen, 
tongue protruding 

0% (0) 0% (0) 0% (0) 
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Calf movement 3 0-30 min: Observed standing/walking 65% (44) 70% (30) 56% (14) 

2 30-90 min: Observed attempting to 
stand 

19 % (13) 16% (7) 24% (6) 

1 90-180min: Observed in sternal 
recumbency 

5% (3) 0% (0) 12% (3) 

0 >180min: In lateral recumbency, no 
efforts to rise 

1% (1) 0% (0) 4% (1) 

 - Calf movement not recorded 10% (7) 14% (6) 2% (1) 

Suckling reflex on 
fingers 

3 Vigorous effort with strong suction 71% (48) 72% (31) 68% (17) 

2 Moderate effort and suction 19 % (13) 14% (6) 28% (7) 

1 Poor effort and weak suction 7% (5) 12% (5) 0% (0) 

0 No response to fingers placed in mouth 3% (2) 2% (1) 4% (1) 

Head shake in 
response to straw 
in nasal cavity 

3 Shakes head vigorously 74% (50) 79% (34) 64% (16) 

2 Moves head away from stimulus 19 % (13) 14% (6) 28% (7) 

1 Twitches or flinches in response to 
stimulus 

7% (5) 7% (3) 8% (2) 

0 Does not respond to stimulus 0% (0) 0% (0) 0% (0) 
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Tongue pinch 3 Actively withdraws tongue in response 
to pinch 

84% (57) 86% (37) 80% (20) 

2 Attempts to withdrawn the tongue 9% (6) 7% (3) 12% (3) 

1 Slight movement/twitch of the tongue 6% (4) 5% (2) 8% (2) 

0 Does not respond to a firm pinch of the 
tongue 

1% (1) 2% (1) 0% (0) 

Corneal reflex in 
response to light 
touch of cornea 

2 Actively blinks and closes eye in 
response to light touch of cornea 

46% (31) 23% (10) 84% (21) 

1 Slow to blink after light touch of cornea 49% (33) 70% (30) 12% (3) 

0 Does not respond to light touch of 
cornea 

5% (3) 7% (3) 0% (0) 

Mucus 
membrane colour 

3 Bright pink 65% (44) 63% (27) 68% (17) 

2 Light pink 34% (25) 37% (16) 28% (7) 

1 Dark red/purple 1% (1) 0% (0) 4% (1) 

0 White/blue 0% (0) 0% (0) 0% (0) 

Heart rate 2 90-160 bpm (normal) 60% (41) 63% (27) 56% (14) 

1 >160 bpm (rapid/irregular) 18% (12) 21% (9) 12% (3) 
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0 <90 bpm (slow/absent) 21% (14) 14% (6) 32% (8) 

 - Heart rate not recorded 1% (1) 2% (1) 0% (0) 

Respiration rate 2 40-70 rpm (normal) 69% (47) 72% (31) 64% (16) 

1 <40 rpm (slow) 6% (4) 2% (1) 12% (3) 

0 >70 rpm (fast) 22% (15) 23% (10) 20% (5) 

 - Respiration not recorded 3% (2) 2% (1) 4% (1) 

Total Vitality 
Score 

26-27 Excellent 28% (19) 28% (12) 28% (7) 

23-25 Very good 38% (26) 46% (20) 24% (6) 

21-22 Good 12% (8) 5% (2) 24% (6) 

18-20 Marginal 10% (7) 7% (3) 16% (4) 

< 17 Poor 0% (0) 0% (0) 0% (0) 

-  Vitality score not complete 12% (8) 14% (6) 8% (2) 
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Table 2.2: Proportion of calves with navel diameters greater than 13 mm by day of observation 

following birth in 68 male and female calves at the University of Guelph Livestock Research and 

Innovation Center, Dairy Facility in Elora, Ontario, Canada. 

Navel 
Parameter Proximal diameter > 13mm Distal diameter > 13 mm 

Day 
Total Female  Male Total Female  Male 

% (n) % (n) % (n) % (n) % (n) % (n) 

1 62 (68) 53 (43) 76 (25) 35 (68) 28 (43) 48 (25) 

2 59 (68) 51 (43) 72 (25) 56 (68) 51 (43) 64 (25) 

3 53 (68) 51 (43) 56 (25) 43 (68) 37 (43) 52 (25) 

4 40 (68) 33 (43) 52 (25) 37 (68) 28 (43) 52 (25) 

5 40 (68) 37 (43) 54 (25) 40 (68) 35 (43) 48 (25) 

6 41 (68) 42 (43) 40 (25) 34 (68) 28 (43) 44 (25) 

7 30 (67) 30 (43) 29 (24) 24 (67) 21 (43) 29 (24) 

8 28 (67) 23 (43) 38 (24) 24 (67) 21 (43) 29 (24) 

9 21 (67) 12 (43) 38 (24) 16 (67) 12 (43) 25 (24) 

10 18 (65) 19 (43) 18 (22) 22 (65) 16 (43) 32 (22) 

11 17 (65) 16 (43) 18 (22) 28 (65) 23 (43) 36 (22) 

12 20 (65) 16 (43) 27 (22) 20 (65) 9 (43) 41 (22) 

13 12 (65) 9 (43) 18 (22) 17 (65) 12 (43) 27 (22) 

14 19 (64) 10 (42) 36 (22) 16 (64) 14 (42) 18 (22) 
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Table 2.3: Results of the multilevel mixed linear regression model of the relationship between proximal navel diameter (mm) measured 

in 68 male and female calves over a 14 day observation period following birth at the University of Guelph Livestock Research and 

Innovation Center, Dairy Facility in Elora, Ontario, Canada. 

Variable Description n (no. calves) Coefficient (mm) Std. Err. 95% CI P-value 

Day of observation 1 68 Referent    

 2 68  0.40 0.28 -0.15 to 0.96 0.15 

 3 68 -0.01 0.28 -0.56 to 0.55 0.98 

 4 68 -0.29 0.29 -0.85 to 0.27 0.32 

 5 68 -0.83 0.29 -1.40 to -0.26 <0.01 

 6 68 -1.13 0.30 -1.71 to -0.54 <0.01 

 7 67 -1.78 0.30 -2.38 to -1.19 <0.01 

 8 67 -1.90 0.31 -2.51 to -1.29 <0.01 

 9 67 -2.29 0.32 -2.91 to -1.66 <0.01 

 10  65 -2.31 0.33 -2.96 to -1.67 <0.01 

 11 65 -2.43 0.34 -3.11 to -1.77 <0.01 

 12 65 -2.78 0.35 -3.47 to -2.09 <0.01 
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 13 65 -2.89 0.36 -3.60 to -2.17 <0.01 

 14 64 -2.69 0.38 -3.43 to -1.96 <0.01 

Dam parity 1 25 Referent    

 2 22 0.59 0.42 -0.22 to 1.41 0.15 

 3 + 21 0.76 0.44 -0.09 to 1.62 0.08 

Calf sex Male 25 Referent       

 Female 43 -0.78 0.39 -1.55 to -0.02 0.04 

Time of birth 7:01pm – 
3:29am 

26 Referent    

 3:30 – 
11:59am 

22 -0.94 0.43 -1.78 to -0.10 0.03 

 12:00 – 
7:00pm 

20 -0.19 0.43 -1.03 to 0.64 0.65 

Birth weight < 38.5 19 Referent    

(kg) 38.6 – 41.5 19 -0.35 0.50 -1.33 to 0.63 0.48 

 41.6 – 44.0 15 0.53 0.54  0.52 to 1.58 0.32 

 > 44.1 15 1.06 0.51  0.06 to 2.06 0.04 
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Average Daily Gain < 0.29 21 Referent     

(kg/day) 0.30 – 0.48 13 -0.88 0.51 -1.88 to 0.13 0.09 

 0.49 – 0.66 18 0.52 0.47 -0.40 to 1.43 0.27 

 > 0.67 16 2.36 1.49 -0.56 to 5.30 0.11    
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3 Chapter 3: Validation of an automated cell counter to 
determine leukocyte differential counts in neonatal 
Holstein calves 

As previously published 

von Konigslow, T.E., D.L. Renaud, T.F. Duffield, V. Higginson, and D.F. Kelton. 2019. 

Validation of an automated cell counter to determine leukocyte differential counts in 

neonatal Holstein calves. J. Dairy Sci. 102:7445–7452. doi:10.3168/jds.2019-16370.
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3.1 Abstract 

 Recent advances in the understanding of risk factors and biomarkers in calves 

entering rearing facilities show promise for identifying high risk calves at arrival to veal 

and dairy beef operations. Rapid automated leukocyte differential cell counts may be a 

good addition to augment or refine calf risk identification on-farm. The objective of this 

study was to validate an automated leukocyte cell counter, the QScout BLD test 

(Advanced Animal Diagnostic, Morrisville, NC), in its ability to determine leukocyte 

differential cell counts in neonatal Holstein calves. From June to July 2018, blood 

samples collected in EDTA anticoagulant from 235 calves upon arrival at an 

independent veal research facility in Ontario, Canada were evaluated by both the 

QScout BLD test and by manual leukocyte differential counts done by microscopy. 

These leukocyte differential tests were compared using Lin’s Concordance Correlation 

Coefficient and found very good agreement between tests for neutrophil counts r = 0.83 

( p-value < 0.0001); fair agreement for lymphocyte counts r = 0.32 (p-value < 0.0001); 

fair agreement for the ratio of neutrophils to lymphocytes r = 0.36 (p-value < 0.0001); 

slight agreement for monocyte counts r = 0.14 (p-value < 0.0001); and, slight 

agreement for eosinophil counts r = 0.20 ( p-value < 0.026). Test results were further 

examined to determine if they differed in their classification of samples as being above, 

within, or below reported 95% reference intervals for neonatal Holstein calves.  

Classification between tests resulted in very good agreement for neutrophils and 

lymphocytes with only 4.2% and 5.8% disagreement in classification, respectively. 

Moderate agreement for monocytes was observed with 23.3% classified differently; and, 

poor agreement was observed for eosinophils with 70.3% classified differently between 

tests. Further study is required to determine the role of the leukocyte profile in risk 

assessment of calves arriving at calf rearing facilities.
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3.2 Introduction  

 Young calves entering veal and dairy beef facilities undergo several stressful 

events, including transportation, co-mingling and variable periods of prolonged fasting. 

These stressors occur at an age when their immune and other physiological systems 

are still maturing (Marcato et al., 2018), which influences their susceptibility to develop 

disease. Calf mortality and morbidity in these facilities is known to be highest early in 

the production cycle (Bähler et al., 2012; Winder et al., 2016; Renaud et al., 2018a) 

causing large amounts of antimicrobials to be used for group metaphylaxis after arrival. 

This high-level of antimicrobial use, particularly in the veal industry, has led to the 

development of antimicrobial resistance (AMR) in pathogens affecting the calves and 

their care-takers (Bos et al., 2013; Catry et al., 2016). In response to the development of 

AMR, there is an increased focus on antimicrobial stewardship, which includes 

concerted efforts to reduce antimicrobial use (AMU), where possible, without sacrificing 

animal or human health and welfare. With recent work focusing on identifying clinically 

measurable risk factors impacting mortality in calves arriving at veal facilities (Winder et 

al., 2016; Renaud et al., 2018b; a; Marcato et al., 2018), it may be possible to reduce 

AMU after arrival by selectively treating only high risk calves as opposed to the currently 

predominant practice of metaphylaxis at arrival when risk is unknown.  

 Several studies have identified biomarkers, such as cholesterol, immunoglobulin 

G (IgG), packed cell volume and weight, as indicators of future risk for mortality or 

morbidity in young calves when measured at arrival to veal facilities (Renaud et al., 

2018b; Marcato et al., 2018). Bovine hematology could also be used as an aid to 

improve disease diagnosis and supplement the clinical examination (Mohri et al., 2007; 

Roland et al., 2014). Specifically, the ratio of neutrophils to lymphocytes (N:L) and 

overall leukocyte count may be a good differentiator between stress, inflammation and 

temporary fear or excitement (Jones and Allison, 2007; Tornquist and Rigas, 2011; 

Roland et al., 2014). If an abnormal leukogram proves to be an accurate indicator of risk 
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in young calves, then a rapid, calf-side automated leukocyte differential test, such as the 

QScout BLD test by Advanced Animal Diagnostics, could be a good addition to arrival 

screening protocols for the purpose of identifying high risk calves. Calves that arrive 

with identifiable risk factors for morbidity or mortality, or an abnormal leukogram, could 

then be identified and selectively treated with antimicrobials and/or supportive therapy 

while leaving the other calves untreated, thereby reducing overall AMU at this stage of 

the production cycle. QScout BLD is currently the only on-farm automated leukocyte 

differential test with recent validation in Holstein dairy cows reporting test agreement 

with manual white blood cell differential counts for neutrophils and lymphocytes, but no 

agreement for monocytes and eosinophils (Kull et al., 2018).  

 The objective of this study was to validate the QScout BLD test (Advanced 

Animal Diagnostic, Morrisville, NC) in its ability to determine leukocyte differential 

counts in neonatal Holstein calves. 

3.3 Materials and Methods 

3.3.1 Study design 

 Calves were enrolled in this prospective cross-sectional diagnostic accuracy 

study at an independent grain-fed veal research facility in Ontario, Canada. The 

guideline for reporting diagnostic accuracy studies, STARD 2015, was followed 

(Korevaar et al., 2016). This study was conducted in accordance with the Animal Care 

Committee requirements of the University of Guelph (Animal Use Protocol # 3850). 

3.3.2 Animal enrolment 

 All calves arriving at the veal research facility between June 11 and July 26, 2018 

were eligible to be enrolled. Calves were housed in one of  3 rooms of 80 individual calf 

pens each, with free access to water and grain. A total of 240 calves were enrolled with 
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health scoring and blood sampling performed on the day of arrival at the facility.  Calves 

arrived at the facility early to mid-afternoon. 

3.3.3 Data and sample collection 

 Calf health scoring was performed by 1 of 2 observers prior to sample collection.  

Observer 1 was a practicing veterinarian and Observer 2 was a research assistant 

trained by the veterinarian. The following health parameters were scored: navel; cough; 

flank; hydration; and, other health abnormalities. A description of the health parameters 

scored can be found in Table 3.1. These health parameters represent a subset of those 

identified as risk factors associated with mortality in veal calves (adapted from Renaud 

et al., 2018a). The ‘other health abnormality’ category was included to capture 

detectable health abnormalities that would otherwise not be recorded, such as an 

infected wound or heavy ocular discharge equivalent to score 3 on the respiratory 

scoring system developed by McGuirk and Peek (2014). Health score images and 

definitions were available on laminated sheets at the time of scoring, along with a metal 

dowel measuring 20mm diameter as a reference for assessing navel diameter. In 

addition to health parameters, rectal temperature was measured.  An iPad (Apple Inc., 

Cupertino, CA) loaded with Qualtrics software (https://www.qualtrics.com/) was used to 

collect individual health scores and measurement data. 

 Blood samples were collected from each calf by jugular venipuncture into two 10 

ml vacuum tubes (10 ml EDTA tube and 10 ml serum tube) using an 18 gauge 1 inch 

vacutainer needle on a plastic hub.  A separate 20 uL EDTA blood collection device was 

used to collect blood by jugular venipuncture for use with the QScout BLD white blood 

cell differential machine (Advanced Animal Diagnostics, Morrisville, NC). Blood samples 

were stored in a cooler with icepacks within minutes of collection. Blood samples in 

EDTA were submitted to the Animal Health Laboratory at the University of Guelph 

(Ontario, Canada) for a white blood cell manual differential count performed by 

microscopy, within 12 hours of collection. Serum samples were centrifuged within 5 
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hours of collection then stored in a refrigerator for serum total protein analysis within 12 

hours of collection. 

3.3.4 Test methods 

 The white blood cell differential QScout BLD test (QScout Cattle Lab, software 

v1.0.6.20023, Advanced Animal Diagnostics, Morrisville, NC) was run for each calf 

within minutes of blood collection at the farm. Samples were loaded from the proprietary 

QDraw blood collection device (version ASM9033-C, Advanced Animal Diagnostics, 

Morrisville, NC) into the well of a proprietary QScout BLD test slide cartridge (version 

ASM9041-C, Advanced Animal Diagnostics, Morrisville, NC). The slide cartridge was 

mounted into the machine and the automated microscopy was performed and analyzed 

through the proprietary software (QScout Cattle Lab, software v1.0.6.20023, Advanced 

Animal Diagnostics, Morrisville, NC). Results were obtained within 1 minute. Manual 

white blood cell differential tests are considered the gold standard test  (Kim et al., 

2014) and are therefore the most appropriate comparison for this diagnostic accuracy 

study. A white blood cell manual differential test was performed for each calf by 

microscopy at the Animal Health Laboratory (AHL) at the University of Guelph (Ontario, 

Canada). The AHL is accredited by the American Association of Veterinary Laboratory 

Diagnosticians, the Standards Council of Canada and the Canadian Association for 

Laboratory Accreditation. Due to the large number of samples submitted, blood smears 

were made and fixed at the time of submission but manual differential analysis was 

performed as time permitted. A modified Wright stain and 100X oil immersion were used 

to scan the monolayer of the stained blood smear and cells were counted until a total of 

100 cells was reached. The slides were scanned by technicians with identical training, 

standard operating procedures and membership to the Veterinary Laboratory 

Association Quality Assurance Program (Prince Edward Island, Canada). In addition, a 

subset of slides were reviewed daily by a board certified clinical pathologist as part of 

routine internal quality assurance protocols. Individual cell concentrations were 
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determined using the manual differential proportion and the total WBC concentration 

measured by the ADVIA 2120 hematology analyzer (Siemens Healthcare Limited, 

Ontario, Canada). The ADVIA 2120 machine at the AHL is evaluated daily as part of an 

inter-laboratory quality assurance program to compare predetermined sample results 

between laboratories. Health scores and measurements were not available to those 

performing either the QScout or the manual differential tests. The results of the QScout 

test were not available to those individuals performing the manual differential test. The 

10 ml serum tubes were centrifuged at 3000 rpm for 10 minutes as soon as they arrived 

at the lab. Serum was stored in the refrigerator overnight and removed in the morning 

for serum total proteins analysis. Samples were transferred to an optical refractometer 

(RHC-200ATC, SinoTech, Fujian, China) using a new disposable pipette for each 

sample. Values were visually determined and results were recorded first on paper and 

then entered into a spreadsheet.  

3.3.5 Sample Size Calculation 

 The blood parameter data were assumed to have normal distribution and to be 

within 10% of the true upper and lower population interval. The method for sample size 

determination described by Hahn and Meeker (1991) for tolerance intervals was used 

assuming 95% confidence in capturing 95% of the population (Hahn and Meeker, 

2011). This resulted in an estimated sample size of 173 calves. 

3.3.6 Analysis 

 Statistical analyses were performed using Stata 15 (StataCorp LP, College 

Station, TX).  Data were imported to Stata 15 from a spreadsheet, and samples that had 

missing data for either test were excluded from analysis.  Descriptive statistics were 

generated for white blood cell differential counts, health scores, serum total proteins and 

calf rectal temperatures. Lin’s Concordance Correlation Coefficient (CCC) was used to 

measure the agreement between QScout and manual differential tests. The upper and 
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lower 95% reference intervals determined for neonatal Holstein calves (Panousis et al., 

2018) were used to compare test agreement in their overall classification of the samples 

as being above, below or within normal limits for each white blood cell category.   

3.4 Results 

3.4.1 Animal population 

 The 240 calves arriving at the grain-fed veal facility were Holstein male calves of 

unknown age (estimated to be 3 to 7 days of age at arrival) and history. All calves were 

eligible for enrolment at arrival. Of the 240 calves that arrived, 5 were excluded from the 

dataset. Calves were removed from the dataset for having a missing blood test value 

(n=1), an invalid calf identification number (n=3) or QScout differential test did not return 

results (n=1). A total of 235 calves were included in the final dataset. 

 Mean serum total protein for the calves on the day of arrival was 5.5 g/dL (SD: 

0.72 g/dL), with 26.3% being below a cut-point of 5.1 mg/dL indicating failure of passive 

transfer of immunity (Renaud et al., 2018b). A total of 65 calves (27.1%) had a rectal 

temperature >39.5 °C indicating a fever. The mean rectal temperature was measured to 

be 39.4°C (SD: 0.42°C). Table 3.1 describes the proportion of calves by score for the 

health parameters. Approximately a quarter of the calves arrived at the facility with mild 

dehydration, and half the calves had a sunken paralumbar fossa which we believe to be 

indicative of a prolonged period since their last feeding. Approximately 29% of the 

calves arrived with an abnormal navel score, whereas, less than 5% of calves arrived 

with a cough or other detectable health abnormality. 

3.4.2 Test results 

 Descriptive statistics of both tests are presented in Table 3.2. Concordance plots 

between the tests for neutrophil, lymphocyte, monocyte, eosinophil counts and N:L 

ratios are in Figure 3.1.  
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  Very good agreement was demonstrated between the QScout and manual 

differential test for neutrophil counts, r = 0.83 [95% C.I.: 0.79 – 0.87, p-value < 0.0001]. 

This agreement can be visualized as a tight cluster of data points around the equality 

line in Figure 3.1 A. Fair agreement was demonstrated between tests for lymphocyte 

counts, r = 0.32 [95% C.I.: 0.25 – 0.40, p-value < 0.0001]. The data points are much 

more dispersed about the line of equality indicating a lack of precision for measuring 

lymphocyte values (Figure 3.1 B). Only slight agreement is seen in both monocytes, r = 

0.14 [95% C.I.: 0.01 – 0.18, p-value < 0.0001], and eosinophils r = 0.20 [95% C.I.: 0.02 

– 0.373, p-value < 0.026]. In general, the data are fairly well clustered around the line of 

concordance which may indicate good test precision for measuring monocytes and 

eosinophils (Figure 3.1 C & D). Fair agreement was demonstrated between tests for 

the N:L ratio, r = 0.36 [95% C.I.: 0.3 – 0.42, p-value < 0.0001]. The data points are well 

clustered around the line of concordance with the exception of N:L ratios larger than 4 

that appear more dispersed (Figure 3.1 E). 

 The QScout versus manual differential test results were plotted with the upper 

and lower reference interval lines on both axes in order to evaluate test classification of 

blood parameters as being high, low or normal in Figure 3.2. For neutrophils, most test 

results fell within the normal reference intervals with only 4.2% disagreement between 

tests (Figure 3.2 A). For lymphocytes, the majority of test results were classified within 

normal limits by both tests with 5.8% disagreement in classification (Figure 3.2 B). The 

QScout test appears to trend toward lower monocyte counts compared to the manual 

differential test with 23.3% disagreement (Figure 3.2 C). The QScout test also appears 

to trend toward lower eosinophil counts compared to the manual differential test with 

70.8% disagreement (Figure 3.2 D).  For N:L ratio, most test results fell within the 

normal reference intervals with only 3.0% disagreement between tests (Figure 3.2 E). 

Considering the manual differential blood values alone, 2.1% of the calves tested had 
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total leukocyte counts outside of the established reference intervals for neonatal 

Holstein calves and 2.6% had N:L ratios outside of the reference interval (Figure 3.2 E). 

3.5 Discussion 

 Although manual leukocyte differential counts remain the gold standard, 

automated cell counts are rapid, reproducible and have a strong correlation to most 

leukocyte cell lines (Kim et al., 2014). This study demonstrates that in neonatal Holstein 

calves the QScout BLD test had very good agreement with the manual leukocyte 

differential results for neutrophil counts, fair agreement for lymphocyte counts, but only 

slight agreement for eosinophils and monocytes which is consistent with the findings in 

Holstein cows (Kull et al., 2018). Classification of test results as being above, below or 

within reference intervals for neutrophils and lymphocytes were in very close agreement 

between tests. However, the QScout BLD test appeared to trend toward lower counts 

for both monocytes and to a greater extent eosinophil counts, which resulted in 

classification disagreements in over a fifth of the samples for monocytes and for the 

majority of samples for eosinophils. The QScout BLD software algorithm used for 

differentiating between leukocyte cell lines continues to be refined and improved with 

new versions in development. 

 A possible limitation of this study is the time between sample acquisition and 

running the manual differential test. The manual differential test was not processed until 

approximately 12 hours after sample collection due to distance from the laboratory and 

the submission of the samples occurring outside the laboratory hours of operation. It 

has been reported that a decrease in monocyte concentration and an increase in 

lymphocyte and eosinophil concentration can be observed in bovine blood samples 

stored in EDTA-anticoagulant at 4°C for up to 72 hours after collection, but that these 

changes were relatively small and unlikely to alter the interpretation of results (Warren 

et al., 2013).  These small changes are associated with cellular degradation that can 
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occur over time that can result in misclassification of monocytes and large unstained 

cells as lymphocytes as well as a mild increase in eosinophil and overall leukocyte 

counts by the ADVIA hematology analyzer (Warrant et al., 2013). In the literature, it is 

recommended that bovine leukocytes be examined in samples stored in EDTA at 4°C 

by 24 hours after collection since the effect on results is expected to be minimal (Jones 

and Allison, 2007; Warren et al., 2013; Roland et al., 2014).   

 Monocyte and eosinophil numbers showed only slight agreement between the 

QScout and the manual differential test. However, the utility of these values in neonatal 

calves might be limited. Eosinophil numbers in calves are low at birth and only begin to 

increase after 3 weeks of age (Jones and Allison, 2007; Tornquist and Rigas, 2011; 

Roland et al., 2014); thus, making this an unreliable health indicator in neonatal Holstein 

calves that are estimated to be between 3 and 7 days of age. Additionally, monocyte 

responses are variable in cattle (Jones and Allison, 2007; Tornquist and Rigas, 2011; 

Roland et al., 2014) and may not be a sensitive indicator of specific pathologic 

processes (Jones and Allison, 2007; Tornquist and Rigas, 2011).  

 Prolonged stress, such as stress during transportation, can result in impaired 

immune function due to glucocorticoid exposure resulting in significant neutrophilia, 

lymphopenia and overall leukopenia with an increase in the N:L ratio (Jones and Allison, 

2007; Tornquist and Rigas, 2011; Marcato et al., 2018). Changes noted in N:L ratios 

along with overall leukocyte counts may be sufficient to differentiate between stress, 

inflammatory and excitement leukograms in combination with clinical exam findings. 

The N:L ratio in calves is greater than 1 in the first week of life due to higher neutrophil 

counts and approaches that of adults (N:L of 0.5) by approximately one week of age 

(Tornquist and Rigas, 2011).  

  Temporary fear or excitement can cause a mild and transient increase in both 

neutrophils and lymphocytes and overall leukocytosis (Jones and Allison, 2007; 

Tornquist and Rigas, 2011) which may not have a significant measurable effect on the 
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N:L ratio. Acute inflammation can result in an initial neutropenia due to neutrophil 

recruitment into tissues and a decreased N:L ratio, while chronic inflammation or 

resolution of inflammation can result in a return to normal neutrophil numbers and N:L 

ratio after 4-5 days (Jones and Allison, 2007; Tornquist and Rigas, 2011) which 

highlights the importance of considering clinical exam findings and overall leukocyte 

counts in addition to N:L ratio. In this study less than 3% of the calves had total 

leukocyte counts or N:L ratios outside of the reported reference interval despite over 

72% of the population arriving with at least one health parameter score above normal. 

As a result of the small number of abnormal leukograms measured in this study it was 

not possible to evaluate the ability of the QScout BLD to correctly identify them. 

 White blood cell differentials are seldom used alone when making a diagnosis 

(Roland et al., 2014). Further study of the leukocyte profile of calves arriving at veal 

facilities and how they relate to concurrent or subsequent morbidity and mortality in the 

growing period is required. Recent advances in identifying high risk calves at arrival 

through clinical examination and biomarkers (Renaud et al., 2018b; a; Marcato et al., 

2018) are helping to build a risk profile for calves of unknown age and history. Should 

the leukocyte profiles of these calves prove to be an accurate indicator of future risk, 

then a rapid, calf-side automated leukocyte differential test would present a promising 

addition to augment or refine risk identification for use in implementing selective 

antimicrobial therapy protocols at arrival.  

3.6 Conclusion 

 The automated cell counter, QScout BLD, performed well in estimating neutrophil 

differential counts, fair for lymphocyte and N:L ratio counts and less well for monocyte 

and eosinophil counts. Total leukocyte counts and N:L ratios in combination with clinical 

exam findings have potential in providing sufficient information to differentiate between 

stress, inflammation and temporary fear or excitement in the leukocyte differential 
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results. Further study of the leukocyte profile of neonatal calves arriving to veal and 

dairy beef facilities is necessary to determine its utility in assessing risk of morbidity and 

mortality. 
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Table 3.1: Description and prevalence (%; number in parentheses) of health parameters evaluated on 235 calves at arrival at a grain-fed 
veal facility in southwestern Ontario. 

Health 

parameter 

Score 

0 1 2 3 

Dehydration 

score 

Skin tent returns to 

normal < 2 sec, bright 

alert responsive, 

strong suckle reflex, < 

5% dehydrated 

Skin tent returns to 

normal in 2 sec, good 

suckle reflex, bright alert 

responsive, 6-8% 

dehydrated 

Skin tent returns to 

normal in 2-4 sec, 

slightly sunken eyes, 

dull, good suckle reflex, 

9-10% dehydrated 

Skin tent returns to 

normal in 4-8 sec, 

depressed, sternal 

recumbence, 

moderately sunken 

eyes, poor suckle 

reflex, > 10% 

dehydrated 

 74 % (172) 24 % (56) 2 % (5) 0 % (0) 

Cough score No cough Single cough induced Occasional 

spontaneous or 

repeated induced 

coughs 

Repeated 

spontaneous coughs 

 97 % (226) 3 % (7) 0 % (0) 0 % (0) 
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Flank score Normal Paralumbar fossa is 

visibly depressed 

  

 50 % (116) 50 % (116)   

Navel score No pain, heat, swelling 

and navel is < 20mm 

dowel  

Pain, heat, swelling, 

discharge or navel is > 

20mm dowel  

  

 71 % (165) 29 % (67)   

Other score No evidence of health 

abnormality other than 

those assessed 

There is notable 

evidence of a health 

abnormality not 

otherwise assessed 

  

 99 % (231) 1 % (2)   
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Table 3.2: Descriptive statistics of blood parameters as measured on 235 calves at arrival at a grain-fed veal facility in southwestern 
Ontario. 

Variable measured 
QScout values1  Manual values2 

Mean SD Min Max  Mean SD Min Max 

Neutrophils (109/L) 5.70 3.07 0.21  19.24  5.15 2.94 0.48 22.79 

Lymphocytes (109/L) 4.87 1.57 0.60 8.93  3.51 1.25 1.23 7.35 

Monocytes (109/L) 0.03 0.06 0  0.59  0.90 0.57 0.04 2.99 

Eosinophils (109/L) 0.35 0.20 0 1.19  0.15 0.16 0 0.78 

Basophils (109/L) 0  0  0 0  0.12 0.05 0 0.26 

Total leukocyte count (109/L) 10.96 4.28  1.14 27.59  9.68 3.40 3.8 25.90 

N:L ratio 1.18 0.54 0.23 3.85  1.73 1.44 0.12 11.01 

 
1Machine values as determined by the Advanced Animal Diagnostics QScout BLD (Morrisville, North Carolina, United States of America) 
2Manual values as determined by the Animal Health Laboratory (Guelph, Ontario, Canada)
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Figure 3.1: Agreement between manual white blood cell differentials and QScout white blood cell 
differentials collected from 235 calves at arrival at a grain-fed veal facility in southwestern Ontario. 
The agreement is presented for A) Neutrophils, B) Lymphocytes, C) Monocytes, D) Eosinophils 
and E) Neutrophil : Lymphocyte (N:L) Ratio. The black line bisecting the graph at a 45° angle 
represents the line of perfect concordance. The dashed line represents the observed concordance 
of the data. 
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Figure 3.2: Manual white blood cell differentials versus machine white blood cell differentials 
collected from 235 calves at arrival to a grain-fed veal facility in southwestern Ontario. The results 
are presented for each of A) Neutrophils, B) Lymphocytes, C) Monocytes, D) Eosinophils and E) 
Neutrophil : Lymphocyte (N:L) Ratio. The black lines represent the haematological reference 
intervals for neonatal Holstein calves (Panousis et al, 2018). 
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4 Chapter 4: Assessing the utility of leukocyte differential 
cell counts for predicting morbidity, mortality, and growth 
in a grain fed veal facility: A prospective single cohort 
study 

As previously published 

von Konigslow, T.E., D.L. Renaud, T.F. Duffield, C.B. Winder, and D.F. Kelton. 2020. 

Assessing the utility of leukocyte differential cell counts for predicting morbidity, 

mortality and growth in a grain fed veal facility: A prospective single cohort study. J. 

Dairy Sci. 103:9332–9344. doi: 10.3168/jds.2020-18532. 
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4.1 Abstract 

 Selective antimicrobial treatment strategies present a means to reduce 

antimicrobial use at the time of arrival at a veal or dairy beef operation. On farm 

machine leukocyte differential cell counts (DCC) that can be acquired quickly may be 

useful to augment calf risk identification protocols. The objective of this study was to 

assess the utility of DCC taken at the time of arrival at a grain fed veal facility and 72 

hours post arrival for determining morbidity risk, mortality risk, and growth during the 

production cycle. Data were collected between June and October 2018, from 240 calves 

upon arrival, and from a subset of 160 calves 72 hours post arrival, at a commercial 

grain-fed veal facility in Ontario, Canada. Blood samples were evaluated using the 

QScout BLD test for leukocyte differential cell counts (Advanced Animal Diagnostic, 

Morrisville, NC). All calves were screened using a standardized health examination and 

a blood sample was collected to evaluate serum total protein (TP) and DCC. Cox 

proportional hazards models were constructed for both morbidity and mortality 

outcomes. Mixed linear regression models were constructed to evaluate average daily 

gain. Results from data collected at the time of arrival suggest that TP values ≥ 5.2 g/dL 

reduce the hazard of mortality and a rectal temperature greater than 39.6°C was 

associated with an increased hazard of morbidity. Calves that were dehydrated gained 

less, whereas, calves with an increased lymphocyte count had a higher rate of growth. 

Results from DCC collected 72 hours post arrival suggest that lymphocyte counts 

between 4.8 and 5.8 x 109 cells/L decrease the hazard of mortality and > 7.0 x 109 

cells/L decrease the hazard of morbidity, whereas, neutrophil counts > 6.0 x 109 cells/L 

increased the hazard of mortality. This study demonstrates that machine DCC at the 

time of arrival and 72 hours after arrival has potential for use in identifying high risk 

calves that might require treatment, as part of selective antimicrobial therapy protocols, 
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with the purpose of reducing antimicrobial use without sacrifice to animal health in veal 

facilities. 

4.2 Introduction 

 Group metaphylaxis at the time of arrival is common in the veal and dairy beef 

industries in response to the high levels of morbidity and mortality observed in the first 

21 days after arrival at calf rearing facilities (Renaud et al., 2018a; Santman-Berends et 

al., 2018; Scott et al., 2019). This high morbidity and mortality could be a consequence 

of the young age of calves that undergo stressful events prior to arrival, such as co-

mingling, transportation, and variable periods of fasting before their immune and 

physiological systems are capable of coping with such challenges (Marcato et al., 

2018). Despite the occurrence of these challenges, growing interest in reducing 

antimicrobial use in food producing animals is leading to widespread changes in the use 

of antimicrobials in animal agriculture (Speksnijder and Wagenaar, 2018). Group 

prophylaxis and metaphylaxis has been banned or restricted in some countries that are 

members of the European Union (Murphy et al., 2017) and similar restrictions may be 

implemented in North America in the future. 

 A selective antimicrobial therapy strategy at the time of arrival targeting the 

calves at highest risk of morbidity and mortality early in the production cycle could 

present a viable alternative to group therapy and reduce antimicrobial use (Renaud et 

al., 2018 a; d). However, these strategies need to ensure the preservation of calf health 

and welfare, and protect the economic viability of this industry (Marcato et al., 2018; von 

Konigslow et al., 2019). It is common for calves to arrive at veal facilities without 

information about their age or history of early life management particularly if they are 

sourced from multiple locations or auction barns. With little or no other information 

available, there is a need for methods to identify calves at high risk for morbidity and 

mortality based on what can be observed or measured at the time of arrival.   
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  Recent studies have identified indicators of future risk of morbidity, mortality, and 

reduced growth, such as biomarkers and clinical exam findings in veal or dairy beef 

calves at the time of arrival at the facility (Winder et al., 2016; Renaud et al., 2018c; d). 

Leukocyte counts have the potential for use as biomarkers of health and performance 

when interpreted in conjunction with clinical exam findings in cattle of all ages (Mohri et 

al., 2007; Roland et al., 2014; Marcato et al., 2018). More specifically, leukocyte counts, 

leukograms, and sequential leukograms can be used for health assessments, disease 

diagnostics, monitoring, and to establish prognosis (Roland et al., 2014). An important 

practical consideration for decision making on farm is that measurements should be 

reasonably fast to obtain, minimally invasive to the calf, and return a quick result. If 

leukocyte differential cell counts prove to be a good indicator of future health and 

growth, rapid on farm machine leukocyte differential cells counters, such as the QScout 

BLD (Advanced Animal Diagnostics, Morrisville, NC), may aid in informing decision 

making on arrival (von Konigslow et al., 2019). 

 The objective of this prospective cohort study was to assess the utility of 

leukocyte differential cell counts measured at the time of arrival for determining 

morbidity risk, mortality risk, and average daily gain in grain fed veal calves. A 

secondary objective was to evaluate leukocyte differential cell counts in a subset of 

calves taken 72 hours post arrival to determine if the values differed from the initial 

measurement and if there was any improvement in utility for determining future risk of 

morbidity, mortality, and average daily gain. It was hypothesized that: 1) leukocytes can 

be used as an indicator of future health and growth in veal calves after transportation; 

and, 2) leukocyte differential cell counts will differ between sampling time points and 

samples taken 72 hrs post-arrival may exhibit improved ability for determining future 

health and growth. This manuscript is reported following the Strengthening the 

Reporting of Observational Studies in Epidemiology – Veterinary Extension (STROBE-

VET) guidelines (Sargeant et al., 2016). 
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4.3 Materials and Methods 

4.3.1 Study design 

 Calves were enrolled in this study at a single grain-fed veal facility in Ontario, 

Canada. The facility was selected based on convenience. The calves were originally 

enrolled for a diagnostic accuracy study (von Konigslow et al., 2019) and a non-

antibiotic feed additive trial where no differences were found between treatment groups 

(unpublished). The non-antibiotic feed additive trial measured the following outcomes: 

mortality, antibiotic use, respiratory health (McGuirk and Peek, 2014) and fecal 

consistency (McGuirk, 2008). This study adhered to the Animal Care Committee 

requirements of the University of Guelph (Animal Use Protocol # 3850). Data were 

collected between June 11, 2018 and October 9, 2018. 

4.3.2 Animal enrollment 

 All calves that arrived at the veal facility between June 11 and July 26, 2018 were 

eligible for enrollment. Calves were Holstein males of unknown age sourced from local 

dairy farms or auction barns. Calf age was estimated to be between 3 to 7 days based 

on a recent study of male calf management on dairy farms (Renaud et al., 2018b). Each 

room was filled over a period of one to two days and calves were housed in individual 

slatted floor pens (78cm by 128cm) for the milk feeding period and at weaning were 

placed into groups of 5 adjacent calves. The facility comprised 4 rooms, each with a 

capacity to house 80 calves.  A total of 240 calves in 3 rooms (80 calves per room) were 

enrolled and followed for 77 days until they were shipped to another location for 

finishing. Calves were fed a 26% protein and 17% fat milk replacer (Mapleview Agri 

Ltd., Mapleton, ON) using the following schedule: 260 g in 2 L twice daily for week 1 

and 2; 325 g in 2.5 L twice daily for week 3; 450 g in 3 L twice daily for week 4 and 5; 

450 g in 3 L once daily for week 6; 450 g in 3 L every third feeding for week 7; and, 

calves were completely weaned for week 8. Calves had free access to water and grain 
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for the entire period. Grain offered was a textured calf starter (18% CP; Wallenstein 

Feed & Supply Ltd., Wallenstein, ON) upon arrival until week 3 and transitioned to corn 

and pellet ration with 2% straw (18.1% CP; Wallenstein Feed & Supply Ltd., 

Wallenstein, ON) for the remainder of the experimental period. 

4.3.3 Data and sample collection 

 Health parameters. Immediately upon arrival, each calf was evaluated using a 

standardized health scoring system. Calves were evaluated prior to having access to 

water on farm. A health score for each individual calf was assigned by 1 of 2 observers, 

one of which was a practicing large animal veterinarian, and the other a trained 

research assistant. The health parameter scores represent a subset of risk factors 

associated with mortality in veal calves (e.g. barn, season, source, navel score, cough 

score, hydration score, sunken flank and arrival weight) (adapted from (Renaud et al., 

2018a)). The ‘other’ score allowed detectable health abnormalities not listed in the 

original protocol to be captured, such as an infected wound or heavy ocular discharge 

(equivalent to score 3 on the respiratory scoring system developed by McGuirk and 

Peek (2014)). Laminated reference sheets with health score images and definitions 

were available at all times during scoring and are available as Appendix D. Rectal 

temperature was measured using a digital thermometer (MC-343F-E, Omron 

Healthcare, ON, Canada). A metal dowel of 20 mm diameter was used as a reference 

for assessing navel diameter scores. Navel size was also measured using a digital 

caliper (150mm Digital Vernier Caliper, MasterCraft Brand Tools, Toronto, ON). An iPad 

(Apple Inc., Cupertino, CA) was used to record all health data using Qualtrics 

(https://www.qualtrics.com/). Inter and intra-observer evaluation of health scores were 

performed on 10 calves to ensure agreement between and within observers. 

 Blood parameters. Two blood samples were obtained from each calf at the time 

of arrival by jugular venipuncture. These blood samples were chilled within minutes of 

collection in a cooler with icepacks. One blood sample was taken using a 10 ml serum 
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vacuum tube and 18 gauge 1 inch vacutainer needle on a plastic hub (BD Vacutainer 

Serum Blood Collection Tubes, Franklin Lakes, NJ, USA). This blood sample was 

centrifuged at 2188 g for 10 minutes within 5 hours of collection then stored in a 

refrigerator at 4°C for analysis within 12 hours of collection.  Stored serum samples 

were transferred to an optical refractometer (RHC-200ATC, SinoTech, Fujian, China) 

using a new disposable pipette for each sample. Values were visually determined, and 

results were recorded first on paper and then entered into a Microsoft Excel 

spreadsheet (v.16.32, Microsoft Corporation, Redmond, WA). The research assistant 

performed serum total protein analysis and was blinded to the health scores, 

measurements, and machine white blood cell differential results. A 20 uL EDTA blood 

collection device (QDraw v.ASM9033-C, Advanced Animal Diagnostics, Morrisville, NC) 

was used to collect the second blood sample. Blood leukocyte counts can be affected 

by the stress of prolonged transportation with the reported impact varying from one to 

several days (Odore et al., 2004; Bernardini et al., 2012; Yun et al., 2014). In order to 

allow calves time to adjust to their new diet and environment post-transportation, an 

arbitrarily selected time of 72 hours after arrival was used to obtain a third 20 uL EDTA 

blood sample from a convenience subset of 160 calves representing the second and 

third room enrolled. The samples collected in EDTA were analyzed within minutes of 

collection using a white blood cell differential machine (QScout BLD, Advanced Animal 

Diagnostics, Morrisville, NC). The leukocyte differential machine used (QScout Cattle 

Lab, software v1.0.6.20023, Advanced Animal Diagnostics, Morrisville, NC) was 

recently validated for use in neonatal Holstein calves (von Konigslow et al., 2019). 

Blood samples from each calf were loaded into the well of a test slide cartridge (QScout 

BLD cartridge version ASM9041-C, Advanced Animal Diagnostics, Morrisville, NC). The 

slide cartridge was examined by automated microscopy and analyzed through the 

proprietary software (QScout Cattle Lab, software v1.0.6.20023, Advanced Animal 

Diagnostics, Morrisville, NC). Results were obtained within 1 min of loading the sample 

(Kull et al., 2018).  
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 Growth measurements. Calves were weighed using a digital weigh-scale (Tru-

TestTM, Mineral Wells, TX) by farm staff before being moved into individual pens at the 

time of arrival. Calves were fed at the veal facility until day 77 when final individual calf 

weights were also obtained. The average daily gain (ADG) was calculated for each calf 

by dividing the amount of weight gained (final weight – arrival weight) by the number of 

days on feed at the facility (77 days). 

 Treatment and mortality records. Group metaphylaxis was not provided at the 

time of arrival in accordance with routine farm protocol. Individual animal health 

assessment and treatments were administered by farm staff twice daily according to 

facility protocols. Facility protocols for individual animal health assessment and 

treatment were developed with veterinary oversight and based on fecal and respiratory 

scoring systems (McGuirk, 2008; McGuirk and Peek, 2014). Fecal scoring was 

performed immediately prior to milk feeding and respiratory scoring was performed 

shortly after milk feeding. Assessments and treatments were performed by experienced 

facility personnel. Treatment and mortality records were provided in a Microsoft Excel 

spreadsheet (v.16.32, Microsoft Corporation, Redmond, WA) to researchers after calves 

were shipped from the facility.  

4.3.4 Sample Size Calculation 

 This study was conducted concurrently with a diagnostic accuracy study to 

validate the leukocyte differential count machine (von Konigslow et al., 2019). Sample 

size determination was conducted for the validation study, and then calves were 

followed for the remainder of the 77 day production cycle. The blood parameter data 

were assumed to have normal distribution and to be within 10% of the true upper and 

lower population interval. The method for sample size determination described by Hahn 

and Meeker (1991) for tolerance intervals was used assuming 95% confidence in 

capturing 95% of the population (Hahn and Meeker, 2011). This resulted in an 

estimated sample size of 173 calves. A total of 240 calves in 3 rooms (80 calves per 
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room) were enrolled in this study to account for potential missing data and to enroll all 

calves arriving within a room. 

4.3.5 Analysis 

 Statistical analyses were performed using Stata 15 (StataCorp LP, College 

Station, TX). Data were imported to Stata 15 from a Microsoft Excel spreadsheet 

(v.16.32, Microsoft Corporation, Redmond, WA). Calves that had missing outcome data 

(morbidity, mortality, or average daily gain), health parameter scores, leukocyte 

differential cell counts on arrival, or leukocyte differential cell counts 72 hours post-

arrival were excluded from further analysis (Figure 4.2). Although Cohen’s Kappa can 

be used to calculate inter- and intra-observer evaluations even for small samples sizes 

(n = 5), this can lead to a relatively large standard error resulting in low precision, and 

thus, inter- and intra-observer evaluations were performed using percent agreement 

(McHugh, 2012). 

 Descriptive statistics were generated for health parameter measures on the day 

of arrival as well as white blood cell differential counts measured on the day of arrival 

and 72 hours post-arrival. The Shapiro-Wilk test for normality was applied to the 

leukocyte differential cell count variables. A Wilcoxon matched-pairs sign-rank test (non-

parametric) or a paired t-test (parametric) was performed based on the Shapiro-Wilk 

test results to establish if leukocyte cell counts were significantly different between 

measurement at the time of arrival and 72 hours post-arrival.  

 Figure 4.1 illustrates the hypothesized causal diagram between outcome and 

explanatory variables that was used to guide model building. The causal diagram was 

built by hypothesizing the relationship between health parameters that are measurable 

at the time of arrival and future health and growth. In the causal diagram, explanatory 

variables were placed on the left in their hypothesized causal order and tracing a path, 

using arrows, towards the outcomes of interest on the right. From the white blood cell 
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differential counts generated by the QScout BLD test, eosinophils, and monocytes were 

excluded from model building as they were only found to have slight agreement with the 

current gold standard test in this population of animals (von Konigslow et al., 2019). 

From the health parameters measured, the “other score” health abnormality was 

excluded as very few abnormalities were recorded, Table 4.1. As few animals had a 

dehydration score above 1, this was collapsed to a binary variable (dehydrated, not 

dehydrated).  A Spearman’s rank coefficient was used to assess collinearity among 

explanatory variables, with coefficients > 0.6 being further scrutinized. For collinear 

variables, the most biologically relevant or reliable measure was retained in the model. 

Navel size and navel score were found to be correlated. Navel score was retained in the 

model as recent studies have determined this measure to be an indicator of early 

mortality risk (Renaud et al., 2018a; c). Neutrophil to lymphocyte ratio (N:L ratio) was 

correlated with neutrophil counts. Neutrophil counts were retained in the model as they 

were found to have better agreement with the current gold standard in this population of 

calves (von Konigslow et al., 2019). Total leukocyte count was correlated with both 

neutrophil and lymphocyte counts. Neutrophil and lymphocyte counts were retained in 

the model as these measures were recently validated in this population of animals and 

they make up a large proportion of the total leukocyte counts (von Konigslow et al., 

2019). For all outcomes of interest, linearity was assessed using locally weighted 

regression (lowess) of the outcome on the explanatory variable. Variables that failed to 

meet the linearity assumption were categorized. The serum total protein variable was 

measured in increments of 0.1 g/dL and was categorized using a biological cut point of 

5.2 g/dL resulting in two categories (< 5.2 g/dL; and, ≥ 5.2 g/dL) (Buczinski et al., 2018). 

Other variables that failed to meet the linearity assumption were categorized into 

quartiles (arrival weight, rectal temperature, neutrophil counts, lymphocyte counts). 

 Cox proportional hazard models were constructed to assess the relationship 

between the time to morbidity or mortality event (in the first 21 days on feed and over 

the entire 77 day study period) and the explanatory variables at two time points (time of 
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arrival and 72 hours post-arrival). Mixed linear regression models were constructed in 

order to assess the relationship between the two explanatory variable measurement 

time points (time of arrival and 72 hours post-arrival) and the ADG over the 77 d study 

period. The health parameter explanatory variables included: blood leukocyte 

differential cell counts (measured at two time points); health scores; weight; rectal 

temperature; and, serum total protein. All models included a random effect to account 

for clustering by room. Univariable models for all explanatory variables were screened 

using a P value of 0.2. Models were constructed using manual backward stepwise 

selection. Statistical significance was defined as P < 0.05. Biologically plausible two-way 

interactions were explored (Figure 4.1). Variables were retained in the model if they 

were part of a two-way interaction with an explanatory variable that met the criteria for 

being retained in the model. A variable was found to have a confounding effect and was 

retained in the model if its removal changed the coefficient of a variable that met the 

criteria for being retained in the model by more than 20%. Model assumptions and 

model fit were evaluated in all models. Influential observations were investigated to 

ensure data records were complete and biologically plausible. Cox proportional hazards 

models were evaluated by examining Deviance, Martingale residuals, Cox-Snell 

residuals, Schoenfeld residuals as well as the test for proportional hazards. Mixed linear 

regression models were evaluated by assessing normality and homoscedasticity of 

residuals as well as the best linear unbiased predictions for random effects. 

4.4 Results 

4.4.1 Animal Population 

 A total of 240 calves arrived at the grain-fed veal facility between June 11 and 

July 26th, 2018 and were enrolled in the study (arrival dataset). All calves were Holstein 

males of unknown age and history. The estimated age of the calves enrolled was 

between 3 to 7 days of age at the time of arrival based on calf arrival weight and recent 
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findings that less than one-fifth of source dairy farms keep male dairy calves beyond 7 

days (Renaud et al., 2018b). A convenience subset of 160 animals from the enrolled 

calves were revisited for blood collection 72 hours after arrival (subset data). Figure 4.2 

presents a flow chart of the number of calves enrolled and the reason for exclusion from 

analysis for each outcome in this study. Of the 240 calves that were enrolled, outcome 

data were missing on 10 calves (missing health parameter scores (n=5), missing blood 

test results (n=5)). From the 160 calves in the subset revisited 72 hours later, 10 calves 

had missing outcome data (missing initial health score (n = 4), missing initial blood test 

(n = 5), or had a leukocyte differential test that did not return a valid result (n=1)).  

4.4.2 Health Parameters 

  Table 4.1 describes calf health parameter scores within the arrival dataset and 

subset data. Over one quarter (26.5%) of the calves arrived with some level of 

dehydration. Half of the calves (49.6%) had a sunken paralumbar fossa which could be 

indicative of a prolonged period since their last feeding. Approximately 30% of calves 

arrived with an abnormal navel score and less than 5% of calves arrived with a 

detectable health abnormality, such as a cough or other detectable abnormality. Mean 

rectal temperature was 39.4°C (SD: 0.42°C) with 27% of calves having a rectal 

temperature > 39.5 °C. Mean navel size was 18.20 mm (SD: 7.57 mm). 

4.4.3 Inter- and intra-observer agreement  

 Agreement between observers was 95% for navel score evaluation, 75% for 

hydration score evaluation, 90% for sunken flank evaluation, and 100% for cough score 

and ‘other’ score evaluation. Intra-observer percent agreement was 100% for all health 

parameters except sunken flank which was 90% for both observers.   
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4.4.4 Blood Parameters 

 Table 4.2 describes blood parameter results for both the complete dataset and 

subset. Only a small percentage of each blood parameter measured on the day of 

arrival was outside of reported reference intervals for neonatal Holstein calves 

(Panousis et al., 2018). Using the Shapiro-Wilks test for normality, lymphocyte count 

data was determined to be the only blood parameter normally distributed (P = 0.74). 

Prior to analysing the subset data taken 72 hrs post-arrival, tests were performed to 

confirm that leukocyte count data were statistically different between test dates. 

Lymphocyte test values were different between test days (P < 0.01) with 3.5% 

measuring equally both above or below the reported reference interval at the time of 

arrival. Seventy two hours post-arrival, 7.4% of the lymphocyte counts measured 

outside of the reference interval with all but one measurement above the upper limit. 

Neutrophil counts were different between test days (P < 0.01) with 2.6% measuring 

equally above or below the reference interval at the time of arrival and 1.7% measuring 

either above or below the reference interval 72 hrs post-arrival. Monocyte counts were 

also different between test days (P < 0.01) with 0.9% measuring below the lower 

reference interval at the time of arrival and 0.4% measuring above of the upper 

reference interval 72 hrs post-arrival. Neutrophil to lymphocyte ratio was also different 

between test days (P < 0.01) with 0.4% measuring below the lower reference interval at 

the time of arrival and 0.9% measuring below the lower reference interval 72 hrs post-

arrival. Total leukocyte count (P = 0.88) and eosinophil counts (P = 0.31) were not 

different between test dates. The mean serum total protein for calves at the time of 

arrival was 5.5 g/dL (SD: 0.05 g/dL) with 30% experiencing failure of passive transfer of 

immunity using a cut point of 5.2 mg/dL (Calloway et al., 2002; Godden, 2008; Renaud 

et al., 2018a).  
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4.4.5 Mortality Models 

 Over the 77 day study period, 16.7% mortality was observed with 7.0% dying 

within the first 21 days on feed. Figure 4.3A illustrates the time to mortality in all calves 

over the 77 day study period. Records included cause of death as reported by farm 

staff. All deaths reported in the first 21 days (n = 16) after arrival were reported as 

diarrhea and dehydration. All but one of the deaths reported after 21 days (n = 22) were 

recorded as pneumonia. One calf was reported to have died from diarrhea and 

dehydration after 21 days. 

 Two calves were excluded from the hazard models of mortality because of 

missing farm records for mortality (Figure 4.2). There were not sufficient mortality 

outcomes within the first 21 days on feed to assess hazard models in this time frame. 

For the 77 day study period, the serum total protein explanatory variable measured at 

the time of arrival was associated with the hazard of mortality. Serum total protein 

values ≥ 5.2 g/dL were found to reduce the hazard of mortality by 71% (HR = 0.29, 95% 

CI 0.15 – 0.55, P < 0.01) when compared to calves with a serum total protein < 5.2 

g/dL.  The importance of the blood leukocyte count explanatory variables measured 72 

hours post-arrival for predicting the hazard of mortality is summarized in Table 4.3. 

Lymphocyte counts falling between 4.6 109/L and 5.8 109/L reduced the hazard of 

mortality by 78% (HR = 0.22, 95% CI 0.05 – 0.87, P = 0.03) while neutrophil counts > 

6.0 109/L increased the hazard of mortality by over 5 times (HR = 5.21, 95% CI 1.29 – 

21.08, P = 0.02). 

4.4.6 Morbidity Models 

 Time to first treatment with antibiotics was used as a proxy for onset of morbidity. 

Over the 77 day study period, 96.5% of calves received at least one antibiotic treatment; 

90.0% of them received a treatment within the first 21 days on feed; and, 34.4% 

received a treatment within the first 3 days on feed. Of the calves that were treated, 
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71% received more than one treatment. Figure 4.3B illustrates time to first treatment in 

all calves over the 77 day study period. Treatments were for diarrhea (69.6%), 

pneumonia (23.0%), and both pneumonia and diarrhea (3.5%). Only 3.5% of calves 

were untreated over the study period. 

 Importance of the explanatory variables measured at the time of arrival for 

predicting the hazard of morbidity over the entire 77 day study period is summarized in 

Table 4.4. Rectal temperature > 39.6°C was found to increase the hazard of morbidity 

by 48% (HR = 1.48, 95% CI 1.01 – 2.17, P = 0.04). Room was statistically significant in 

the model (P = 0.02). Lymphocyte differential cell counts, arrival weight, and navel 

scores were retained in the model as confounders.  

 Impact of the explanatory variables measured at the time of arrival for predicting 

the hazard of morbidity over the first 21 days of the study period is summarized in Table 
4.5. Lymphocyte counts > 5.8 109/L reduced the hazard of morbidity by 41% (HR = 

0.59, 95% CI 0.37 – 0.95, P = 0.03) while rectal temperatures > 39.6°C increased the 

hazard of morbidity by over 1.5 times (HR = 1.54, 95% CI 1.04 – 2.27, P = 0.03). Room 

was statistically significant in the model (P = 0.04). Arrival weight, neutrophil differential 

cell counts, and navel scores were retained in the model as confounders. 

 Findings for the blood leukocyte differential counts measured 72 hours post-

arrival for predicting the hazard of morbidity over the entire 77 day study period are 

summarized in Table 4.6. Lymphocyte counts > 7.0 109/L reduced the hazard of 

morbidity by 54% (HR = 0.56, 95% CI 0.35 – 0.90, P = 0.02).  The effect of blood 

leukocyte differential counts measured 72 hours post-arrival for predicting the hazard of 

morbidity over the first 21 days of the study period is summarized in Table 4.7. 

Lymphocyte counts > 7.0 109/L reduced the hazard of morbidity by 63% (HR = 0.47, 

95% CI 0.29 – 0.78, P = <0.01). 
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4.4.7 Average Daily Gain Models 

 Average daily gain was calculated by subtracting arrival weight from final weight 

and dividing by the 77 day study period. Calves did not have an ADG outcome if they 

died before a final weight was recorded (n = 40), had a missing final weight record (n = 

11), or had a missing arrival weight records (n = 2). A total of 53 calves were excluded. 

Mean arrival weight was 47.50 kg (SD: 4.17 kg), and mean ADG was 0.68 kg (SD: 0.23 

kg). 

 Two explanatory variables measured at the time of arrival, lymphocyte count and 

hydration score, were associated with growth over the 77 day study period. In this 

mixed model, dehydration at the time of arrival (compared to normal hydration status) 

was associated with a decrease of 0.09 kg/d (95% CI -0.01 – -0.16, P = 0.03). For every 

109/L increase in lymphocyte count, ADG increased by 0.03 kg/d (95% CI 0.01 – 0.05, P 

= 0.02). Room was statistically significant in the model (P = 0.01, Intra-class correlation 

coefficient = 4.9%). There was no association identified with blood leukocyte differential 

cell counts measured 72 hours after arrival and ADG. 

4.5 Discussion 

 This study demonstrates that machine leukocyte differential cell counts 

measured at the time of arrival are associated with morbidity and growth of calves 

entering a grain-fed veal facility. Increased lymphocyte counts were found to be 

associated with decreased hazard of morbidity and higher ADG. When measured 72 

hours post arrival, machine leukocyte differential cell counts were associated with 

morbidity and mortality. Lymphocyte counts between 4.6 109/L and 5.8 109/L were 

associated with a decreased hazard of mortality, while lymphocyte counts > 5.8 109/L 

reduced the hazard of morbidity. Elevated neutrophil counts were associated with an 

increased hazard of mortality. Dehydration at arrival was associated with lower ADG, 
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and elevated rectal temperatures increased hazard of morbidity. Total protein ≥ 5.2 g/dL 

was associated with a decreased hazard of mortality.  

 Reports vary as to the length of time before blood cortisol levels and leukocyte 

counts return to basal levels after prolonged transportation varying from one to several 

days (Odore et al., 2004; Bernardini et al., 2012; Yun et al., 2014). The timing of the 

third sample was selected arbitrarily with the intention to allow for calves to recover from 

transportation and adjust to their new diet and environment. In this study, few blood 

leukocyte values measured either upon arrival or 72 hours post-arrival were outside of 

the normal reference interval for neonatal Holstein calves (Panousis et al., 2018). The 

difference between measurement time points was, however, statistically significant. This 

suggests that although the effects of time post-transportation are measurable within 

leukocyte differential cell counts, they do not elicit a change beyond the normal 

physiological limits of neonatal Holstein calves as determined by Panousis et al. (2018). 

Additionally, the relationship between leukocyte counts and future health and growth 

differed between time points suggesting that there may be a role for measuring 

leukocyte counts both at arrival and a time point post-arrival. Given that over a quarter 

of the calves arrived with some level of clinically measurable dehydration, it is possible 

that this accounts for some of the differences detected in leukocyte counts between 

collection time points (Tornquist and Rigas, 2011). For group management or risk 

assignment, screening at the time of arrival would be more practical for immediate 

management decisions. However, for individual calf management or therapeutic 

decisions, post arrival measures may have more value. 

 Although most lymphocyte and neutrophil counts were within physiological limits, 

an association was found between these parameters and the future health and growth 

in this population of calves. Elevated lymphocyte counts (within the reference interval) 

at the time of arrival were associated with increased ADG and a decreased hazard of 

morbidity within the first 21 days at the facility. When measured 72 hrs post-arrival, 
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elevated lymphocyte counts were associated with a decreased hazard of morbidity and 

a lymphocyte count in the middle of the reference interval (4.6 109cells/L - 5.8 

109cells/L) was associated with a decreased hazard of mortality. Since neonatal calves 

are born with fewer lymphocytes than adults and this number is known to increase with 

age (Jones and Allison, 2007; Panousis et al., 2018), it is possible that the elevated 

number of lymphocytes may be an indication of an older age. Older calves may be 

better prepared to cope with the stress of transportation and co-mingling, which could 

explain the association between lymphocyte counts and health. Alternatively, since 

lymphopenia can be associated with stress, infection and immune suppression (Jones 

and Allison, 2007; Roland et al., 2014), a relatively elevated lymphocyte count may be 

an indicator of resilience to the stress associated with transportation or the absence of 

challenge to the immune system, such as infection pressure or immune suppression. 

Elevated neutrophil counts measured 72 hours post-arrival were associated with an 

increased hazard of mortality. Given that calves have elevated neutrophil counts shortly 

after birth that decrease over the first week of life (Tornquist and Rigas, 2011; Panousis 

et al., 2018), this finding may be a proxy for younger calves. Another explanation could 

be that calves with relatively high neutrophil counts are in the process of developing a 

neutrophilia in response to stress or chronic inflammation due to infection (Roland et al., 

2014; Tornquist and Rigas, 2011). If age were known, it might be possible to 

differentiate between these competing hypotheses. 

 That hydration status on arrival was a predictor of future growth is consistent with 

other recent work (Renaud et al., 2018d). Given that over 90% of the calves in this 

study received antibiotic therapy within the first 21 days at the facility and almost 70% of 

those treatments were reported as treatment for diarrhea, loss of fluids via diarrhea may 

be the cause of the dehydration seen. However, it is also possible that dehydration in 

this population occurred as a result of prolonged transportation involving fasting or 

water restriction preventing calves from replacing their maintenance fluid requirements 

(Knowles et al., 1997, 1999; Marcato et al., 2018). Interestingly, dehydration was not 
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found to be a significant indicator of future mortality as found in previous studies by 

Renaud et. al (2018a). However, when considering the hypothesized relationship as 

illustrated in Figure 4.1, morbidity / mortality are proposed as an intervening variables 

to ADG.  

 Elevated rectal temperature (> 39.6°C) was associated with increased morbidity 

over the entire study period, as well as in the first 21 days at the facility. This result 

differs from previous reports that did not find rectal temperature to be predictive of 

mortality (Renaud et al., 2018a; Marcato et al., 2018). Rectal temperature can be 

affected by stressors, such as transportation and handling (Burdick et al., 2010; 

Bernardini et al., 2012; Marcato et al., 2018).  The association found in this study may 

reflect clinical or subclinical disease at the time of measurement. This is suggested 

since over 34% of calves received antibiotic therapy within the first 3 days at the facility 

and the facility observed very high levels of morbidity and mortality over the entire 

production period.  

 Serum total protein values < 5.2 g/dL were determined to be a predictor of 

mortality. It was unsurprising given that TP values below 5.2 g/dL are associated with a 

failure of passive transfer, as this has been found to be associated with increased 

morbidity and mortality in veal calves (Marcato et al., 2018; Renaud et al., 2018c). 

Although an association between TP and morbidity was not observed in this study, it is 

possible that the association was obscured by the high level of morbidity reported as the 

result of a disease outbreak.  

4.5.1 Limitations 

 Inter- and intra-observer agreement for health measures was assessed using 

percent agreement as opposed to Cohen’s Kappa, which may overestimate the level of 

agreement and does not account for agreement due to chance (McHugh, 2012). This 

limitation was due to the small sample size of calves measured for this purpose. 
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However, laminated reference materials with images and definitions of all health scores, 

as well as a dowel for scoring navel size, were available to both observers at all times 

during data collection. Additionally, both observers performed health parameter scoring 

on over 500 calves together during data collection of a separate trial. Agreement 

between observers was greater than 90% for all health parameters with the exception of 

hydration which had 75% agreement.  

 The high levels of mortality experienced at the facility over the study period 

exceeds the 4 to 8% mortality risk reported in the literature (Pardon et al., 2012; Winder 

et al., 2016; Scott et al., 2019). Historically mortality rates at this facility have been 

reported at 7.5% and treatment rates at 87% (Scott et al., 2019). This increase in 

morbidity and mortality was the result of an outbreak of Salmonella enterica serotype 

Dublin which is associated with high levels of mortality and the presence of calves that 

are either clinically affected or in a carrier state (Mohler et al., 2009; Holschbach and 

Peek, 2018). It is possible that this outbreak could affect the external validity of study 

findings as the population studied may not be representative of the average grain fed 

veal herd;  however, there has been an increase in prevalence of this pathogen in group 

fed dairy calves in recent years (Holschbach and Peek, 2018). Additionally, the high 

levels of mortality lead to the exclusion of a large number of calves that died before a 

second weight was recorded for the purpose of ADG calculations. Given that disease 

can affect calf growth (Donovan et al., 1998), it is possible that this resulted in survival 

bias in models of ADG favouring calves with higher ADG. 

 In this study, treatment was used as a proxy for morbidity. The facility staff were 

experienced and used respiratory and fecal health scores (McGuirk, 2008; McGuirk and 

Peek, 2014) in their treatment protocol, lending some confidence to this definition for 

morbidity. However, since this is not a direct measure of morbidity, it could have been 

subject to bias if staff were prone to over or under treating disease cases. This 
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highlights the importance of clearly reporting the definition of outcomes and how it was 

measured since there can be a large amount of variability in treatment protocols.  

4.6 Conclusions 

 This study demonstrates that machine leukocyte differential cell counts 

measured at the time of arrival and 72 hours after arrival were indicators of future 

morbidity, mortality and growth in calves arriving to calf rearing facilities. Further work 

could help determine the effects of time post transportation on blood leukocyte 

measurements to further refine the most useful time after arrival to measure these 

values. Future studies focused on refining rapid risk assessment protocols as well as 

determining the best strategy for managing calves, at either the individual or group 

level, will help to reduce antimicrobial use at the time of arrival by guiding selective 

antimicrobial therapy efforts. 
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Figure 4.1: Casual diagram used to illustrate the hypothesized relationship between measured variables to the outcomes of interest 

morbidity, mortality and average daily gain (ADG).
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Figure 4.2: Diagram illustrating subject flow through the study, with reasons for missing data by outcome



 

 

 

 

114 

A)       B)  
 

Figure 4.3: A) Kaplan-Meier survivor curve of the proportion of calves that have survived over time (n = 228). The vertical line marks the 

third week post-arrival.; B) Kaplan-Meier curve of the proportion of calves remaining untreated with antimicrobials over time (n = 230) . 

The vertical line marks the third week post-arrival.
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Table 4.1: Distribution of health parameter scores evaluated on the day of arrival from 230 calves at a grain-fed veal facility in 

southwestern Ontario, and distribution of health parameters scores on the day of arrival for the subset of 150 calves revisited for blood 

collection 72 hours post-arrival. 

Health 

Parameter 
Description 

Complete dataset  

(n = 230) 

[Prevalence % 

(no.)] 

Subset data 

(n = 150) 

[Prevalence % 

(no.)] 

Dehydration 

Score 

0 Skin tent returns to normal < 2 sec, bright alert 

responsive, strong suckle reflex, < 5% dehydrated 

73.5 (169) 68.6 (103) 

1 Skin tent returns to normal in 2 sec, good suckle 

reflex, bright alert responsive, 6-8% dehydrated 

24.3 (56) 28.7 (43) 

2 Skin tent returns to normal in 2-4 sec, slightly sunken 

eyes, dull, good suckle reflex, 9-10% dehydrated 

2.2 (5) 2.7 (4) 

3 Skin tent returns to normal in 4-8 sec, depressed, 

sternal recumbence moderate sunken eyes, poor 

suckle reflex, > 10% dehydrated 

0 (0) 0 (0) 

Cough Score 0 No cough 97.0 (223) 96.0 (144) 

1 Single cough induced 3.0 (7) 4.0 (6) 

2 Occasional spontaneous or repeated induced coughs 0 (0) 0 (0) 

3 Repeated spontaneous coughs 0 (0) 0 (0) 
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Flank Score 0 Normal 50.4 (116) 50.0 (75) 

1 Paralumbar fossa is visibly depressed 49.6 (114) 50.0 (75) 

Navel Score 0 No pain, heat, swelling and navel is < 20mm dowel 70.9 (163) 70 (105) 

1 Pain, heat, swelling, discharge or navel is > 20mm 

dowel 

29.1 (67) 30 (45) 

Other Score 0 No evidence of health abnormality other than those 

assessed 

99.1 (228) 100 (150) 

1 There is notable evidence of a health abnormality not 

otherwise assessed 

0.9 (2) 0 (0) 
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Table 4.2: Descriptive statistics of the blood parameters in the 230 calves on arrival at a grain-fed veal facility in southwestern Ontario 

(Complete dataset) and the subset of 150 calves revisited 72 hours for blood collection both at the time of arrival and the results 72 

hours after arrival (Subset data).  

Leukocyte Count 

Complete dataset Subset data 
Paired-

test 
Reference 

Interval3 

Mean  SD Min Max 

Mean 

[72hrs] 

SD 

[72hrs] 

Min 

[72hrs] 

Max 

[72hrs] 

P-value 

Lower 

Limit 

Upper 

Limit 

Neutrophils  

(109 cells/L) 

5.76 3.07 0.21 19.24 

5.62 

[4.74] 

3.23 

[3.06] 

0.21 

[0.44] 

19.24 

[19.53] < 0.011 0.82 14.38 

Lymphocytes  

(109 cells/L) 

4.89 1.57 0.60 8.93 

4.91 

[5.87] 

1.63 

[1.74] 

0.60 

[1.29] 

8.93 

[10.24] < 0.012 1.43 8.16 

Monocytes  

(109 cells/L) 

0.35 0.20 0 1.19 

0.36 

[0.44] 

0.20 

[0.20] 

0  

[0.06] 

1.19 

[1.28] < 0.011 0.02 1.25 

Eosinophils  

(109 cells/L) 

0.03 0.06 0 0.59 

0.02 

[0.02] 

0.05 

[0.09] 

0 

[0] 

0.45 

[1.03] 0.311 0.03 1.19 

Total leukocyte 

count (109 cells/L) 
11.03 4.28 1.14 27.59 

10.91 

[11.07] 

4.51 

[4.34] 

1.14 

[1.87] 

27.59 

[25.32] 0.881 3.84 19.55 
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N:L ratio 1.19 0.54 0.23 3.85 

1.15 

[0.80] 

0.54 

[0.47] 

0.23 

[0.20] 

3.85 

[3.77] < 0.011 0.23 7.11 

 

1 Wilcoxon matched-pairs sign rank test (non-parametric) for values measured at arrival and 72 hours post-arrival 

2  Paired t-test (parametric) for values measured at arrival and 72 hours post-arrival 

3 Reference intervals for neonatal Holstein calves (Panousis et al., 2018)
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Table 4.3: Results of the Cox-Proportional Hazard model assessing the significance of the explanatory variables measured from 150 

calves 72 hrs post-arrival for predicting the hazard of mortality over the entire 77 day study period1 

Variable Description 
n  

(no. calves) 

Mortality  

(no. calves) Hazard Ratio 95% CI P-value 

Lymphocyte count ≤ 4.6  37 9 Referent   

(109 cells/L) > 4.6 to 5.8  37 3 0.22 0.05 to 0.87 0.03 

 > 5.8 to 7.0  39 7 0.45 0.14 to 1.53 0.20 

 > 7.0  37 10 0.51 0.14 to 1.89 0.31 

Neutrophil count ≤ 2.7  37 4 Referent   

(109 cells/L) > 2.7 to 3.9  37 7 1.71 0.50 to 5.87 0.40 

 > 3.9 to 6.0  39 4 1.35 0.30 to 6.01 0.69 

 > 6.0  37 14 5.21 1.29 to 21.08 0.02 

1 Random effect for clustering by the room in which calves were managed P-value = 0.10
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Table 4.4: Results of the Cox-proportional hazard model assessing the significance of the explanatory variables measured from 230 

calves at the time of arrival for predicting the hazard of morbidity over the entire 77 day study period1 

Variable Description 
n  

(no. calves) 

Morbidity  

(no. calves) Hazard Ratio 95% CI P-value 

Rectal temperature ≤ 39.1 72 69 Referent   

(°C) >39.1 to 

39.3 

47 45 1.25 0.83 to 1.87 0.29 

 >39.3 to 

39.6 

60 58 0.95 0.67 to 1.36 0.79 

 > 39.6 51 50 1.48 1.01 to 2.17 0.04 

Arrival weight ≤ 44.5 51 50 Referent   

(kg) >44.5 to 47 63 62 1.13 0.77 to 1.68 0.53 

 > 47 to 49.5 51 49 1.01 0.67 to 1.53 0.96 

 > 49.5 65 61 0.83 0.56 to 1.24 0.36 

Navel score 0 163 155 Referent   

 ≥ 1 67 67 1.24 0.92 to 1.67 0.15 

Lymphocyte count ≤ 3.8 58 56 Referent   

(109 cells/L) > 3.8 to 4.8 57 57 1.14 0.77 to 1.67 0.52 
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 > 4.8 to 5.8 57 54 0.96 0.65 to 1.43 0.86 

 > 5.8 58 55 0.71 0.48 to 1.06 0.09 

1 Random effect for clustering by the room in which calves were managed P-value = 0.02
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Table 4.5: Results of the Cox-proportional hazard model assessing the significance of the explanatory variables measured from 230 

calves at the time of arrival for predicting the hazard of morbidity over the first 21 days of the study period1 

Variable Description 
n  

(no. calves) 

Morbidity  

(no. calves) Hazard Ratio 95% CI P-value 

Rectal temperature ≤ 39.1 72 64 Referent   

(°C) >39.1 to 39.3 47 42 1.27 0.84 to 1.93 0.26 

 >39.3 to 39.6 60 52 0.91 0.63 to 1.32 0.62 

 > 39.6 51 49 1.54 1.04 to 2.27 0.03 

Arrival weight ≤ 44.5 51 49 Referent   

(kg) >44.5 to 47 63 59 1.15 0.77 to 1.73 0.49 

 > 47 to 49.5 51 45 0.99 0.65 to 1.52 0.97 

 > 49.5 65 54 0.82 0.54 to 1.23 0.34 

Navel score 0 163 144 Referent   

 ≥ 1 67 67 1.19 0.88 to 1.62 0.27 

Lymphocyte count ≤ 3.8 58 55 Referent   

(109 cells/L) > 3.8 to 4.8 57 56 1.08 0.77 to 1.67 0.70 
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 > 4.8 to 5.8 57 50 0.90 0.65 to 1.43 0.65 

 > 5.8 58 46 0.59 0.37 to 0.95 0.03 

Neutrophil count ≤ 3.6 57 54 Referent   

(109 cells/L) > 3.6 to 5.1 58 53 1.22 0.81 to 1.83 0.34 

 > 5.1 to 7.3 58 51 1.05 0.69 to 1.61 0.82 

 > 7.3 57 49 1.08 0.66 to 1.75 0.76 

1 Random effect for clustering by the room in which calves were managed P-value = 0.04



 

 

 

 

124 

Table 4.6: Results of the Cox-proportional hazard model assessing the significance of the explanatory variables measured from 150 

calves 72 hours post-arrival for predicting the hazard of morbidity over the entire 77 day study period1 

Variable Description 
n  

(no. calves) 

Morbidity  

(no. calves) Hazard Ratio 95% CI P-value 

Lymphocyte count ≤ 4.6 37 37 Referent   

(109 cells/L) > 4.6 to 5.8 37 36 0.77 0.48 to 1.21 0.26 

 > 5.8 to 7.0 39 38 1.00 0.64 to 1.58 0.99 

 > 7.0 37 35 0.56 0.35 to 0.90 0.02 

1 Random effect for clustering by the room in which calves were managed P-value = 0.11



Table 4.7: Results of the Cox-proportional hazard model assessing the significance of the explanatory variables measured from 150 
calves 72 hours post-arrival for predicting the hazard of morbidity over the first 21 days of the study period1 

Variable Description 
n 

(no. calves) 
Morbidity 

(no. calves) 
Hazard 
Ratio 95% CI P-value 

Lymphocyte 
count 

≤ 4.6 37 36 Referent   

(109 cells/L) > 4.6 to 5.8 37 35 0.75 0.47 to 1.20 0.23 

 > 5.8 to 7.0 39 35 0.98 0.62 to 1.55 0.92 

 > 7.0 37 27 0.47 0.29 to 0.78 < 0.01 

1 Random effect for clustering by the room in which calves were managed P-value = 0.19



 

5 Chapter 5: Evaluating a selective therapy approach to 
antimicrobial treatment of high-risk calves at arrival to a 
male dairy calf rearing facility on future health, growth and 
antimicrobial use: A randomized controlled trial 

5.1 Abstract 

 Veal and dairy beef calves often arrive at growing facilities with measurable 

health abnormalities, putting them at high-risk of sickness and death early in the 

growing period. In response to this high-risk period in calf rearing, the provision of oral 

group metaphylaxis is commonly practiced. Global initiatives to reduce antimicrobial use 

have prompted interest in determining if a targeted approach to antimicrobial therapy 

during this period could be implemented, while preserving calf health and welfare. The 

objective of this randomized controlled trial was to compare the use of a selective 

therapy strategy to a conventional group antimicrobial strategy at the time of arrival on 

mortality, morbidity, average daily gain, and antimicrobial use. Data were collected from 

1,032 calves in 19 rooms over an 84 day study period between January 15th and 

August 7th, 2018. All calves were subject to a standardized screening risk assessment 

upon arrival at the facility and randomly assigned to rooms. Rooms were randomly 

assigned to receive either conventional group oral antimicrobials; or, selective therapy 

based on risk assignment (long acting parenteral antimicrobials, oral electrolytes, or 

both). Cox proportional hazards models were built for calf health outcomes, while mixed 

linear regression models were constructed for calf growth and antimicrobial use 

outcomes. There was no difference between interventions for morbidity over the 84 day 

study period. However, lighter weight calves assigned to the conventional group 

antimicrobial therapy had higher total and group treatment incidence over the entire 

study period. In contrast, calves assigned to the selective therapy strategy that had 

rectal temperatures below 39.5 °C at the time of arrival were more likely to be treated 

with antimicrobials over the entire study period. With respect to mortality, the selective 
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therapy strategy had an increased hazard of mortality. Growth was also lower in calves 

assigned to the selective therapy strategy in the winter when compared to calves 

assigned to conventional group metaphylaxis. This study demonstrates that a selective 

therapy strategy at the time of arrival may not be appropriate for all facilities or in all 

seasons despite the overall reduction in antimicrobial use. Further refinement to arrival 

risk assessment protocols may be required in order to improve sensitivity in detecting 

high-risk calves upon arrival. 

5.2 Introduction 

 Neonatal calves require careful management early in life, while their immune and 

physiological systems are maturing, to ensure future health and productivity. Male dairy 

calves often face challenges within the first few weeks of life, such as the stress of 

transportation, variable periods of fasting, comingling, new housing and a new diet.  

These challenges have been shown to contribute to the high levels of morbidity and 

mortality seen in veal and dairy beef operations (Renaud et al., 2018a; Marcato et al., 

2018). In order to mitigate this risk, group metaphylaxis at the time of arrival has been a 

common practice (Winder et al., 2016; Santman-Berends et al., 2018; Scott et al., 

2019a).  

 Growing concerns about the development of antimicrobial resistance and 

potential human health consequences are driving initiatives to reduce antimicrobial use 

in food producing animals through improved antimicrobial stewardship (Speksnijder and 

Wagenaar, 2018). In response to these concerns, some countries in the European 

Union have either banned or restricted the use of prophylaxis or metaphylaxis (Murphy 

et al., 2017). Since group level metaphylaxis has been a commonly employed strategy 

to address the health challenges seen soon after arrival to veal or dairy beef facilities, 

veal industry stakeholders have concerns that large reductions in antimicrobial use in 

this high risk group of animals could lead to negative consequences on calf health, 

welfare and the economic viability of veal production (Rell et al., 2020). 
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 A potential solution to reducing antimicrobial use, while addressing animal health 

and welfare concerns, is the use of a selective antimicrobial therapy strategy targeting 

the calves at highest risk of disease at the time of arrival (Renaud et al., 2018 b; c; 

Marcato et al., 2018; von Konigslow et al., 2019). The challenge of this approach lies in 

identifying which calves are high-risk, as calves are often sourced from multiple 

locations and auction barns and arrive without information about their age, previous 

management or medical history. In addition to this challenge, risk identification should 

yield results in a quick time frame so that management decisions can be made soon 

after the calves arrive at the facility. Previous work has identified a number of 

observable risk factors at the time of arrival such as the inspection of a calf’s hydration 

status, flank, navel health and attempt to elicit a cough (Renaud et al., 2018a). 

 The objective of this randomized controlled trial (RCT) was to determine the 

effect of a selective therapy strategy based on an individual calf risk assessment 

conducted at the time of arrival on morbidity, mortality, average daily gain, and 

antimicrobial use as compared to a positive control, conventional group oral 

antimicrobial strategy. It was hypothesized that: 1) there would be an improvement in 

morbidity, average daily gain, and, the primary outcome, mortality, in the selective 

therapy treatment group; and, 2) there would be reduced antimicrobial use in the calves 

assigned to the selective therapy strategy. This manuscript is reported following the 

RCT for livestock and food safety (REFLECT) guidelines (O’Connor et al., 2010). 

5.3 Materials and methods 

5.3.1 Study design 

 This RCT was conducted in 1 of 3 barns located on a single commercial grain-

fed veal operation in Ontario, Canada. The operation and barn were selected based on 

convenience, with the cooperation of the producer/owner. This study was approved by 

the Animal Care Committee of the University of Guelph (Animal Use Protocol # 3850). 
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5.3.2 Intervention 

 The intervention consisted of two strategies for administering metaphylaxis to 

calves at the time of arrival: conventional group oral antimicrobial strategy (COA); or, 

selective therapy strategy (STS) based on an individual calf risk assessment conducted 

at the time of arrival. Block randomization was applied at the level of the room by the 

lead investigator prior to the start of the study (Appendix E) in order to assign rooms 

between the 2 interventions. Room assignment was concealed from facility staff until 

the day that rooms were filled. If multiple rooms were filled within a week, calves were 

systematically moved in groups of 2 to 3 between rooms as they arrived so that an 

equal number of calves from each source were allocated between each room. If an odd 

number of calves arrived at the facility, the last calf was assigned to the room by coin 

toss. Facility staff were blinded to the individual calf risk assignment in both STS and 

COA rooms. A sealed envelope containing the treatment administered to calves upon 

arrival was provided for STS rooms to be opened only if calves were to be selected for 

antimicrobial treatment by facility staff earlier than 3 days from the time of arrival at the 

facility. 

 The COA strategy was provided by the facility to all calves assigned to the COA 

intervention rooms as per the facility protocol of administering milk replacer medicated 

with neomycin sulfate and trimethoprim sulfadiazine for the first 7 days after arrival (4.8 

g/calf/day NeoMed 325 (NEO) (DIN 01981390, Bio Agri Mix, ON, Canada); 

2.64g/calf/day Uniprim (UNI) (DIN 02241375, Neogen, Michigan, USA)). The STS 

strategy was provided by the researchers to all calves assigned to STS intervention 

rooms at the time of arrival. Calves were administered antimicrobial therapy, rehydration 

therapy, both antimicrobial and rehydration therapy, or no therapy based on the results 

of their individual risk assessment according to the algorithm illustrated in Figure 5.1. 

Antimicrobial therapy was administered to calves that were considered high risk with a 

health score suggestive of infection (Figure 5.1). The antimicrobial therapy was 

administered in the form of a single subcutaneous injection of tulathromycin (Draxxin, 

DIN 02285452, Zoetis Canada Inc., QC, Canada) at 2.5mg/kg of body weight at the 
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time of arrival. Electrolyte therapy was administered to calves that were considered 

either low risk or high risk and dehydrated (Figure 5.1). The electrolyte therapy 

consisted of a single feeding of oral electrolytes (76g Calf Lyte II (DIN 02242113, 

Vetoquinol, QC, Canada) dissolved in 2 L of warm water) administered by esophageal 

tube feeder (Flexi Tuber, Antahi, Cambridge, New Zealand). Esophageal tube feeders 

were washed and rinsed with hot water between uses with a detergent designed for calf 

feeding equipment (Liquipfan, GEA Westfaliasurge, Bönen, Germany). No therapy was 

provided to calves that were considered normal based on individually assigned risk as 

defined in the protocol provided in Figure 5.1. 

5.3.3 Animal enrollment and management 

 Calves were enrolled in this study between January 15, 2018 and May 15, 2018. 

In the initial trial design, we aimed to enrol calves over the period of one year in order to 

assess the effect of season. The barn contained 16 rooms with 54 individual slatted 

floor pens per room; and, 54 to 56 calves allocated per room at the time of arrival. 

Calves remained in individual pens for the duration of the 84 day feeding period at the 

facility. During the enrollment period 16 rooms were used with 22 total groups of calves 

(rooms were filled more than once during the study period). Of these 22 rooms, 19 were 

enrolled in the trial, comprising 1,037 calves. The 3 rooms excluded from the study were 

due to an inability to fill the room with calves within 2 weeks (n = 1); at the request of the 

facility manager (n = 1); and, if there were insufficient research staff available to 

evaluate all calves entering the room (n = 1). Each room was filled with calves within 1 

to 9 days based on the normal purchasing behaviour of the operation. The operation 

strived to fill rooms within 1 to 3 days; however, purchasing decisions were made based 

on calf prices, calf quality and calf availability. Calves were sourced from drovers and 

auction barns within Ontario and Quebec, Canada.  

 All calves had ad libitum free access to water upon arrival through a pressure 

sensing water pipe shared between pairs of pens. Calves were bucket fed a 21% 

protein and 19% fat milk replacer (Grober VG, Grober Nutrition, Cambridge, ON) using 
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the following schedule: 230g in 2L twice daily from day 1 to 3; 240g in 2L twice daily 

from day 4 and 5; 270g in 2.25L twice daily for day 6; 280g in 2.25L twice daily for day 7 

and 8; 313g in 2.5L twice daily for day 9 to 12; 344g in 2.75L twice daily for day 13 to 

15; 375g in 3L twice daily for day 16 to 29; 250g in 2L twice daily for day 30 to 38; and, 

188g in 1.5L once daily for day 39 to 45 when calves were weaned. Calves were offered 

a texturized calf starter (17% CP) using the following schedule: 0.7 kg for week 1; 1.7 kg 

for week 2; 3.2 kg for week 3; 5.4 kg for week 4; 8.5kg for week 5; and, 11.4 kg for week 

6. Calves were then transitioned to a finishing ration (13% CP) using the following 

schedule: 17.5 kg of 50/50 starter and finishing ration for week 7; 18.8 kg of the finishing 

ration for week 8; 20.5 kg for week 9; 21.0 kg for week 10; 24.4 kg for week 11; and, 

23.1 kg for week 12. Calves were shipped to a separate location for finishing after the 

84 day growing period at this facility. 

5.3.4 Data collection 

 Baseline Health parameters. All calves enrolled were evaluated using a 

standardized health scoring system (adapted from Renaud et al., 2018a) upon arrival. 

Laminated reference sheets with definitions and images for each health score were 

available at all times during scoring and are available in Appendix D. Navel score, 

cough score, hydration score, sunken flank evaluation and ‘other’ detectable health 

abnormalities (such as heavy ocular discharge equivalent to respiratory score 3 

developed by McGuirk and Peek, 2014; or, an infected wound) were assigned by one of 

two observers. Observer 1 was a practicing large animal veterinarian and observer 2 

was a trained research assistant. Inter- and intra-observer evaluation of health scores 

were evaluated and are reported in von Konigslow et al. (2020) as ≥ 90% agreement 

between and within observers for all health score with the exception of hydration that 

had 75% agreement between observers. The risk assessment protocol did not include 

rectal temperature since it has not been associated with increased mortality at the time 

of arrival (Renaud et al., 2018a). Temperatures were measured at the time of arrival 

using a digital rectal thermometer (MC-343F-E, Omron Healthcare, Ontario, Canada). 

Although rectal temperature was not included in the risk assignment algorithm, it was 



 

 

 

132 

included in the study since temperatures are often a part of facility health monitoring 

and treatment protocols. All health data were recorded electronically using Qualtrics 

(Qualtrics XM, Utah, USA) on an iPad (Apple Inc., Cupertino, CA). 

 Average daily gain. Calves were weighed using a digital scale (Tru-Test, Texas, 

USA) at the time of arrival by researchers and a second time 7 to 9 weeks post-arrival 

by farm staff. The digital scale and calf chute were washed with soap and hot water 

between rooms. The average daily gain (ADG) was calculated by subtracting the arrival 

weight by the second weight measured and dividing by the number of days at the facility 

between measurements. 

 Treatment and mortality records. Treatment and mortality data were collected 

between January 15, 2018 and August 7, 2018. Calf health monitoring was performed 

by experienced facility staff twice daily after feeding according to barn protocols. Facility 

staff were blinded to all calf health scores and to STS calf individual treatment records. 

Individual and group antimicrobial therapy was provided to calves according to facility 

protocols that were developed with veterinary oversight. The facility received routine 

herd health visits by the third-party herd veterinarian. Calves within STS rooms were 

only eligible to receive individual antimicrobial therapy within the first 3 days at the 

facility if they had not received an antimicrobial at the time of arrival. A STS room was 

not eligible to receive group antimicrobial therapy within the first 7 days of arrival unless 

more than 15% of calves that did not receive treatment at the time of arrival were 

identified as having the same illness within a 24 hour period. After the first week at the 

facility, both COA and STS rooms were managed in the same manner as per facility 

protocol. All treatment and mortality events were recorded by facility staff both on paper 

as well as in their electronic system Trax-It (Merit-Trax Technologies, Quebec, Canada). 

Post-mortem examinations were performed on all calves that died to determine cause of 

death as per farm protocol by the third-party herd veterinarian employed by the 

operation. Treatment and mortality records were provided to researchers after calves 

were shipped in a Microsoft Excel spreadsheet and subsequently uploaded into a 
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Microsoft Access database(Microsoft Corporation, Redmond, WA) after calves were 

shipped. 

 Antimicrobial use data. Individual and group antimicrobial use for treatment of 

disease throughout the growing period was recorded both on paper and in the facility 

electronic system (Trax-It; Merit-Trax Technologies, Quebec, Canada). Individual 

antimicrobial use consisted of parenteral administration of one of the following 

antibiotics according to an existing facility protocol developed under veterinary 

oversight: lincomycin and spectinomycin (LS) (Linco-Spectin 100, DIN 00813818, Zoetis 

Canada Inc., QC, Canada); tulathromycin (TU) (Draxxin, DIN 02285452, Zoetis Canada 

Inc., QC, Canada); penicillin G procaine (PENG) (Procillin, DIN 02245714, Bimeda 

Canada, ON, Canada); trimethoprim sulfadoxine (TMS) (Borgal, DIN 00555657, Merck 

Animal Health, QC, Canada); or, florfenicol (FF) (Nuflor, DIN 02216558, Merck Animal 

Health, QC, Canada). Individual antimicrobial therapy was most commonly administered 

for respiratory disease in calves exhibiting a combination of elevated respiratory rate, 

nasal or ocular discharge, presence of a cough, or an elevated rectal temperature using 

LS and reserving FF for refractory cases. At the onset of diarrhea, oral electrolytes were 

provided reserving injectable antimicrobial use with TMS for calves that became dull or 

depressed. During the study, TU was administered to calves individually according to 

the study protocol within STS rooms on the day of arrival (Figure 5.1). All other 

individual antimicrobial therapy was used on a case by case basis. Group antimicrobial 

use consisted of oral administration of both of the following antibiotics according to 

facility protocols developed under veterinary oversight: oxytetracycline HCL (OTC) 

(Oxytetracycline HCL Soluble Powder 1000, DIN 02256983, Bio Agri Mix, ON, Canada); 

and, erythromycin thiocyanate (ET) (Gallimycin, DIN 00531960, Vetoquinol, QC, 

Canada). Group antimicrobial therapy was most commonly administered for respiratory 

disease outbreaks. In order to quantify antimicrobial use in terms of treatment frequency 

adjusted by standard dose, treatment incidence (TI) was reported using defined daily 

dose information according to the following formula (adapted from Pardon et al., 2012; 

Bokma et al., 2018). Defined daily dose was selected as the standard dose as it has 
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been used for reporting on antimicrobial use in cattle (Lardé et al., 2020). Both the 

standard dose and equation for TI were selected in an effort to improve comparability in 

research reporting on antimicrobial use. 

Treatment	incidence	(defined	daily	dose/day) 	

= 	 Total	amount	of	antimicrobial	used	(mg)
Defined	daily	dose	 9mg kg; < × 	days	at	risk	 × 	body	weight	(kg)

 

 In this equation the numerator is the amount of active antimicrobial administered 

expressed in mg. The denominator is calculated using the defined daily dose of an 

antibiotic in mg/kg based on published work (Pardon et al., 2012; Lardé et al., 2020) or 

the prescribed dose if defined daily dose was not available. The denominator was also 

calculated using the days at risk at the time of treatment (from the time of arrival or the 

time of last treatment) and the estimated body weight of the calf in kg at the time of 

treatment. The estimated individual body weight was determined using the arrival 

weight of the calf and estimated weight gain at the time of treatment using the mean 

ADG of all calves enrolled in the study. Treatment indices were calculated for each calf 

and each antimicrobial therapy event. A calf’s total TI was comprised of the sum of 

every TI event including all individual and group antimicrobial therapy. A calf’s individual 

TI was calculated as the sum of all individual antimicrobial therapy events; and, a calf’s 

group TI was calculated as the sum of all group antimicrobial therapy events 

administered to the room in which a calf was managed. The antimicrobial use in the 

STS intervention was included within the individual TI, while the antimicrobial use in the 

COA intervention was included within the group TI. 

5.3.5 Sample size calculation 

 Sample size was calculated based on the desire to detect a difference in the 

proportion of mortality events between interventions within the first 21 days at the 

facility. Higher mortality rates have been linked to higher antimicrobial use (Jarrige et 

al., 2017) and providing oral antimicrobials upon arrival has been associated with 
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increased morbidity and gains in the first few weeks (Berge et al., 2009). Based on 

previous work by Winder et al. (2016) and Renaud et al. (2018a), mortality within the 

first 21 days was estimated to be 3.5%. A 70% reduction in mortality from 3.5% to 1% 

was used to estimate the sample size using a proportion estimation calculation. The 

desired confidence interval was 95% and the power was 80%. The sample size 

estimate was 552 calves at high risk for mortality per intervention group for a total of 

1104 high-risk calves in the study. A large proportion of calves enter calf rearing 

facilities with at least one health abnormality that increases their mortality risk (Renaud 

et al., 2018a). Using an estimate of 50% for calves at high risk for mortality arriving to 

the facility would suggest that enrollment of 2208 calves would achieve our desired 

sample size. 

5.3.6 Analysis 

 Statistical analyses were performed using Stata 15 (StataCorp LP, College 

Station, TX) and data were imported from a Microsoft Excel spreadsheet (v.16.32, 

Microsoft Corporation, Redmond, WA). Calves that had missing outcome data 

(morbidity, mortality, ADG, or TI) were excluded from that outcome’s analysis (Figure 
5.2). 

 Descriptive statistics were generated for health parameter measured on the day 

of arrival. A Pearson Chi Square test was used to determine if the health parameter 

scores were statistically different between interventions (Table 5.1). The Shapiro-Wilks 

test was applied to the TI, arrival weight and rectal temperature data to determine 

normality. To establish if TI, arrival weight or rectal temperature were significantly 

different between interventions groups a Wilcoxon rank-sum test (non-parametric) or a 

t-test (parametric) was performed (Table 5.2).  

 The hypothesized causal diagram between outcomes (morbidity, mortality, ADG, 

or TI) and explanatory variables (arrival weight, season, rectal temperature and 

intervention) that was used to guide model building is illustrated in Figure 5.2. 
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Spearman’s rank coefficient was used to assess collinearity among explanatory 

variables. Collinear variables (coefficients > 0.6) were examined and the most reliable 

or biologically relevant explanatory variable were retained in model building. Locally 

weighted regression (lowess) of the outcome on the explanatory variable was assessed 

for all outcomes of interest. Variables that did not exhibit a linear relationship with the 

outcome were categorized. 

 Cox proportional hazard models were constructed to assess the relationship 

between the time to morbidity or mortality in the first 14 days and over the entire 84 day 

study period. The first 14 days of the study were analyzed to interpret outcomes prior to 

group treatment of respiratory disease outbreaks in some rooms at the facility prior to 

21 days on feed. Mixed linear regression models were constructed to assess the 

relationship between the ADG and TI outcome data over the entire 84 day study period. 

Each model accounted for clustering by including room as a random effect. Initial 

screening of all explanatory variables was performed by constructing univariable models 

using a P value of 0.2. Manual backward stepwise selection was used in model 

construction with statistical significance set to P < 0.05. Biologically plausible two-way 

interactions were assessed and variables were retained in the model if they were part of 

a two-way interaction with an important explanatory variable. A variable was determined 

to have a confounding effect and retained in the model if its removal changed the 

coefficient of an important variable by ≥ 20%. Model fit and model assumptions were 

examined in each model. Influential observations were investigated and retained if data 

records were complete and biologically plausible. Deviance, Martingale residuals, Cox-

Snell residuals, Schoenfeld residuals as well as the test for proportional hazards were 

examined for Cox proportional hazards models. The normality and homoscedasticity of 

residuals as well as the best linear unbiased predictions for the random effect to 

account for clustering by room were evaluated for the mixed linear regression models. 
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5.4 Results 

5.4.1 Animal population 

 Calf age was unknown; however, age is estimated to be between 3 to 7 days as 

less than one fifth of male calves from dairy farms are kept for longer than 7 days 

(Renaud et al., 2018d). Figure 5.3 presents a flow chart of the number of calves 

enrolled and the reason for exclusion from analysis for each outcome modelled. Of the 

1,037 enrolled calves, 5 were removed to non-trial rooms the day after arrival leaving 

1,032 calves eligible for analysis of which 642 were considered high-risk. 

5.4.2 Baseline health parameters 

 Table 5.1 describes the prevalence of health parameter scores recorded for 

calves allocated into both STS and COA rooms at the time of arrival. Despite the 

random allocation of calves to rooms, the percentage of calves exhibiting signs of 

dehydration differed between interventions with 14.7% of calves in STS rooms 

exhibiting signs of dehydration compared to 28.2% of calves in COA rooms showing 

some level of dehydration (P < 0.01). Additionally, the percentage of calves observed 

with a depressed paralumbar fossa differed between interventions with 28.5% of calves 

in STS rooms exhibiting this trait and 41% of calves in COA rooms (P < 0.01). The 

percentage of calves observed with an enlarged navel, elicitation of a cough on tracheal 

palpation or other health scores were not statistically different between groups at arrival. 

The mean (± standard deviation) rectal temperature measured was 38.9 °C ± 0.5 °C in 

the COA calves and 39.1 °C ± 0.5 °C in the STS calves at the time of arrival with only 

11.6% of calves arriving with a temperature > 39.5 °C. Mean rectal temperature was 

statistically significant between groups at arrival (P < 0.01). From the calves that arrived 

with a rectal temperature > 39.5 °C, 62% were designated as high risk according the 

assignment protocol (Figure 5.1). Of those calves assigned to the STS intervention, 

38% that arrived with a temperature > 39.5 °C received antimicrobial therapy at the time 

of arrival. The mean arrival weight measured was 49.8 kg ± 5.6 kg in the COA calves 
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and 50.4 kg ± 5.4 kg in the STS calves at the time of arrival. Arrival weight was 

statistically significant between groups at arrival (P = 0.03).  

5.4.3 Morbidity models 

 The time post-arrival until a calf received its first individual treatment with an 

antimicrobial was used as a proxy for onset of morbidity. During the 84 day study 

period, 25% of calves received at least one individual antibiotic treatment and 31% of 

those treated received the antimicrobials within the first 2 weeks at the facility. The time 

to first individual antimicrobial treatment for both STS and COA calves is illustrated in 

Figure 5.4B. Farm staff recorded the reason for individual antimicrobial therapy as 

follows: 97% respiratory disease; and, 3% omphalitis. Due to challenges with poor 

ventilation at the facility, use of antimicrobials for the treatment of respiratory disease 

was common. The prompt use of oral electrolytes resulted in very rare use of injectable 

antimicrobials for diarrhea therapy. Of the calves that received individual antimicrobial 

therapy, 28% received more than one individual treatment and 93% of these calves 

received the additional treatments for the same reason. 

 None of the explanatory variables assessed for hazard of morbidity over the first 

14 days at the facility remained statistically significant. Thus, there was no association 

found between intervention and hazard of morbidity in the first two weeks at the facility 

(P = 0.21). When assessing morbidity over the entire 84 day study period, season was 

found to be associated with the hazard of morbidity (Table 5.3). Calves that arrived in 

spring had a 28% reduced hazard of morbidity as compared to those that arrived in 

winter (HR = 0.72; 95% CI 0.53 – 0.97; P = 0.03). No association was found between 

intervention and hazard of morbidity in the model (P = 0.11). Clustering by the room in 

which calves were housed was statistically significant in the model (P < 0.01). 

5.4.4 Mortality models 

 Mortality over the 84 day study period was 8.9 % with 1.7 % occurring within the 

first 2 weeks at the facility. This is illustrated for both STS and COA rooms in Figure 
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5.4A. Post-mortem examinations determined cause of death as follows: 55% respiratory 

disease; 14% emaciation; 10% bloat; 8% undiagnosed; 3% culled; 2% injury; 2% 

septicemia; and, 1% for each of omphalitis, diarrhea, lameness, congenital defect and 

perforated ulcer. In the first two weeks at the facility, 50% of mortality was from 

emaciation; 17% due to bloat; 11% was unreported; and, 6% each for diarrhea, 

septicemia and perforated ulcer. Approximately 90% of the mortality due to respiratory 

disease occurred > 30 days post-arrival. 

 There were too few mortality events within the first 14 days at the facility to 

assess hazard models in this time frame. When assessing mortality over the entire 84 

day study period the intervention was associated with the hazard of mortality. None of 

the other explanatory variables assessed for hazard of mortality remained statistically 

significant in the model. Calves within an STS room had a 2.8 times (95% CI: 1.47 – 

5.19; P < 0.01) greater hazard of mortality  over calves in a COA room. Clustering by 

the room in which calves were housed was statistically significant in the model (P < 

0.01).  

5.4.5 Average daily gain models 

 The mean ADG was 0.7 kg/day ± 0.3 kg/day. Season, intervention and arrival 

weight were associated with ADG over the study period (Table 5.4). Calves that arrived 

with a body weight between 46.4 to 49.1 kg gained 0.05 kg/day (95% CI: 0.001 to 0.1 

kg/day; P = 0.05) more than calves that weighed between 36.4 to 46.3 kg; and, calves 

that weighed between 52.8 to 77.7 kg gained 0.06 kg/day (95% CI: 0.02 to 0.11; P = 

0.01) more than calves that weighed between 36.4 to 46.3 kg. Season and intervention 

were part of a significant interaction (P < 0.01) that is illustrated in Figure 5.5. Calves 

that were assigned to STS rooms gained significantly less in the winter than calves that 

were assigned to COA rooms (P < 0.05). In the spring, there was no statistical 

difference in gain between STS and COA rooms. Clustering by the room in which calves 

were housed was statistically significant in the model and accounted for 54% of the 

variance observed in the model (P < 0.01; Intra-class correlation coefficient = 54.4%). 
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5.4.6 Treatment incidence models 

 Table 5.2 describes the treatment incidence (TI) in defined daily dose for calves 

allocated into both STS and COA rooms at the time of arrival. The total TI differed 

between interventions (P < 0.01), with COA rooms having a higher total TI. Group TI 

differed between interventions (P < 0.01), with COA rooms having a higher group TI. 

When considering the antimicrobials used in group therapy, STS rooms had higher TI 

for OTC (P = 0.03) and ET (P = 0.01) while COA rooms had higher TI for TU, NEO, and 

UNI. All rooms received at least one group treatment for a respiratory disease outbreak 

during the study period. Individual TI also differed between interventions (P < 0.01), with 

STS rooms having a higher TI. Looking at the different antimicrobials chosen for 

individual therapy, there was no difference between interventions in the use of PENG (P 

= 0.56) or LS (P = 0.44). Interventions differed in their use of FF (P = 0.01), with COA 

having a higher TI for FF. Only STS rooms used TU for individual therapies at the time 

of arrival. Within STS rooms, none of the calves required individual therapy before 3 

days at the facility or group antimicrobial therapy before 7 days at the facility. 

 Arrival weight and intervention were associated with the total TI over the entire 

84 day study period (Table 5.5). Arrival weight and intervention were involved in a 

significant interaction (P = 0.01) that is illustrated in Figure 5.6A. Calves that were 

assigned to STS rooms had relatively constant total TI over all arrival weights. However, 

calves that were assigned to COA rooms with lighter arrival weights had greater total TI 

than calves that arrived with heavier arrival weights. Clustering by the room in which 

calves were housed was statistically significant in the model but only accounted for 1% 

of the variance observed in the model (P = 0.05; Intra-class correlation coefficient = 

1.0%). 

 Arrival weight and intervention were associated with group TI over the entire 84 

day study period (Table 5.6). Arrival weight and intervention were involved in an 

important interaction (P < 0.01) that is illustrated in Figure 5.6B. Calves that were 

assigned to STS rooms had relatively constant group TI over all arrival weights. 
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However, calves that were assigned to COA rooms with lighter arrival weights had 

greater group TI than calves that arrived with heavier arrival weights. Clustering by the 

room in which calves were housed was statistically significant in the model but only 

accounted for 1% of the variance observed in the model (P = 0.04; Intra-class 

correlation coefficient = 1.0%). 

 Rectal temperature measured at the time of arrival and intervention were 

associated with individual TI over the entire 84 day study period (Table 5.7). Rectal 

temperature at arrival and intervention were involved in an important interaction (P = 

0.04) that is illustrated in Figure 5.6C. Calves that were assigned to COA rooms had 

relatively constant individual TI over all rectal temperatures measured at the time of 

arrival. Individual TI in STS rooms was greater than in COA rooms at rectal 

temperatures that were < 39.5°C at the time of arrival.  

5.4.7 Adverse events 

 Although there were no adverse events directly associated with STS or COA 

assignment, the trial was halted prematurely by request of the facility. This was due to 

an outbreak of Salmonella enterica (serovar Dublin). 

5.5 Discussion 

 This study demonstrates that a selective therapy strategy based on individual calf 

risk assessment used at the time of arrival was associated with important differences in 

mortality, growth and antimicrobial use in calves raised at a grain-fed veal facility. An 

improvement in health and growth outcomes was not observed in calves assigned to 

STS as anticipated. Although no difference was found between interventions on the 

hazard of morbidity, calves assigned to STS at the time of arrival exhibited an increased 

hazard of mortality over the entire study period. These results may be related to an 

outbreak of Salmonella enterica (serovar Dublin) which is associated with a high level of 

mortality (Holschbach and Peek, 2018). Season and intervention were involved in an 

important interaction with calves assigned to STS during the winter exhibiting reduced 
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growth as compared to calves assigned to COA during the same season. A reduction in 

the total amount of antimicrobial used was observed in calves assigned to STS as 

compared to COA as anticipated. This finding was linked to an important interaction with 

arrival weight where lighter weight calves assigned to COA had higher total and group 

treatment incidence over the entire study period. Further study is needed to determine if 

this reduction in antimicrobial use is still observed when group antimicrobial therapy can 

be tailored to individual body weight.  

 The COA strategy at the time of arrival had a reduced hazard of mortality over 

the entire growing period compared to the STS strategy. One explanation for this finding 

would be that the current risk assessment protocol was not sensitive enough to detect a 

high enough proportion of calves arriving at high risk of morbidity and mortality to have 

a protective effect. Given the importance of arrival weight in this study and its 

association with morbidity and mortality in previous work (Brscic et al., 2012; Winder et 

al., 2016; Renaud et al., 2018c), it should be incorporated into future screening 

protocols for risk assessment. Additional work to refine assessment protocols via the 

addition of clinically measurable biomarkers show promise (von Konigslow et al., 2020; 

Marcato et al., 2018; Renaud et al., 2018b) so long as results can be obtained in a 

timeframe that can be used to make management decisions on farm.  

 In previous work assessing the use of oral antimicrobials provided at the time of 

arrival in neonatal male dairy calves, no statistical difference in mortality was detected 

over 28 days between calves provided oral antimicrobials and those that were not 

provided oral antimicrobials (Berge et al., 2005). However, those calves that were 

provided oral antimicrobials were found to gain more and had a lower hazard of 

morbidity (Berge et al., 2005). In a similar study conducted on a large dairy farm that 

raised both male and female calves, providing oral antimicrobials was associated with 

increased neonatal diarrhea, lowered weight gain and lowered grain consumption 

(Berge et al., 2009). In both of these studies, calves were only followed for 28 days after 

intervention assignment. However, in the current study, calves were followed for 84 

days after initial intervention assignment with differences in mortality between 
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intervention groups becoming more pronounced later in the study period. It is possible 

that the full impact of group antimicrobial use early in life has longer reaching effects, 

however, in a recent observational study oral antimicrobials administered for the first 

week of life were not found to be associated with morbidity or mortality when calves 

were followed over a 77 day study period (Scott et al., 2019b). It is unclear what the 

overall impact of antimicrobial use on mortality is, with reports of decreased mortality 

(Bähler et al., 2012), no association with mortality (Bokma et al., 2019; Scott et al., 

2019b), and increased mortality (Jarrige et al., 2017). However, it is of note that in all of 

these studies the conditions under which calves were acquired and reared differed 

lending support to the notion that factors beyond simple antimicrobial use behaviours 

may explain the difference in mortality observed (Bokma et al., 2019). 

 Selective therapy strategy was found to not be as effective when calves are 

received in the winter. Specifically, calves that were assigned to STS during the winter 

experienced decreased growth as compared to calves that were assigned to COA. This 

seasonal difference may be due directly to environmental stressors, such as exposure 

to cold weather on the source farm or during transportation, or due to seasonal 

variations in other management factors such as ventilation, bedding, nutrition and 

infection pressure (Winder et al., 2016). Additionally, calves that are transported in the 

winter experience variable periods of fasting in cold weather which is a time when they 

would require additional energy for thermoregulation (Nonnecke et al., 2009). The 

seasonal difference in growth observed between interventions may be due to the 

prevention and control of disease provided with the employment of the metaphylactic 

strategy when disease pressures are higher. 

 Arrival weight may be an important addition to further refine risk assessment 

protocols. In this study, calves that arrived at the facility with a greater arrival weight had 

better growth over the study period. This was also reported in a recent study by Renaud 

et al. (2018d).  Higher arrival weights may be a reflection of better nutrition early in life, 

which has been shown to improve future productivity (Soberon et al., 2012). Although 

age is not known, greater arrival weights may also correlate to calves that are an older 
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age making them better prepared to cope with the stress of transportation, co-mingling 

and a new environment (Marcato et al., 2018). Arrival weight has also been linked to 

morbidity and mortality in veal calves (Brscic et al., 2012; Winder et al., 2016). Since 

disease and congenital defects can affect calf growth, it is possible that heavier calves 

represent healthier calves upon arrival. Many facilities are not set up to weigh calves as 

they arrive. In order to design a risk assignment algorithm that was achievable for most 

producers, individual arrival weight was not included in this study. However, given its 

importance in predicting future health and growth, careful consideration and further 

study should focus on determining how arrival weight would best inform risk assignment 

and prophylactic antimicrobial use decisions. 

 Rectal temperature was measured upon arrival but was not used in the risk 

assessment protocol as it was not found to be associated with increased mortality when 

measured at the time of arrival (Renaud et al., 2018a). In this study, calves with a rectal 

temperature below 39.5°C at the time of arrival that were assigned to STS were at 

greater risk of receiving individual antimicrobial therapy during the study period than 

those with a higher rectal temperature. Less than 12% of calves arriving had a rectal 

temperature measuring over 39.5°C. The intervention provided to calves with high 

temperature that exhibited other clinical signs of disease may have put them at lower 

risk for individual antimicrobial therapy later on in the production cycle. Calves that 

arrived with elevated temperatures could also have been exhibiting transient pyrexia 

due to acute stress, whereas calves that did not exhibit an increase in rectal 

temperature were responding to more chronic stress or longer transportation times 

(Marcato et al., 2018). In addition, calves that were not exhibiting higher temperatures 

could have been hypoglycemic, dehydrated or unable able to thermoregulate (Marcato 

et al., 2018) thus putting them at higher risk of individual therapy. This finding was not 

seen in the conventional group therapy calves, which may be a result of all calves in this 

group being treated at the time of arrival mitigating increased susceptibility to disease 

early in the study period that might results from conditions affecting rectal temperature 

such as dehydration or hypoglycemia (Marcato et al., 2018). Although no difference was 
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found between interventions when considering treatment as a proxy for morbidity, it is 

possible that staff relied on the protective effect of group treatment resulting in some 

bias in individual treatment decisions masking the relationship between rectal 

temperature and individual antimicrobial therapy in these rooms. 

 Stakeholders in male dairy calf industries are concerned by the animal health, 

welfare and economic impacts of restrictions to antimicrobial use (Rell et al., 2020). 

Bokma et al. (2019) found that herd size and factors unassociated with antimicrobial 

use had a larger impact on mortality and animal welfare. This is in line with stakeholder 

perceptions that substantial changes to farm size and management practices are 

required throughout the veal supply chain in order to successfully reduce antimicrobial 

use, preserve calf health, and protect the economic viability of this industry (Rell et al., 

2020). In this study, the room in which calves were managed was important in the 

models of health, growth and antimicrobial use. This difference could be due to room 

specifics such as microenvironment. However, given that the management of rooms 

within the barn would be similar under facility protocols with the same staff, this 

importance could have been driven by external factors such as time (e.g. season, 

weather, calf availability/quality/price at auction), management prior to arrival (e.g. 

length of time in transit, management on source farm, age at transport), and room 

specific outbreaks of disease (e.g. one or multiple respiratory disease outbreak events, 

Salmonella enterica (serovar Dublin)). Although some of these factors can be managed 

with modifications to calf procurement practices and changes to facility biosecurity 

protocols, others (such as the management of calves on source farms) are outside of 

facility influence. 

5.5.1 Limitations  

 The antibiotic used and method of administration for the antibiotics was different 

between the COA and STS strategies. The rationale for this decision was that the 

commercial facility preferred for COA animals to receive their typical arrival 

metaphylactic treatment of neomycin and trimethoprim/sulfadiazine. Due to the nature 
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and method that medicated feed is mixed and fed at the facility, it was not possible or 

practical to selectively provide calves with the medicated milk replacer over the period 

of 7 days within STS rooms. The use of medicated milk with neomycin and 

sulfonamides in pre-weaned dairy breed animals is common in Canada (Berge et al., 

2005; Lardé et al., 2020) and the use of neomycin on its own or in combination with 

other antimicrobials is common in the USA (USDA-APHIS 2014). In response to 

regulatory changes in both countries focusing on responsible antimicrobial use and 

increased veterinary oversight, however, these in feed medication practices may 

become less commonly used (Food and Drugs Act, 2017; Food and Drug 

Administration, 2015). As researchers were only involved with calves at the time they 

were received by the facility, a commonly used long acting parenteral, tulathromycin 

(Berge et al., 2005; Lardé et al., 2020), was selected in order to have a similar duration 

of action as the oral COA protocol. This also allowed for blinding to the risk assessment 

and treatment of calves at the time of arrival to facility staff who would be feeding and 

managing the calves post arrival. Both the oral and parenteral antimicrobials 

administered at the time of arrival represent Category II products that have label claims 

for respiratory pathogens, however the oral antimicrobials also have a label claim for 

pathogens responsible for enteritis. Since STS rooms were not treated with medicated 

milk replacer, it was not possible to blind facility staff as to the therapy strategy used in 

each room. It is therefore possible that the facility staff could be biased to their 

treatment of the rooms. For instance, if facility staff were to place calves within the STS 

rooms under additional scrutiny during routine health monitoring, they may identify and 

treat more health events. This would bias morbidity and TI models away from the null, 

meaning that the actual difference between groups might be less than estimated.  

 Calves were randomly allocated into STS and COA rooms by the researchers 

prior to risk assignment at the time of arrival. Despite randomization, there were more 

calves that exhibited some level of dehydration or had a visibly sunken flank assigned to 

COA rooms. A visibly sunken flank and dehydration measured at the time of arrival in 

milk-fed veal calves has been associated with a higher hazard of mortality early in the 
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production period (Renaud et al., 2018a). Additionally, hydration status at the time of 

arrival has been found to be associated with future growth (von Konigslow et al., in 

press; Renaud et al., 2018d). This suggests that healthier calves were allocated to STS 

rooms. As a consequence, the true difference between interventions may be even 

greater than observed.  

 The trial was halted prematurely by request of the facility due to an outbreak of 

Salmonella enterica (serovar Dublin) and the greater amount of mortality observed in 

STS rooms. As a result, only two seasons were represented in the data collected as 

opposed to the four seasons that were desired. Additionally, this reduced the power of 

the study by preventing the enrollment of the number of calves within both the STS and 

COA intervention groups estimated during pre-trial sample size calculations. However, 

the study had adequate power to detect differences between interventions in mortality, 

growth and antimicrobial use models. One of the consequences of a low powered study 

is that it increases the chance of a Type II error, the probability of retaining the null 

hypothesis when it should in fact be rejected. In other words, a much greater effect size 

is required in low powered studies in order to detect statistically significant differences 

(Sink and Mvududu, 2017), which may bias estimates towards the null (Button et al., 

2013). When the null hypothesis is not rejected in a low powered study this can either 

mean the null hypothesis reflects reality or that the results are inconclusive because the 

study was underpowered. In this study, the difference in mortality, ADG and TI observed 

may be biased towards the null meaning that the true effect size of the differences 

detected may be even greater than observed. No difference was detected between 

interventions in the morbidity models observed which may be a reflection of the power 

of the study. 

5.6 Conclusion 

 This study demonstrates that the selective therapy strategy used at the time of 

arrival increased the hazard of mortality, despite there being no difference between 

interventions for morbidity over the study period at this facility. On average, calves 
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receiving selective therapy in the winter did not grow as well as those receiving group 

metaphylaxis. Overall antimicrobial use was greater in rooms that received group 

metaphylaxis at the time of arrival. 

 Selective therapy strategy at the time of arrival may not be appropriate for all 

facilities in all seasons. Further refinement to arrival risk assessment algorithms may be 

required in order to successfully employ a selective therapy strategy at the time of 

arrival such as the addition of arrival weight and biomarkers data. Additionally, factors 

associated with the facility such as housing, management and calf procurement; as well 

as external factors such as season, calf age and length of time calves are in transit may 

play a role in determining whether or not a selective therapy strategy should be 

employed. Further study should focus on determining if external and facility levels 

factors should be considered when deciding if a selective therapy strategy is 

appropriate at the level of the facility. 
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Figure 5.1: Algorithm for the selective therapy strategy (STS) protocol based on individual calf 
risk assessment performed at the time of arrival.
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Figure 5.2:  Casual diagram used to illustrate the hypothesized relationship between measured 
variables to the outcomes of interest morbidity, mortality, average daily gain, and treatment 
incidence.
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Figure 5.3: Diagram illustrating subject flow through the study in both the conventional group oral antimicrobial strategy (COA) and 
selective therapy strategy (STS) groups, with reasons for missing data by outcome by intervention group.
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A)       B)  

Figure 5.4: A) Kaplan-Meier survivor curve of the proportion of calves that have survived over 
time. The vertical line marks the second week post-arrival. The solid line represents calves in the 
conventional group oral antimicrobial strategy (COA) group and the dashed line represents calves 
in the selective therapy strategy (STS) group.; B) Kaplan-Meier curve of the proportion of calves 
remaining untreated over time. The vertical line marks the second week post-arrival. The solid line 
represents calves in the conventional group oral antimicrobial strategy (COA) group and the 
dashed line represents calves in the selective therapy strategy (STS) group.
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Figure 5.5: Margins plot of the linear prediction of the ADG (kg/day) for the interaction between 
season and intervention (conventional group oral antimicrobial strategy (COA); or, selective 
therapy strategy (STS)) from the mixed linear model assessing the relationship between 
explanatory variables measured from 879 calves at the time of arrival and the ADG (kg/day) over 
the entire 84 day growing period (Table 5.4).
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A)  B)    

C)  

Figure 5.6: Margins plots of the linear predictions for interactions from the mixed linear regression 
models assessing the relationship between explanatory variables measured from 1,029 calves at 
the time of arrival over the entire 84 day growing period and intervention (conventional group oral 
antimicrobial strategy (COA); or, selective therapy strategy (STS)): A) total treatment incidence 
(Defined Daily Dose) outcome interaction between arrival weight and intervention (Table 5.5); B) 
group treatment incidence (Defined Daily Dose) outcome interaction between arrival weight and 
intervention (Table 5.6); C) individual treatment incidence (Defined Daily Dose) outcome 
interaction between rectal temperature and intervention (Table 5.7).
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Table 5.1: Distribution of baseline health parameter scores evaluated on the day of arrival in 1,032 calves randomly allocated into 
selective therapy strategy (STS) rooms (n = 488) and conventional group oral antimicrobial strategy (COA) rooms (n = 544) groups at 
a grain-fed veal calf facility.  

Health 
Parameter Description 

STS (n = 488) 
[Prevalence % (no.)] 

COA (n = 544) 
[Prevalence % (no.)] P-value 

Dehydration 
Score 

0 Skin tent returns to normal < 2 sec, 
bright alert responsive, strong suckle 
reflex, < 5% dehydrated 

85.3 (416) 71.8 (391) < 0.01 

1 Skin tent returns to normal in 2 sec, good 
suckle reflex, bright alert responsive, 6-
8% dehydrated 

13.9 (68) 26.7 (145) 

2 Skin tent returns to normal in 2-4 sec, 
slightly sunken eyes, dull, good suckle 
reflex, 9-10% dehydrated 

0.8 (4) 1.5 (8) 

3 Skin tent returns to normal in 4-8 sec, 
depressed, sternal recumbence 
moderate sunken eyes, poor suckle 
reflex, > 10% dehydrated 

0 (0) 0 (0) 

Cough 
Score 

0 No cough 94.5 (461) 95.4 (519) 0.60 

1 Single cough induced 4.3 (21) 2.9 (16) 

2 Occasional spontaneous or repeated 
induced coughs 

0.8 (4) 1.3 (7) 
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3 Repeated spontaneous coughs 0.4 (2) 0.4 (2) 

Flank Score 0 Normal 71.5 (349) 59.0 (321) < 0.01 

1 Paralumbar fossa is visibly depressed 28.5 (139) 41.0 (223) 

Navel 
Score 

0 No pain, heat, swelling and navel is < 
20mm dowel 

73.2 (357) 67.8 (369) 0.07 

1 Pain, heat, swelling, discharge or navel 
is > 20mm dowel 

26.8 (131) 32.2 (175) 

Other Score 0 No evidence of health abnormality other 
than those assessed 

95.1 (464) 95.0 (517) 0.97 

1 There is notable evidence of a health 
abnormality not otherwise assessed 

4.9 (24) 5.0 (27) 



 

 

 

161 

Table 5.2: Descriptive statistics of the treatment incidence (TI) for specific antimicrobials evaluated in 10291 calves randomly allocated 
into selective therapy strategy (STS) rooms (n = 488) and conventional group oral antimicrobial strategy (COA) rooms (n = 541) at a 
grain-fed veal calf facility. 

Active 
antimicrobial 
ingredients 

STS COA Wilcoxon 
rank-sum 

Defined 
daily dose Source 

Mean SD Min Max Mean SD Min Max P-Value (mg/kg/day)  

Total TI 0.18 0.34 0.00 6.94 0.54 0.47 0.26 8.35 < 0.01   

Individual TI 0.10 0.33 0.00 6.94 0.04 0.09 0.00 0.60 < 0.01   

Florfenicol TI 0.10 0.02 0.06 0.16 0.14 0.05 0.08 0.25    0.01 10 Larde et al., 
2020 

Penicillin G 
Procaine TI 0.46 0.02 0.45 0.47 0.43 0.11 0.27 0.60    0.56 8.8 Larde et al., 

2020 

Lincomycin/ 

Spectinomycin 
TI 

0.13 0.07 0.00 0.41 0.12 0.05 0.07 0.31    0.44 15 Pardon et 
al., 2012 

Tulathromycin 
TI 0.15 0.54 0.08 6.94 - - - - - 0.36 Larde et al., 

2020 

Group TI 0.08 0.06 0 0.68 0.50 0.47 0.26 8.35 < 0.01   
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Oxytetracycline 
HCL TI 

0.0
5 0.04 0.01 0.30 0.04 0.02 0.01 0.15    0.03 

12.3 Larde et al., 
2020  

40 As 
prescribed 
with 
erythromycin 

Neomycin with 
sulfonamides TI - - - - 0.30 0.33 0.16 5.88 - 14.1 Larde et al., 

2020 

Trimethoprim/ 

sulfonamides TI 
- - - - 0.13 0.14 0.07 2.47 - 30 Pardon et 

al., 2012 

Erythromycin 
thiocyanate 

0.1
1 0.06 0.07 0.60 0.10 0.01 0.07 0.11    0.01 40 

As 
prescribed 
with 
oxytetracycli
ne HCL 

Tulathromycin TI - - - - 0.06 0.01 0.04 0.10 - 0.36  Larde et al., 
2020 
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Table 5.3: Results of the Cox-Proportional Hazard model assessing the significance of the explanatory variables measured from 1032 
calves randomly allocated into selective therapy strategy (STS) rooms (n = 488) and conventional group oral antimicrobial strategy 
(COA) rooms (n = 544) at the time of arrival for predicting the hazard of morbidity over the entire 84 day growing period1 

Variable Description 
n  
(no. calves) 

Morbidity  
(no. calves) Hazard Ratio 95% CI P-value 

Intervention COA 544 151 Referent   

 STS 488 156 1.28 0.95 to 1.72    0.11 

Season Winter 623 202 Referent   

 Spring 409 105 0.72 0.53 to 0.97    0.03 

1 Random effect for clustering by the room in which calves were managed P-value = 0.007
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Table 5.4: Results of the mixed linear model assessing the relationship between explanatory variables measured from 879 calves 
randomly allocated into selective therapy strategy (STS) rooms (n = 488) and conventional group oral antimicrobial strategy (COA) 
rooms (n = 544) at the time of arrival and the ADG (kg/day) over the entire 84 day growing period1 

Variable Description 
n  
(no. calves) 

Coefficient  
(kg/day) Std. Err. 95% CI P-

value 

Intervention COA 493 Referent    

 STS 386 -0.66 0.08 -0.81 to -0.51  < 0.01 

Season Winter  551 Referent    

 Spring 328 -0.14 0.06 -0.26 to -0.01     0.03 

Season * 
Intervention 

Interaction 1029 1.21 0.30 0.62 to 1.80 < 0.01 

Arrival weight (kg) Quartiles      

 36.4 to 46.3 kg  Referent    

 46.4 to 49.1 kg  0.05 0.05 0.001 to 0.10    0.05 

 49.2 to 52.7 kg  0.01 0.63 -0.04 to 0.06     0.63 

 52.8 to 77.7 kg  0.06 0.01 0.02 to 0.11     0.01 

1 Random effect for clustering by the room in which calves were managed P-value < 0.001; Intra-class correlation coefficient = 54.4%
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Table 5.5: Results of the mixed linear model assessing the relationship between explanatory variables measured from 1029 calves 
randomly allocated into selective therapy strategy (STS) rooms (n = 488) and conventional group oral antimicrobial strategy (COA) 
rooms (n = 541)  at the time of arrival and the total treatment incidence (defined daily dose (DDD)) over the entire 84 day growing 
period1 

Variable Description n (no. calves) Coefficient (DDD) Std. Err. 95% CI P-value 

Intervention COA 541 Referent    

 STS 488 -0.98 0.24 -1.44 to -0.51  < 0.01 

Arrival weight Kg  1029 -0.01 0.001 -0.01 to -0.002 < 0.01 

Intervention *  

Arrival weight 

Interaction 1029 0.01 0.002 0.001 to 0.01    0.01 

1Random effect for clustering by the room in which calves were managed P-value = 0.047; Intra-class correlation coefficient = 1.0%
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Table 5.6: Results of the mixed linear model assessing the relationship between explanatory variables measured from 1029 calves 
randomly allocated into selective therapy strategy (STS) rooms (n = 488) and conventional group oral antimicrobial strategy (COA) 
rooms (n = 541) at the time of arrival and the group treatment incidence (defined daily dose (DDD)) over the entire 84 day growing 
period1 

Variable Description n (no. calves) Coefficient (DDD) Std. Err. 95% CI P-value 

Intervention COA 541 Referent    

 STS 488 -0.88 0.19 -1.26 to -0.50  < 0.01 

Arrival weight Kg  1029 -0.01 0.003 -0.02 to -0.01 < 0.01 

Intervention *  

Arrival weight 

Interaction 1029 0.01 0.004 0.002 to 0.02    0.02 

1Random effect for clustering by the room in which calves were managed P-value = 0.036; Intra-class correlation coefficient = 1.0%
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Table 5.7: Results of the mixed linear model assessing the relationship between explanatory variables measured from 1029 calves 
randomly allocated into selective therapy strategy (STS) rooms (n = 488) and conventional group oral antimicrobial strategy (COA) 
rooms (n = 541) at the time of arrival and the individual treatment incidence (defined daily dose (DDD)) over the entire 84 day growing 
period1 

Variable Description n (no. calves) Coefficient (DDD) Std. Err. 95% CI P-value 

Intervention COA 541 Referent    

 STS 488 2.52 1.21 0.15 to 4.88     0.04 

Rectal Temperature Celsius 1029 -0.01 0.02 -0.05 to 0.04    0.79 

Intervention *  

Rectal Temperature 

Interaction 1029 -0.06 0.03 -0.12 to -0.002    0.04 

1Random effect for clustering by the room in which calves were managed P-value > 0.05



 

 

 

168 

6 Chapter 6: General Conclusions 

 Much of the work discussed in this thesis was targeted at mitigating the negative 

health and growth consequences anticipated as the result of the suboptimal health 

condition of surplus calves arriving at calf rearing facilities. However, the improvement 

of surplus calf health and welfare will require a concerted effort across industry 

stakeholders in order to address both short- and long-term issues to initiate lasting 

changes at all levels (Wilson et al., 2020; Bolton and Keyserlingk, 2021; Creutzinger et 

al., 2021). More specifically, improvements to calf management on the dairy farm of 

origin, during transportation between facilities, and at the time of arrival at surplus calf 

rearing facilities would result in significant short-term improvements (Creutzinger et al., 

2021). In the long-term, a major paradigm shift and investment in infrastructure to 

fundamentally change the way that surplus calves are cared for is needed to ensure the 

sustainability of surplus calf industries, with change requiring buy-in from industry 

stakeholders, the general public, and consumers alike (Bolton and Keyserlingk, 2021; 

Creutzinger et al., 2021).  

 The aims of this thesis were to contribute to the understanding of navel healing in 

Holstein calves in the first two weeks of life, to identify biomarkers for use in individual 

calf health risk assessment soon after arrival at surplus calf rearing facilities, and to 

evaluate a strategy for using calf risk assignment to reduce the amount of antimicrobials 

administered early in the production period. In brief, this work was able to describe 

navel healing in neonatal Holstein calves; identify leukocytes counts as a potential 

biomarker for calf health and growth; and determine that a selective antimicrobial 

therapy strategy, as outlined in this thesis, may not be appropriate for all facilities or in 

all seasons. 

6.1 Summary of major findings and limitations 

 The objectives addressed in Chapter 2 were to describe navel healing in male 

and female neonatal Holstein calves over the first 14 days of life, and to determine the 
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association between dam parity, calving factors, and calf factors on navel healing. A 

formalized scoring system for navel infections, developed in male calves between 7 and 

15 days of age arriving at an abattoir, includes an assessment of the navel stump for 

presence of raised temperature, purulent discharge, hernia, and navel diameter 

thickness greater than 13 mm (Steerforth and Winden, 2018). In that study navel 

diameter assessment alone was suggested to be sufficient for detection of navel 

infections in calves greater than 1 day of age. However, in our study, a large proportion 

of calves had navel diameters above the 13 mm threshold proposed at each day of 

observation despite calves not demonstrating other clinical signs of navel infections. It is 

a limitation of our study that abdominal ultrasound was not performed to determine the 

involvement of intra-abdominal navel structures (Guerri et al., 2020), however, clinical 

examination has been found to be a sensitive alternative to ultrasound for the detection 

of navel stump inflammation or infection in the first 2 weeks of life (Wieland et al., 2017). 

Larger navel diameters could be a reflection of occult navel infections or suggestive that 

a somewhat more permissive threshold be established in this population of male and 

female calves to increase specificity. As recommended by Steerforth et al. (2018), the 

thresholds established in their scoring system should be re-evaluated in different 

populations and under different conditions.  

Mean time to navel cord remnant drying was 2.4 days with all navel cord 

remnants having dried by 5 days of age which was consistent with other reports in the 

literature (Hides and Hannah, 2005). Therefore, a navel cord remnant not being dry is a 

good indicator of excessively young age, but does not have the precision required to 

establish compliance with transport and marketing age limits on its own (Hides and 

Hannah, 2005). Associations were established between navel stump diameter and 

length with the day of observation, time of birth, and calf factors (sex, birthweight, and 

medical treatment); no associations were found with time to navel cord remnant drying 

or drop off. External factors such as pen hygiene, housing, bedding, and navel care 

practices may play a larger role in time to navel cord remnant drying and drop off and 
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should be taken into consideration in future studies of both navel measurements and 

time to navel healing (Hides and Hannah, 2005; Boyle and Mee, 2021). 

 In Chapters 3 and 4, the objectives were to first validate a calf-side leukocyte 

differential machine in neonatal Holstein calves, and then to assess the utility of 

leukocyte differential counts for determining morbidity risk, mortality risk, and average 

daily gain when measured both at the time of arrival and 72 hours post arrival at a veal 

facility. The automated cell counter, QScout BLD (Advanced Animal Diagnostics, 

Morrisville, NC), performed well in estimating neutrophil differential counts, fair for 

lymphocyte and neutrophil:lymphocyte ratios, but provided poor estimates of eosinophil 

and monocyte counts. It was established that calves with an increased lymphocyte 

count at the time of arrival had a higher rate of growth, and decreased hazard of 

morbidity when measured 72 hours post arrival. Calves with moderate lymphocyte 

counts (3.8 – 4.8 x 109 cells/L) had a decreased hazard of mortality. Whereas, 

increased  neutrophil counts 72 hours post arrival were indicators of an increased 

hazard of mortality. The automated cell counter used in these studies included a rapid 

and relatively non-invasive sampling device and calf-side machine that returned results 

quickly (< 1min) making this an attractive candidate for inclusion in future calf risk 

assessment protocols. A study limitation that could affect external validity includes the 

high levels of mortality (16.7%) experienced as the result of a Salmonella enterica 

(serovar Dublin) outbreak, far exceeding the 4-8% mortality risk previously reported in 

the literature (Pardon et al., 2012; Winder et al., 2016; Scott et al., 2019). However, 

reports of outbreaks of this pathogen in dairy calves has increased over recent years 

(Holschbach and Peek, 2018). 

 The objective addressed in Chapter 5 was to determine the effect of a selective 

therapy strategy based on individual calf health risk determined at the time of arrival on 

morbidity, mortality, average daily gain, and antimicrobial use as compared to a 

conventional group antimicrobial therapy strategy as a positive control. Calves assigned 

to the conventional group antimicrobial therapy strategy received a greater total amount 

of antimicrobials, and no difference was found between interventions on the hazard of 
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morbidity. However, calves assigned to the selective therapy strategy exhibited an 

increased hazard of mortality, and reduced growth in the winter. Limitations to this study 

include the use of different antimicrobial products between interventions and premature 

termination of the study as the result of higher levels of mortality observed during an 

outbreak of Salmonella enterica (serovar Dublin) (Holschbach and Peek, 2018). These 

finding are suggestive that: the risk assessment protocol employed was not sensitive 

enough to identify all calves at high disease risk, that the selective antimicrobial therapy 

protocol should be relaxed to include antimicrobial treatment for calves at moderate 

health risk, and that other factors relating to group antimicrobial therapy provide lasting 

protection against disease outbreaks that occur late in the production cycle. Overall, this 

study identified that a selective therapy strategy at the time of arrival may not be 

appropriate for all facilities or in all seasons. 

6.2 Future work 

6.2.1 Navel healing in neonatal dairy breed calves 

 Transport regulations in some countries have amendments in place to account 

for the needs of neonates, such as New Zealand, the European Union, and more 

recently, Canada (Hides and Hannah, 2005; Creutzinger et al., 2021). Navel healing is 

referenced in all of these transport regulations as a criterion for determining fitness for 

transportation, however definitions vary between countries and all definitions leave 

some area for subjectivity. The clinical sign-based scoring system for assessing navel 

infections put forth by Steerforth and Van Windem (2018), provides a clear and 

objective guidance for identifying navel infections. It is proposed that a clear and 

objective clinical sign-based guidance for assessing navel healing be developed for use 

in the determination of calf fitness for transportation. 

 Associations were established between navel stump diameter and length with 

calving factors and calf factors, but not time to navel cord remnant drying or navel stock 

drop off. Navel care protocols and early life management in calves (such as enclosure 
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hygiene, bedding, housing, and nutrition) have been proposed as areas of interest in 

relation to navel healing (Hides and Hannah, 2005; Lorenz et al., 2011; Boyle and Mee, 

2021). A thorough investigation of how these factors influence navel measurements and 

time to healing would provide important insights into areas of calf management that are 

under producer control. 

6.2.2 Risk assignment at surplus calf rearing facilities 

 The results of Chapter 5 suggest that refinements are required for the arrival 

health risk assessment protocol used in the study. The inclusion of body weight is 

recommended given that this measure has been one of the most consistent predictors 

of morbidity, mortality, and growth when measured at the time of arrival and it is an easy 

and non-invasive measurement to collect (Goetz et al., 2021). The inclusion of one or 

multiple biomarker measurements should also be considered such as serum total 

protein (Renaud et al., 2018; Goetz et al., 2021), or leukocytes, as described in this 

thesis, given their ability to predict both health and growth. However, the economics of 

incorporating such tests would have to be carefully evaluated given that surplus calf 

industries, such as veal production, need to keep input costs low to protect an already 

narrow profit margin (Rell et al., 2020). In future work calf risk assessment protocols 

should be optimized for sensitivity, specificity, and predictive accuracy in health risk 

assignment. 

6.2.3 Management strategies for high health risk calves 

 A non-trivial problem related to the identification of calves at high health risk on 

the time of arrival at surplus calf rearing facilities is how best to manage them once 

individual risk is ascertained. Decisions should be made at the level of the facility, 

cohort, and calf. Due to the large variety in calf housing and management systems 

(Nordlund and Halbach, 2019; Creutzinger et al., 2021), future work should look at 

incorporating facility type into the algorithm for determining management strategy. For 

instance, in this thesis, a selective therapy strategy was evaluated that involved an 
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algorithm for assigning antimicrobials, electrolytes, or both based on individual health 

risk to calves that were already assigned to a cluster at the time of arrival. However, 

some facilities might be better suited to sort calves based on risk prior to assigning 

treatment strategies and then to manage calves at the group level. This would allow for 

the easy adoption of other solutions such as customized nutritional support for light 

weight calves early in the production period (Creutzinger et al., 2021). 
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APPENDICES 

Appendix A: Calf vitality score sheet based on the scoring system developed by Murray et al. 
(2015) as modified for distribution by the University of Guelph and Boerhinger Ingleheim 
(laminated reference sheet). 
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Appendix B: Reference material describing and illustrating navel healing and measurements outcomes 
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Appendix C: Descriptive statistics of navel measurements by day evaluated over a 14 day observation period following birth in 68 male 

and female calves at the University of Guelph Livestock Research and Innovation Center, Dairy Facility in Elora, Ontario, Canada. 

Navel 
Parameter Proximal diameter (mm) Distal diameter (mm) Length (mm) 

Day 

Total Female  Male Total Female  Male Total Female Male 

Mean 

(SD; n) 

Mean 

(SD; n) 

Mean 

(SD; n) 

Mean 

(SD; n) 

Mean 

(SD; n) 

Mean 

(SD; n) 

Mean 

(SD; n) 

Mean 

(SD; n) 

Mean 

(SD; n) 

1 13.8 13.9 13.7 12.2 12.0 12.6 31.2 30.5 32.3 

 (3.0; 68) (3.4; 43) (2.0; 25) (2.8; 68) (2.8; 43) (2.6; 25) (8.1; 68) (8.7; 43) (6.9; 25) 

2 14.2 14.3 14.2 13.5 13.4 13.5 32.1 32.7 31.0 

 (3.3; 68) (3.5; 43) (2.9; 25) (2.8; 68) (2.8; 43) (2.5; 25) (8.6; 68) (9.6; 43) (6.7; 25) 

3 13.8 13.6 14.2 13.1 12.6 13.8 31.4 31.4 31.4 

 (2.8; 68) (2.7; 43) (3.1; 9.8) (2.7; 68) (2.5; 43) (3.0; 25) (8.0; 68) (7.9; 43) (8.2; 25) 

4 13.6 13.2 14.1 12.7 11.9 14.1 32.3 32.4 32.2 

 (3.0; 68) (2.8; 43) (3.3; 25) (3.1; 68) (2.6; 43) (3.4; 25) (7.4; 68) (7.2; 43) (7.8; 25) 

5 13.0 12.7 13.5 12.4 11.9 13.1 31.3 31.7 30.6 

 (2.7; 68) (2.5; 43) (3.0; 25) (2.8; 68) (2.7; 43) (2.8; 25) (7.6; 68) (7.1; 43) (8.6; 25) 
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6 12.7 12.7 12.7 12.3 11.7 13.3 31.4 30.5 33.0 

 (2.7; 68) (2.4; 43) (2.1; 25) (3.0; 68) (2.6; 43) (3.2; 25) (8.7; 68) (8.7; 43) (8.7; 25) 

7 12.0 11.9 12.2 11.7 11.5 12.2 32.8 32.0 34.2 

 (2.2; 67) (2.4; 43) (2.1; 24) (2.8; 67) (2.4; 43) (3.3; 24) (7.0; 67) (7.1; 43) (6.9; 24) 

8 11.9 11.7 12.2 11.7 11.6 12.0 31.2 30.9 31.7 

 (2.2; 67) (2.2; 43) (2.3; 24) (2.9; 67) (2.8; 43) (3.1; 24) (6.7; 67) (6.3; 43) (7.5; 24) 

9 11.5 11.3 11.9 11.5 11.2 11.9 29.6 29.5 29.7 

 (1.8; 67) (1.5; 43) (2.1; 24) (2.4; 67) (2.2; 43) (2.8; 24) (7.0; 67) (6.8; 43) (7.7; 24) 

10 11.5 11.4 11.7 11.4 11.4 11.7 29.9 29.7 30.5 

 (2.2; 65) (2.0; 43) (2.4; 22) (2.4; 65) (2.4; 43) (3.0; 22) (8.0; 65) (8.4; 43) (7.3; 22) 

11 11.4 11.4 11.3 11.3 11.1 11.6 29.9 29.6 30.4 

 (2.1; 65) (2.1; 43) (2.1; 22) (2.3; 65) (2.1; 43) (2.8; 22) (7.1; 65) (7.6; 43) (6.4; 22) 

12 11.0 10.8 11.4 10.8 10.5 11.5 28.2 28.0 28.7 

 (2.1; 65) (2.2; 43) (1.9; 22) (2.3; 65) (2.1; 43) (2.5; 22) (6.0; 65) (5.8; 43) (6.5; 22) 

13 10.9 10.6 11.5 11.1 10.8 11.7 27.8 27.2 29.0 

 (2.3; 65) (2.4; 43) (2.0; 22) (2.8; 65) (2.8; 43) (2.7; 22) (5.3; 65) (5.3; 43) (5.2; 22) 

14 11.2 10.7 11.9 10.9 10.8 11.1 28.7 28.6 29.0 
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 (2.0; 64) (1.7; 42) (2.3; 22) (2.4; 64) (2.6; 42) (2.1; 22) (5.4; 64) (6.2; 42) (5.9; 22) 



 

 

 

181 

Appendix D: Reference material describing and illustrating health scoring  
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Normal Navel [Pencil thin, no heat, pain, swelling 

or discharge]

Abnormal Navels [Enlarged (refer to metal 

dowel), heat, pain, swelling or discharge] 

Anatomy of navel
Source: Wieland et al 2016 (JDS)

Abnormal Navel
Source: https://veteriankey.com/neonatal-disorders/A dry, healthy navel

Source: http://calfcare.ca/2016/umbilical-hernias-in-calves/

ASSESSING CALF NAVEL
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Source: http://www.nadis.org.uk/bulletins/nervous-diseases-in-
cattle.aspx

Source: Renaud, D.L. 2017 Health 
Status of Dairy Feeder Calves. 

ASSESSING SUNKEN FLANK
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Assess Cough Score: Manual palpation 
along the ventral aspect of the neck. 
Compress trachea to attempt to elicit a 
cough.

Cough 
Score Description

0 None

1 Induce Single cough

2
Induce repeated coughs 

and occasionally 
spontaneous cough

3 Repeated Spontaneous 
Coughs

ASSESSING COUGH SCORE

Risk factor descriptions adapted from:
Renaud, D. L., Duffield, T.F., LeBlanc, S.J., Ferguson, S., 
Haley, D.B. and D.F. Kelton. 2018. Risk factors associated 
with mortality at a milk-fed veal calf facility: A 
prospective cohort study. J. Dairy Sci. 101: 1 – 10.
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OTHER ABNORMALITY: EYE CRUSTING

Risk factor descriptions adapted from:
http://www.vetmed.wisc.edu/dms/fapm/fapmtools/8calf/calf_respiratory_scoring_chart.pdf



 

 

 

186 

Appendix E: Instructions for room block randomization 

 


