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ABSTRACT 

MANAGEMENT AND NUTRITIONAL FACTORS THAT INFLUENCE WEANING OF 

DAIRY CALVES 

Sarah Dawn Parsons 

University of Guelph, 2021

Advisor: 

Dr. Trevor DeVries 

 The objective of this dissertation was to identify different management and 

nutritional factors that help to improve weaning success of dairy calves fed higher levels of milk. 

The first study was focused on comparing the effects of two gradual weaning programs when 

calves were fed two levels of milk on feed consumption, growth and health. In general, the two 

gradual weaning programs resulted in similar performance and health outcomes, while both milk 

level treatments resulted in similar feed intakes and performance postweaning. In a second study, 

the effect of two gradual weaning programs and two solid feed locations within individual pens, 

on feed consumption, behavior and performance were simultaneously investigated. Both gradual 

weaning programs resulted in similar intakes, behavior and performance. Placing solid feed in 

close proximity to the location of the milk source, can promote solid feed, milk, and water 

intake, during the preweaning phase, contributing to improved growth. In a third study, the effect 

of a milk by-product-based starter pellet compared to a conventional grain-based starter ration on 

feed intakes, growth and rumen development was investigated when calves were fed a low 

versus high level of milk replacer. Regardless of the level of milk fed, calves offered the milk 

by-product-based feed, that is high in whey, tended to have increased solid feed consumption in 

the preweaning phase, with similar feed consumption in the weaning and postweaning phases. 



 

Final body weight and rumen development markers were similar between the two feed 

treatments. The calves fed a high level of milk grew better in the preweaning phase, but their 

solid feed intake lagged behind the calves fed a low level of milk for the entirety of the trial. 

Overall, the body weights and markers of rumen development did not differ at the end of the 

trial, indicating both treatments supported similar growth and rumen development by two weeks 

postweaning. In summary, this dissertation provides novel insight on different management and 

nutritional factors that can impact weaning success in dairy calves. The results provide 

information on ways to inform producers on practical methods that may influence weaning 

success. 
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from d 43 to 56 

CG –  treatment diet when calves were weaned with small, equal reductions in milk from d 43 to 

56 

Chapter 4:  

HM – treatment diet when calves were fed high levels of milk replacer (15 L/d) 

LM –  treatment diet when calves were fed low levels of milk replacer (6 L/d) 

WF –  treatment diet when calves were offered 150 g/d of milk by-product-based feed until they 

consumed the entirety for 2 out of 3 consecutive days, in which the 150 g of milk by-product 

based feed was top dressed onto a grain-based ration until weaned, when they received only the 

grain-based ration 

GF –  treatment diet when calves were offered a grain-based ration (95% pellet, 5% chopped 

wheat straw)  
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1 CHAPTER 1: GENERAL INTRODUCTION 

The management and nutrition practices provided to dairy calves from birth until 

weaning can influence their short- and long-term performance and welfare (Khan et al., 2011; 

Gelsinger et al., 2016). Early separation of calves from their dam is viewed as a keystone of the 

modern dairy industry (de Passillé, 2001). Therefore, producers are responsible for managing the 

rearing of calves, resulting in a variation in the management and care provided. High morbidity 

and mortality rates for calves are a persistent challenge producers face, irrespective of whether 

calves are raised on their home farm or reared on a specialized calf rearing facility, with 

preweaned dairy calves having the highest incidence of mortality compared to other stages of life 

(NAHMS, 2014). In North America, 34% and 5% of preweaned heifer calves raised on dairy 

farms experience a morbidity and mortality event, respectively (Urie et al., 2018a). Similar 

incidences have been reported for specialized calf rearing facilities by Walker et al. (2012) and 

Pardon et al. (2012). As morbidity and mortality can be a result of calf management, these issues 

raise economic, calf welfare, and consumer perception concerns (Ventura et al., 2014; Sumner 

and von Keyserlingk, 2018). Different management practices, such as colostrum management 

(Urie et al., 2018a; Godden et al., 2019), housing (Svensson et al., 2003; Urie et al., 2018a), milk 

feeding programs (Khan et al., 2007b, 2011a), treatment methods for diarrhea and respiratory 

disease (Windeyer et al., 2014; Barry et al., 2020) and vaccination protocols (Uetake, 2013) can 

impact health and survival during this critical period of life. Regardless of the level of disease 

challenge, the basis of providing good care to reducing the risk of health issues, while 

maximizing performance and welfare, remains the same. Every management decision made is 
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important and by understanding the impact and outcomes of different management and nutrition 

practices, improvements in calf care can be made.   

During the past decade, calf management has gradually shifted away from the 

conventional practice of restricting milk to encourage solid feed intake, with prioritization of 

early growth and welfare through the provision of higher milk feeding levels taking its place. 

These high milk feeding programs have great potential to lead to short- and long-term 

improvements in performance and welfare. This has been indicated through increased growth 

rates (Appleby et al., 2001; Schäff et al., 2016), reduced behavioral signs of hunger (De Paula 

Vieira et al., 2008), improved response to disease (Ollivett et al., 2012), and the potential to 

increase lactation performance (Gelsinger et al., 2016). With these benefits, many producers 

have increased the level of milk they provide to their calves (Winder et al., 2018). However, 

these higher milk feeding programs can be detrimental to weaning calves off greater levels of 

milk. Feeding more milk can decrease the amount and size of solid feed meals (Miller-Cushon et 

al., 2013a), delaying rumen development (Terré et al., 2007; Hill et al., 2010). This becomes a 

particular issue when milk is reduced or removed during the weaning process, and commonly 

results in a growth slump during this transition (Khan et al., 2007b; Steele et al., 2017).  

Weaning can be stressful for calves (Weary et al., 2008) and can have detrimental effects 

on their welfare. Calves may experience behavioral signs of stress and hunger (Budzynska and 

Weary, 2008; de Passillé and Rushen, 2016), and decreased performance (Khan et al., 2011a) if 

weaning is not done well, ultimately raising a welfare concern regarding weaning practices. 

Therefore, adopting a weaning program that encourages sufficient solid feed intake prior to and 

during weaning is crucial to maintain growth, while minimizing stress, and smoothing the 

transition off milk (Khan et al., 2011a). How a calf performs during and after the weaning 
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process is influenced by many factors, such as: the level of milk offered, the method of weaning, 

and both the type and method of provision of solid feed. Therefore, it is vital that producers 

consider how all management and nutrition factors can influence calf performance, rumen 

development, and welfare to ensure the stressful, yet inevitable, weaning transition is done well.  

This review will outline the different management practices used to rear and wean dairy 

calves, as well as the benefits and detriments to each of them. It will discuss the milk feeding 

levels commonly fed, investigate different weaning strategies, discuss how calves’ transition off 

milk through changes in their gastrointestinal tracts, and describe methods to provide and 

encourage solid feed intake.  

1.1 Colostrum and Transition Milk Feeding Management 

 Colostrum Feeding and Impacts on Health and Performance 

 Due to maternal immunoglobulins not crossing the placental membrane in utero, calves 

are born agammaglobulinemic, and they lack immunocompetence (Weaver et al., 2000; Hulbert 

and Moisá, 2016). Therefore, the absorption of maternal immunoglobulins through consumption 

of colostrum is required to obtain successful transfer of passive immunity (Weaver et al., 2000; 

Godden et al., 2019). It is widely understood that colostrum management is one of the most 

crucial factors in determining morbidity and mortality in calves (Beam et al., 2009). When calves 

do not absorb adequate maternal immunoglobulins, they will be considered as having failed 

transfer of passive immunity (FTPI). Calves with FTPI are classified based on serum 

immunoglobulin G (IgG) levels being < 10 g/L, which can be identified through radial 

immunodiffusion (Beam et al., 2009), or estimated through serum total protein (STP) levels 

measured via refractometry (Tyler et al., 1996). Historically, a good cut-off point to classify 



 4 

FTPI based on STP levels is between 5.2 and 5.5 g/dL (Buczinski et al., 2018). Measuring for 

FTPI in a group of healthy calves between 24 h and 9 d old (Wilm et al., 2018), can provide 

insight to if there is a potential issue with current colostrum management practices. Recently, 

there has been a consensus on classifying serum IgG levels that are measured between 24 and 48 

h of age into four categories, rather than two (pass or fail). These categories are: excellent (≥ 

25.0 g/L), good (18.0 to 24.9 g/L), fair (10.0 to 17.9 g/L) and poor (< 10 g/L), with a 

recommended >40, ~30, ~20, and < 10% of the calves in a herd being categorized in the each 

category, respectively (Lombard et al., 2020). With morbidity and mortality differences between 

these categories, it is important to not only aim to reduce the number of calves with FTPI (poor 

category), but to also increase the number that classify as excellent to help reduce the risk of 

morbidity and mortality (Lombard et al., 2020).  

 Typically, there are four important areas in colostrum management that tend to be 

explored, which include the quality, quantity, cleanliness, and timing of colostrum fed (Godden 

et al., 2019). In general, it is recommended to feed a volume of 10 to 12% of birth BW of good 

quality (> 50 g/dL of IgG) colostrum (Godden et al., 2019), as close to the time of birth as 

possible  (Fischer et al., 2018). Shivley et al. (2018) indicated for every hour delay in feeding 

colostrum, there is a decrease in serum IgG, with first feeding of colostrum greater than 4 h after 

birth being a risk factor for FTPI. Reducing bacterial contamination through proper collection, 

feeding, cleaning, and storage practices is also important to improve IgG absorption (Godden et 

al., 2019). Many management factors can influence the colostrum fed to calves, and it is 

important for producers to identify if they have an issue with transfer of passive immunity and 

where in their management program improvements can be made. Failed transfer of passive 

immunity is associated with increased risk of mortality and morbidity, as well as a decrease in 
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average daily gain (Raboisson et al., 2016), indicating the welfare and economic importance of 

starting calves off well through good colostrum management.  

 Prolonged Transition Milk and Colostrum Feeding 

 It is clear that feeding colostrum is important for prolonged health and performance of 

young calves. However, the benefits to feeding transition milk (milkings 2 to 6 after calving; 

typically d 1 to 4 post-partum) have recently been of interest. In a review by Fischer et al. 

(2019), the concept and benefits of feeding transition milk are discussed. Transition milk 

contains high levels of bioactive compounds as compared to mature milk (Blum and Hammon, 

2000), and it is likely to have beneficial impacts on the calf’s gut and health. Feeding transition 

milk after colostrum can improve the odds of being scored with an abnormal eye or ear and nasal 

score (Conneely et al., 2014), and reduce the duration of diarrhea (Kargar et al., 2020a), 

compared to calves fed whole milk directly after colostrum. Also, feeding 2 L of pasteurized 

transition milk mixed with 4 L of whole milk per day for 3 wk can improve BW in the 

preweaning phase, and ADG in the postweaning phase, indicating long-term impacts of feeding 

additional transition milk (Kargar et al., 2020a).  

An alternative to feeding transition milk that may be beneficial is prolonged feeding of 

colostrum or colostrum replacement products. When supplementing colostrum replacer in milk 

replacer (Berge et al., 2009, Chamorro et al., 2016), or pasteurized colostrum in whole milk 

(Kargar et al., 2020b) for 2 wk after d 1 of life, calves can have reduced days with diarrhea and 

antimicrobial treatments (Berge et al., 2009), improved health scores (Chamorro et al., 2016), 

fewer days with pneumonia, and improved growth (Kargar et al., 2020b). Feeding transition 

milk, or supplementing milk replacer with colostrum replacer, from day 2 to 4 of life reduces 
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haptoglobin levels, indicating reduced inflammation, while also increasing BW gain through 

weaning (Van Soest et al., 2020). Van Soest et al. (2020) did not find differences in growth or 

health between feeding transition milk and supplementing milk replacer with colostrum 

replacers, which may indicate producers can use both feeding strategies to gain the same 

outcomes. In addition to the health and growth benefits, extending colostrum feeding for 3 d 

after initial colostrum feeding may increase villi length in the jejunum and ileum of the 

gastrointestinal tract (GIT), but the impact this has on digestion and health requires more 

investigation (Pyo et al., 2018). Clearly, colostrum management and prolonged transition or 

colostrum feeding can have significant impacts on calf health and growth; however, the 

following feeding and management decisions can impact whether these beneficial impacts are 

maintained.  

1.2 Milk Feeding Programs 

Calf rearing on commercial farms, whether a dairy farm or specialized calf rearing 

facility, varies greatly from natural rearing practices where calves are raised alongside their dam 

(von Keyserlingk and Weary, 2007). Calves are typically raised away from their dam (Vasseur et 

al., 2010; Medrano-Galarza et al., 2017), which requires farmers to provide specific milk feeding 

programs to calves. The feeding program utilized can have short- and long-term impacts on 

behavior, performance, and welfare. Traditionally, restrictive or conventional milk feeding 

programs, in which calves are fed twice daily at 10% BW/d (by volume), were common 

(Vasseur et al., 2010). These programs limit milk consumption, which were thought to decrease 

costs and accelerate weaning age, through increasing solid feed intake early in life (Kertz et al., 

1979). However, these programs place feed restrictions on calves, increasing hunger and 
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restricting their ability to express natural feeding behavior, ultimately reducing welfare (von 

Keyserlingk et al., 2009). Researchers have determined that restrictive feeding results in poorer 

growth rates (Appleby et al., 2001; Jasper and Weary, 2002), and behavioral signs of hunger, 

such as increased non-nutritive sucking, less resting time, more unrewarded visits to the milk 

feeding station, and increased vocalizations (Rushen and de Passillé, 1995; Thomas et al., 2001; 

De Paula Vieira et al., 2008). With growing public concern for welfare improvements, and the 

detriments these programs cause, the impacts of feeding higher levels of milk have been 

assessed.  

It has been demonstrated that calves will consume levels of milk much greater than 

restrictive feeding programs, as indicated by calves consuming ≥ 20% of their BW per day (by 

volume) in milk when given the opportunity to do so (Appleby et al., 2001; Jasper and Weary, 

2002; Khan et al., 2011a). This is not surprising, as these volumes of milk consumption are much 

more reflective of levels they would naturally consume, as calves will suckle, on average, 6.5 

kg/d in wk 1 increasing to 12.5 kg/d in wk 9 from the dam (de Passillé et al., 2008). Milk feeding 

programs where ad libitum or ≥ 20% of BW/d (by volume) of milk or milk replacer is fed, have 

been referred to by many names; high, accelerated, enhanced, or intensified milk feeding 

programs (Drackley, 2008). However, it is important to note, high milk feeding programs do not 

necessarily provide a growth advantage, but rather allow calves to reach their biological growth 

potential (Drackley, 2005). This was demonstrated by Khouri and Pickering (1968), where 

offering bull calves ad libitum (~19.4% of BW/d) access to whole milk resulted in growth and 

feed efficiency rates that were “biologically normal,” which was later supported by Diaz et al. 

(2001). Thus, the terms “accelerated” or “enhanced/ intensified” milk feeding programs may be 

misleading, as they perhaps should be more appropriately called “normal” or “natural,” 
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compared to low or restrictive programs. Nevertheless, producers and researchers continue to use 

the terms high versus low and levels in between, such as moderate, when describing milk feeding 

levels. During a study to re-evaluate nutrient recommendations for growing Holstein calves, Diaz 

et al. (2001) demonstrated that restrictive feeding programs limit feed efficiency and growth. 

Around the same time, Appleby et al. (2001) concluded calves that were fed ad libitum milk 

through a teat compared to calves fed 10% of BW by a bucket had greater growth in the first 4 

wk of life. It is clear that restrictive milk feeding programs limit calves from reaching their 

growth potential, and with these efficiency and growth benefits demonstrated, 20 years of 

subsequent research were conducted to investigate the impacts of high milk programs and 

management practices surrounding them.  

There is agreement that when offered high milk programs (≥ 20% BW) compared to 

restrictive, calves will have improved preweaning growth rates (Appleby et al., 2001; Jasper and 

Weary, 2002; Rosenberger et al., 2017), and consequently improved preweaning feed efficiency 

(Diaz et al., 2001; Bartlett et al., 2006). Furthermore, behavioral indicators of hunger are reduced 

by provision of more milk, with a reduction in the number of vocalizations (Thomas et al., 2001), 

unrewarded visits, and displacements from automated milk feeding systems (AMF) (De Paula 

Vieira et al., 2008; Rosenberger et al., 2017). High milk programs also increase play behavior 

performed for group housed calves (Krachun et al., 2010), which can be affected by energy 

intakes.  

The milk feeding program used may also impact immune function. Specifically, 

Nonnecke et al. (2003) suggested that feeding low levels of milk may cause nutritional 

deficiency leading to impaired immune function. As well, supply of protein and energy may 

impact the development and function of the immune system (Khan et al., 2011a). Ollivett et al. 
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(2012) inoculated calves with a pathogenic oocyst (Cryptosporidium parvum) to determine the 

effect of a high plane of nutrition compared to conventional nutrition on health and performance 

outcomes. It was demonstrated that calves fed an elevated milk program (0.23 Mcal/kg of 

metabolic BW, 28% CP, 20% CF) recovered faster based on improved fecal scores compared to 

calves fed a conventional milk program (0.30 Mcal/kg of metabolic BW, 20% CP, 20% CF), 

which may indicate improved disease resistance. Other researchers have indicated reduced cases 

of diarrhea in wk 3 and 4 of life (Khan et al., 2007b) and reduced treatment for disease 

preweaning (Todd et al., 2018), when fed high versus low level milk programs. Contrary to 

potential health improvements with elevated feeding programs, some studies point to no 

difference in disease incidence (Jasper and Weary, 2002; Borderas et al., 2009). In the calf 

rearing industry, a common misconception is that increased milk feeding results in increased 

cases of diarrhea (Silper et al., 2014; Knauer et al., 2018b). Although some researchers have 

reported increased fecal scores for high milk fed calves (Diaz et al., 2001; Chapman et al., 2016), 

poor distinction between softer feces due to increased liquid consumption (Drackley, 2005) and 

pathogenic diarrhea can construe results and play into producers fear around increasing milk 

feeding plane.   

Overall, high milk feeding benefits preweaning calf growth, behavior, and can improve 

disease resistance, resulting in increased adoption of these programs in recent years. There has 

been an increase in the reported median levels of milk offered to calves in recent surveys, with 

more producers offering 6 to 10 L/d (Medrano-Galarza et al., 2017; Winder et al., 2018). 

However, in Canada, a third of producers still feed restrictive programs (≤ 6 L/d) (Winder et al., 

2018), and in the United States of America, the reported average level of milk provided was 5.7 

L/d (Urie et al., 2018b). Although there seems to be an upward trend of adoption of feeding 
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increased levels of milk, restrictive programs are still common, and the level of milk fed can vary 

drastically. As indicated previously, some producers have reluctance around increasing milk 

offered. This may stem from economics, potential decreases in solid feed intakes (Terré et al., 

2007; Hill et al., 2010; Miller-Cushon et al., 2013a), and the misconception of causing an 

increase in diarrhea when feeding high levels of milk (Silper et al., 2014; Knauer et al., 2018b). 

This reluctance may result in producers delaying the increase in milk offered or lead them to 

continue to offer restrictive milk programs. Calf producers tend to delay the peak in milk 

allowance until an average of 18 ± 11.4 d of life when fed by AMF (Jorgensen et al., 2017). 

Delaying the increase in peak milk offered is associated with increased health issues, as calves 

that consume greater amounts of milk in the first 4 d may be healthier in the following weeks 

(Jorgensen et al., 2017). Conversely, calves offered peak milk allowance from 1 d after birth, 

compared to a 7 to 14 d delay, can have improved growth in the first 3 wk of life, while not 

detrimentally impacting health (Knauer et al., 2018b). Furthermore, calves that drink the most 

milk in d 2 to 5 of life, can have long-term growth benefits and reduced disease risk when fed 

high levels of milk (de Passillé et al., 2016). Despite the growth and health benefits of allowing 

calves access to high levels of milk early in life, there is still hesitation toward implementation of 

these practices.  

Restrictive milk feeding practices may be viewed as “adequate nutrition” by producers 

(Hötzel et al., 2014), which may be driving the continued use of these programs. Although high 

milk feeding programs have the greatest benefits to growth and welfare, the idea of a moderate 

increase in milk level may be a compromise producers are willing to make. As high milk feeding 

programs typically come with the challenge of reduced solid feed consumption early in life 

(Terré et al., 2007; Hill et al., 2010; Miller-Cushon et al., 2013a), providing a moderate increase 
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has been thought to support improved growth, while encouraging solid feed intake. It is unclear, 

however, whether or not moderate feeding programs provide much benefit in terms of growth or 

solid feed consumption. Silper et al. (2014) (4 L/d vs. 6 L/d) and Chapman et al. (2016) (0.44 kg 

DM/d (21% CP, 21% CF) vs. 0.66 kg DM/d (27% CP, 17% CF)), concluded a moderate increase 

in milk replacer can provide growth benefits, while avoiding a depression in solid feed 

consumption. However, Yunta et al. (2015) reported that feeding 6 L versus 4 L of milk replacer 

could increase preweaning gain, but had reduced solid feed intake and poorer postweaning 

growth. When comparing a moderate (26.7 kg), high-moderate (42.6 kg), and high (49.0 kg) 

milk replacer program, Hill et al. (2016) detected no growth differences over a 56-d trial, but 

differences in feed intake were found, with moderate calves eating the most and high calves 

eating the least. It is important to note, however, Hill et al. (2016) weaned the calves on different 

ages, over different durations and with different reductions in milk, which can greatly influence 

solid feed intake and in turn, calf growth. Overall, there seems to be some merit in a moderate 

increase in milk feeding level in terms of growth, but the severity of increase can impact solid 

feed consumption. Furthermore, the impact of feeding different restrictive and moderate levels of 

milk when weaned by different gradual methods is poorly understood and may influence 

weaning and postweaning performance. Additionally, some of the tested “moderate” levels in the 

described studies, are arguably still restrictive, as many researchers that tested restrictive versus 

high milk programs have defined restrictive programs as feeding 4 to 6 L/d (Appleby et al., 

2001; Jasper and Weary, 2002; Schäff et al., 2016).  

Although, there is agreement on short-term benefits of feeding higher levels of milk, 

there is some disagreement on long-term benefits. The maintenance of these increased growth 

rates achieved through these high milk feeding programs are commonly reduced, and in some 
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cases lost during weaning (Jasper and Weary, 2002; Cowles et al., 2006; Miller-Cushon et al., 

2013a). This is most likely driven by the reduction of preweaning solid feed intake for calves fed 

greater levels of milk (Khan et al., 2011a). As milk offered increases, solid feed intake 

commonly decreases in the preweaning phase (Jasper and Weary, 2002; Cowles et al., 2006; 

Terré et al., 2007). Although, calves fed high levels of milk will commonly catch up in feed 

intake to restrictive fed calves once milk is reduced (Jasper and Weary, 2002; Khan et al., 2007a; 

Hill et al., 2016), the reduced feed intake preweaning may have postweaning digestibility and 

rumen development impacts (Terré et al., 2007; Dennis et al., 2018; Rosadiuk et al., 2021). Any 

potential delay in rumen development and feed intake may result in a growth slump; therefore, 

weaning off these high levels of milk is a challenge.  

 Long-term Impacts of Milk Feeding Level 

Regardless of potential growth slumps around weaning, BW advantages achieved by high 

milk feeding early in life do not seem to be as achievable through increased solid feed 

consumption in restricted calves (Jasper and Weary, 2002; Schäff et al., 2016). Increasing ADG 

in prepubertal calves, through milk feeding methods, has shown to increase first lactation milk 

yield (Moallem et al., 2010; Soberon et al., 2012; Soberon and Van Amburgh, 2017), milk 

protein, and length of lactation (Drackley et al., 2008). Raeth-Knight et al. (2009) determined 

feeding higher quantities of milk resulted in earlier calving but showed no difference in milk 

yield. However, in that study calves went back to different farms after weaning, meaning many 

factors may have influenced milk yield of those animals. In contrast to these benefits, Terré et al. 

(2009) reported no significant milk yield differences from feeding more milk, but there was a 

large numerical differences and perhaps with a larger sample size, the difference would have 

been significant. Overall, based on meta analyses, it is concluded that there is a general positive 
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effect on lactation performance when calves achieve a higher preweaning ADG  (Soberon and 

Van Amburgh, 2013; Gelsinger et al., 2016), which is persistently achieved through high milk 

feeding programs. The mechanisms of increased production resulting from increased preweaning 

nutrition are not greatly understood. The concept of the “lactocrine hypothesis” is commonly 

referred to when discussing potential development of specific tissues and long-term effects of 

milk-borne bioactive factors (Bartol et al., 2014). Moallem et al. (2010) identified an increased 

milk production when calves were fed whole milk compared to a milk replacer, which may 

indicate the bioactive compounds in whole milk stimulate epigenetic changes in physiology. 

Soberon et al. (2012) later indicated that achieving a greater ADG preweaning also results in 

some epigenetic changes that allow for improved milk production. Physiological differences in 

mammary cells have been demonstrated when feeding higher levels of nutrients in the 

preweaning phase, with increased mammary parenchymal mass (Brown et al., 2005; Soberon 

and Van Amburgh, 2017) and indication of increased number of secretory cells and metabolic 

activity in parenchymal tissue when feeding calves high levels of protein and energy compared 

to moderate levels (Brown et al., 2005). Recently, Hammon et al. (2018) demonstrated calves fed 

ad libitum milk replacer, compared to 6 L/d, had increased activation of the intestinal immune 

system, suggesting long-term immune function benefits with increased early life nutrition. 

Although the growth advantages may be, under some circumstances, reduced or lost after 

weaning, feeding calves high planes of nutrition early in life seems to have a programming effect 

on the body, further supporting the practice of higher levels of milk.  

 Milk Delivery Methods and Drinking Behavior 

Currently, the utilization of bucket feeding, bottle feeding, or a combination of the two, 

account for the majority of ways in which calves are fed (Urie et al., 2018b). Researchers have 



 14 

investigated benefits of feeding high levels of milk via a teat compared to a bucket. When 

bucket-fed restricted amounts of milk, calves finish their meal in about 45 sec (Appleby et al., 

2001), compared to nursing from a dam where calves have several sucking bouts a day, each 

around 10 to 14 min long (Lidfors et al., 1994). Feeding ad libitum milk via a teat, allows calves 

to express this natural drinking behavior, with meal length averaging around 13 min and number 

of meals over 0.5 kg of milk ranging from 2 to 6 a day (Appleby et al., 2001). Consequently, 

AMF have become more popular in the last decade (Medrano-Galarza et al., 2017), as these 

systems can reduce labor (Sinnott et al., 2020), and can allow calves to express more natural 

feeding behavior, while obtaining high levels of milk in multiple meals throughout the day. 

Feeding behavior in stationary AMF can measure the duration of a feeding, intake per session, 

drinking speed and number of unrewarded and rewarded visits (Jensen, 2004; Nielsen et al., 

2008a; Borderas et al., 2009), which can be used to measure signs of hunger. Additionally, 

deviations from baseline drinking behaviors recorded by the AMF for each calf, can be used as a 

tool to aid in disease diagnosis. Past work suggests changes in drinking speed, milk intake and 

the number of unrewarded visits may appear before and during a disease event for calves (Costa 

et al., 2021). However, the changes in drinking behavior seen may be impacted by the milk 

feeding program, and are not any more sensitive in disease detection than visual inspection 

(Knauer et al., 2018a), indicating the importance of daily observation of calves to identify illness.  

A potential issue with AMF feeders is the competition with other calves and being 

displaced from the feeder, compared to individually housing calves (Miller-Cushon and DeVries, 

2015). Competition for access to teats can result in calves increasing their meal frequency, and 

total feeding time to compensate (Miller-Cushon et al., 2014a), while Jensen (2004) suggested 

fewer and larger portions may help lower competition. A way of automatically feeding calves, 
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while removing the aspect of competition, is using an AMF that feeds individually housed 

calves, such as the Calf Rail system (Forster Technik, Engen, Germany). As unrewarded visits 

and displacements from the group AMF are commonly measured to indicate hunger in calves fed 

by stationary AMF (De Paula Vieira et al., 2008), milk drinking behavior changes for calves 

individually housed and fed with an AMF (e.g. Calf Rail system) at a fixed frequency per day, is 

an area that warrants more research.  

In addition to the ability to express natural drinking behaviors when fed by a teat, teats 

provide calves the opportunity to perform suckling behavior. When calves are not provided an 

opportunity to suckle a teat, they can perform non-nutritive sucking in forms of cross-sucking 

when group housed and sucking on surrounding objects. When bucket feeding with the provision 

of a dummy teat, calves will suck the dummy teat for 13 min/d, closely following a milk meal, 

while calves fed via teat only use a dummy teat 1 min/d (Hammell et al., 1988). Sucking 

behavior exists independently of nutrient intake, although not fully independent of milk 

consumption, as milk deprivation from missing a meal or feeding lower levels of milk will 

increase sucking behavior (Rushen and de Passillé, 1995). Possibilities of reducing non-nutritive 

sucking include increasing the milk fed, providing a dummy teat or leaving access to a teat after 

meal, and reducing the milk flow speed (de Passillé, 2001; Jung and Lidfors, 2001). There is 

some evidence that weaning calves at 6 wk of age from a peak of 12 L/d over a 22 d gradual 

period, can result in increased cross-sucking compared to calves weaned over 0, 4, or 10 d (De 

Passillé et al., 2010). However, postweaning, all calves expressed an increase in cross-sucking, 

indicating it is more likely the change in consumed energy than the length of weaning that is 

impacting cross-sucking. Furthermore, these calves on the 22 d weaning program began weaning 
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at d 19, therefore the increased cross-sucking was likely driven more by the age of weaning than 

the duration (De Passillé et al., 2010). 

 Calf raisers have many management decisions to make immediately from birth, with the 

consequences and benefits of each typically being considered. As described, there are many 

short- and long-term benefits to feeding high levels of milk that allow calves to reach their 

growth potentials, improve their welfare, and maximize their lactation performance. However, 

these high feeding programs come with the challenge of encouraging solid feed intake early in 

life. When more milk is fed, calves will voluntarily consume less starter feed (Terré et al., 2007), 

meaning calves may not consume enough nutrients from starter feed to account for the reduction 

in milk provision when weaning commences. This can result in poor performance during the 

weaning phase. Therefore, proper weaning strategies are needed to ensure a smooth weaning 

transition can be done off these high levels of milk.  

1.3 Weaning Programs 

Weaning is a dietary and physiological transition all calves must experience, as their diet 

changes from liquid to solid, and their digestive system develops and changes to be able to digest 

solid feed. When raised by their dam, calves are weaned around 10 mo of age (Reinhardt and 

Reinhardt, 1981), with a gradual reduction in milk intake (Weary et al., 2008). However, when 

raised by humans, weaning typically occurs at 6-10 wk of age (Vasseur et al., 2010; Medrano-

Galarza et al., 2017; Urie et al., 2018b) in a more abrupt fashion.  

Feeding milk replacers and whole milk are more expensive compared to solid feed, 

causing some producers to wean calves as early as possible. Consumption of sufficient amounts 

of solid feed early in life stimulates rumen development, allowing weaning to occur at younger 
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ages (Baldwin et al., 2004; Kertz and Loften, 2013). Calves digestive tracts are designed to 

digest milk early in life and they have a preference for milk (Jung and Lidfors, 2001; de Passillé 

and Rushen, 2006), which limits solid feed consumption (Terré et al., 2007; Hill et al., 2010). 

Restrictive fed calves tend to consume almost twice as much solid feed in the weeks prior to 

weaning than calves on higher feeding programs (Jasper and Weary, 2002; Raeth-Knight et al., 

2009). This decrease in solid feed consumption for calves fed more milk, can delay rumen 

development (Khan et al., 2007a; Rosadiuk et al., 2021) and nutrient digestibility (Terré et al., 

2007; Hill et al., 2016; Dennis et al., 2018), explaining why these calves experience a growth 

slump during weaning. Having a smooth transition off milk is done by encouraging sufficient 

amounts of feed prior to weaning, to promote growth and rumen development, which can be 

mediated through various weaning strategies.  

 Weaning by Dilution 

One weaning practice used is the dilution of milk by the addition of water. It was 

observed that dilution of milk reduces solid feed intake during weaning and for the first 7 d 

postweaning, compared to reducing milk volume over a 10 d period when weaning off a milk 

allowance of 6 L/d (Nielsen et al., 2008b). There was, however, a 10 d age range in the calves at 

enrollment in that study, meaning some calves were older when weaning commenced, which 

may have impacted their response to milk removal or dilution. Nevertheless, when comparing a 

dilution weaning strategy with abrupt weaning, diluting the milk by 10% per feeding for 10 

feedings (5 days) can increase feed consumption prior to weaning when weaning off a restrictive 

milk level (Jasper et al., 2008). These results demonstrate that diluting milk may be beneficial 

over abrupt weaning, but reduction in total volume offered is superior for encouraging solid feed 

intake. Interestingly, in these dilution weaning studies calves were weaned off low levels of 
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milk, and the response of calves weaned by dilution versus gradual reduction in volume off high 

levels of milk has yet to be investigated.  

 Weaning Based on Age 

Although a common practice (Medrano-Galarza et al., 2017; Urie et al., 2018b), weaning 

calves according to age, may not allow them to consume enough feed to smoothly transition off 

milk. Kehoe et al. (2007) investigated the effects of weaning at 3, 4, 5 and 6 wk of age when 

feeding restrictive feeding programs (10% of BW). No growth differences were recorded, but 

calves were not followed past 8 wk of age and long-term effects may not have been determined. 

Although, gradual weaning programs are preferred over abrupt, weaning too early can have 

negative effects on intakes and growth even with gradual programs. This was observed by 

Sweeney et al. (2010) when the 22-d weaning period began at 19 d old and resulted in lower gain 

than abruptly weaning at 41 d old. Additionally, Eckert et al. (2015) observed a difference 

between calves weaned at 6 vs. 8 wk. They demonstrated that weaning at 8 wk can increase solid 

feed intakes and ADG when fed a high milk program, indicating that calves have more 

propensity to eat solid feed with age. Dennis et al. (2018) also observed improved ADG and feed 

efficiency when weaning calves off a high level of milk (1.09 kg DM/d) with a 1-step weaning 

program at 8 wk compared to 6 wk during the milk feeding period. Delaying weaning off 8 L/d 

from 8 to 12 wk with a 1-step weaning program can result in prolonged BW improvements, 

while a delay to 10 or 12 wk can help reduce the growth slump experienced during weaning, 

with 12 wk being optimal (Meale et al., 2015). Calves gradually weaned at 17 compared to 7 wk 

of age will increase their solid feed intake despite maintaining high levels of milk consumption, 

with their solid feed intake increasing up to d 63 on trial (8 ± 1.9 d when entered trial) and then 

plateauing, indicating that calves can maximize their DMI before milk reduction began 



 19 

(Schwarzkopf et al., 2019). Thus, the benefits of gradual weaning may be lost if the weaning 

process begins too young, and there may be improved performance if producers wean calves a 

few weeks later in life. 

 Weaning Based on Solid Feed Consumption 

Many weaning programs only consider age, supplying the needs for the average calf, but 

not every individual calf. In the past decade, the concept of taking individual calf variation into 

consideration when developing weaning programs has become a topic of interest. Roth et al. 

(2009) compared a conventional gradual program with a concentrate-dependent program to 

determine if having an individual-based weaning program is more optimal. In that study, 

concentrate-dependent weaning led to calves being weaned 8 d earlier and had no negative 

effects on gain or rumen development. de Passillé and Rushen (2016) investigated weaning 

based on solid feed intake compared to gradual weaning at two different ages. When weaned 

based on intake, calves had fewer unrewarded visits to the milk feeder, better feed efficiency 

than weaning calves at d 89, and improved growth compared to weaning calves at d 48. Benetton 

et al. (2019) recently explored using a gradual weaning program to wean calves at d 70, 

compared to applying milk reductions based on individual milk intake of calves when they hit 

different targets of solid feed intake (225, 675 and 1300 g/d). It was concluded that calves can be 

successfully weaned based on individual solid feed intake, while consuming less milk, more 

starter feed, and achieving similar weights postweaning. However, some calves failed to meet 

intake targets without intervening and reducing milk intake or providing extra time for them to 

meet targets (Benetton et al., 2019). Overall, concentrate-dependent weaning programs can 

potentially wean calves faster, but requires producers to pay close attention to intake levels to 

ensure optimal results, while allowing some calves extra time to meet solid feed intakes. 
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Although not required, the utilization of an automated concentrate feeder reduces the labor of 

these programs, and therefore is not yet very practical for every farm. With adoption of 

automated feeders increasing, these programs may be able to improve weaning success in the 

future.   

 Gradual and Abrupt Weaning Strategies 

Researchers have concluded that gradual weaning encourages greater feed intake, can 

improve growth during weaning, and reduces vocalizations compared to abrupt weaning (Khan 

et al., 2007b; Jasper et al., 2008). Abrupt weaning involves completely removing milk from the 

calf’s diet at a certain age or solid feed intake, whereas gradual weaning is a slower process 

whereby milk intake is gradually declined, or stepped-down, over the course of several days or 

weeks. Currently, the majority of producers in North America wean calves based on starter 

intake or age, with most producers using a gradual weaning program (Medrano-Galarza et al., 

2017; Urie et al., 2018b). However, 15% of producers that manually feed calves, continue to use 

abrupt weaning, which is only a 1.5% decrease from a previous survey completed almost a 

decade earlier (Vasseur et al., 2010; Medrano-Galarza et al., 2017). Steele et al. (2017) 

demonstrated that a 1-step weaning method can improve feed intake during weaning and 

subsequent postweaning growth, compared to an abrupt method off a high milk feeding program 

(1.35 kg MR/d). However, a single step is likely still too abrupt to eliminate a depression in 

growth postweaning, likely due to the decrease in metabolic energy supply resulting from the 

decrease in milk (Khan et al., 2007b; Steele et al., 2017). A 2-step, compared to a 1-step, 

weaning method can stimulate greater feed intake, and once feed consumption is stimulated, 

weaning feed efficiency can be improved for calves fed high levels of milk (1.1 kg/d of MR) 

(Klopp et al., 2019). Gradually weaning off high levels of milk from d 35 to 53 with 4 smaller 
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step-downs, compared to weaning with one large step, can improve fiber digestibility 

postweaning (Dennis et al., 2018), suggesting more steps may be beneficial. Sweeney et al. 

(2010) investigated 3 different linear gradual weaning programs (4, 10, or 22-d long) compared 

to abrupt weaning, to wean calves at 6 wk off 12 kg/d of fluid milk. Those researchers concluded 

a gradual 10-d weaning program resulted in the best gain and solid feed intakes. However, none 

of the weaning methods allowed calves to consume sufficient starter to compensate for the loss 

of digestible energy caused by milk reduction. Also, these results are confounded with each 

program starting weaning at a different age. Hill et al. (2012) suggested that weaning calves fed 

0.88 kg of milk DM or more, require a 14 to 21 d gradual weaning period to stimulate starter 

intake and maintain ADG.  

Recently, Welboren et al. (2019) tested three variations of gradual weaning off ad libitum 

milk replacer, by 1) a linear program with one large drop on d 36 to 6 L/d followed by equal 

2.5% reductions in individual intake until 2 L/d, 2) a step-down program (6 L/d d 36 to 48, 4 L/d 

d 49 to 56 and 2L/d d 57 to 63), or 3) a dynamic weaning with milk reduced in three drops based 

on a percentage of individual milk consumption the previous week. Postweaning growth was 

greater for calves weaned by a dynamic program, likely due to treatment design as they 

consumed greater levels of milk during weaning than the other two programs. Although all 

gradual weaning programs stimulated similar feed intakes, calves weaned by a linear program 

had greater blood beta-hydroxybutyrate (BHB) (Welboren et al., 2019), indicating greater 

volatile fatty acid (VFA) production and absorption (Deelen et al, 2016). Calves weaned by the 

linear and step-down programs experienced a large drop in milk at d 36, which resulted in calves 

mobilizing more fat when nutrient deficient (Welboren et al., 2019). These findings indicate that 
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the tested linear and step-down programs had too large of a first drop for calves to compensate 

with starter feed, indicating future work is required to help ease this first step-down in milk.  

Overall, gradual weaning tends to result in better gain, intakes, and behavior compared to 

abrupt weaning. However, researchers have concluded that concentrate-dependent weaning 

programs allow individual calf variation to be taken into consideration and may help reduce the 

days on milk but are often complicated for producers to implement without an AMF. 

Determining the optimal weaning strategy when feeding high levels of milk is crucial for the 

success of calves. Opportunities still exist to investigate weaning strategies, particularly the 

number and severity of step-downs, to optimize growth and performance, while ensuring 

sufficient solid feed intake to smoothly wean calves (Khan et al., 2011).  

1.4 Solid Feeding for Dairy Calves 

 Digestive Tract Development  

When born, calf rumens are underdeveloped and physiologically nonfunctional. As such, 

calves are commonly referred to as pseudo-monogastrics. Due to the reflexive closure of the 

reticular groove, when calves suckle, milk bypasses the rumen and enters straight into the 

abomasum and, subsequently, the GIT for digestion and absorption of nutrients (Meale et al., 

2017). During their time with a nonfunctioning rumen, calves must consume milk to meet their 

energy requirements, as their rumen is not sufficiently developed to digest feed (Baldwin et al., 

2004; Khan et al., 2011a). From the consumption and subsequent fermentation of solid feed, the 

rumen will undergo physical and metabolic changes (Warner et al., 1956), along with changes in 

the hepatic and intestinal systems (Baldwin et al., 2004). The dietary transition during weaning, 

from liquid to solid, results in drastic physiological changes, with the primary location of 
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digestion shifting from the abomasum, to the rumen (Baldwin et al., 2004). This dietary and 

physiological transition process must be done smoothly through sufficient solid feed intake, to 

reduce growth slumps, optimize rumen development, and ultimately smooth the weaning 

process.  

Prior to birth, it is thought that calf GITs are devoid of live microorganisms. However, 

during parturition their GITs are thought to be inoculated with microbiota through the vaginal 

canal, fecal material, skin, and saliva (Guzman et al., 2015; Steele et al., 2016; Meale et al., 

2017). This microbiota population expands and colonizes from birth, playing an important role in 

ruminal fermentation during weaning and postweaning. A gradual decline in facultative 

anaerobic bacteria and an increase in anaerobic bacteria is a sign of increased consumption of 

solid feed (Fonty et al., 1987). Within the first week of life, major functional groups of bacteria 

exist in the rumen, such as; cellulolytic, sulfate-reducing and hydrogen-utilizing bacteria 

(Anderson et al., 1987b; Fonty et al., 1987). The establishment of the rumen microbiome is an 

important aspect of rumen development, as cross-talk between microbes and their end-products 

(volatile fatty acids (VFA)) with the host stimulates rumen development (Li et al., 2012). 

Although the rumen microbiome is largely established prior to solid feed consumption, solid feed 

intake can shape the microbiome community (Rey et al., 2013) and bacterial diversity and 

activity, which is important to facilitate rumen development around weaning (Malmuthuge et al., 

2013).  

Calves must fully transition from functioning like a monogastric and digesting milk, to a 

functioning ruminant while digesting feed, during weaning. During weaning the rumen will 

increase its total volume and proportion of the forestomach rapidly (Warner et al., 1956), and 

increase its mass and growth of papillae (Baldwin et al., 2004). Consumption of solid feed is 
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responsible for providing physical stimulation, which results in measurable increases in rumen 

weight and muscular development (Baldwin et al., 2004). Additionally, solid feed provides a 

substrate for rumen microbes to ferment, generating VFA, which stimulates rumen epithelium 

development. Specifically, VFA, especially butyrate (Baldwin et al., 2004), simulates papillary 

differentiation and growth (Tamate et al., 1962). While consuming only milk, microbial 

fermentation occurs in the foregut, which does not produce ketones (Baldwin et al., 2004). The 

consumption and consequent ruminal fermentation of solid feed produces butyrate, which is 

absorbed by ruminal epithelium cells and oxidized into ketones (Baldwin et al., 2004; Khan et 

al., 2016). Beta-hydroxy butyrate (BHB), one of these ketones, can be measured in the blood as 

an indicator of solid feed consumption and absorption by the ruminal epithelium (Quigley et al., 

1991; Deelen et al., 2016), thus, being a proxy for rumen development. Drackley, (2008) 

suggested calves should be consuming a minimum 1.0 kg of solid feed for a few days, prior to 

milk removal to avoid or minimize the weaning growth slump. However, other researchers 

investigating weaning based on solid feed intake did not wean calves until greater amounts of 

solid feed intake were reached and maintained for a few days (average of 1.3 kg to 1.4 kg/d over 

3 d) (de Passillé and Rushen, 2016; Benetton et al., 2019). Although these cut off points used 

were based on the Bovine Alliance on Management and Nutrition (2017) guide to rearing calves, 

calves still seem to experience a growth slump at these feed targets. It is clear that rumen 

development requires ingesting solid feed; therefore, encouraging solid feed prior to and during 

weaning is essential to allow calves to sustain growth during the dietary transition. However, the 

amount of solid feed required to achieve this may depend on many individual factors, such as the 

energy provided by the feed, the individual variation of the calf, and rumen development, rather 
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than just the quantity consumed. Research to provide a more concise and less arbitrary solid feed 

target is warranted.  

 Solid Feed Type 

A limitation to rumen development and weaning success is ensuring calves consume 

sufficient solid feed, meaning the palatability and acceptability of the starter is extremely 

important (Drackley, 2008). Highly palatable feeds frequently consist of easily fermentable 

carbohydrates that also stimulate fermentation and production of VFA (Baldwin et al., 2004; 

Drackley, 2008), initiating ruminal papillae development (Tamate et al., 1962). Specifically, 

concentrates that are typically high in rapidly fermentable carbohydrates, increase VFA 

production that favors butyrate and propionate, at the expense of acetate (Khan et al., 2016). 

Butyrate is the VFA that stimulates the most papillae development and differentiation (Tamate et 

al., 1962), but over-stimulation of papillae may cause keratinization and reduce absorption (Khan 

et al., 2016). Furthermore, feeding only a concentrate, can reduce ruminal pH, and may lead to 

ruminal acidosis (Kim et al., 2016), and negatively impact rumen motility, keratinization of 

papillae, and the microbial population of the rumen (Khan et al., 2016).  

The ingestion of slowly fermentable carbohydrates, or fiber, favors acetate production, 

which does not aid in papillae development (Tamate et al., 1962; Žitnan et al., 1998). However, 

fiber sources can increase the rumen weight and volume (Tamate et al., 1962), and motility of 

rumen contents (Khan et al., 2016). Ruminal pH and severity of subacute ruminal acidosis can be 

improved by forage consumption in calves (Laarman and Oba, 2011; Kim et al., 2016), 

potentially due to removing keratinization and dead cells from the rumen wall and improving 

VFA absorption (Imani et al., 2017), or by stimulating chewing and buffering due to saliva 
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production (Nemati et al., 2015). Provision of forage during weaning has long been discouraged, 

due to a possible depression in intake from a gut-fill effect, being low in energy density and 

favoring acetate production (Khan et al., 2016). Research that supported this was commonly 

conducted on calves fed low levels of milk (Kertz et al., 1979). With higher milk feeding 

programs now utilized frequently, it is important to reevaluate forage effects. Khan et al. (2011b)  

discovered that providing hay did not decrease calf starter intake or BW during wk 1 to 5 of life, 

while increasing DMI during wk 6 to 10, for calves fed 8 L/d of milk. Forage provision also 

resulted in similar blood concentrations of BHB, meaning rumen walls were equally efficient in 

converting butyrate, while also having improved rumen pH (Khan et al., 2011b). Additionally, 

Overvest et al. (2016) reported that hay provision did not decrease intakes when compared to 

concentrate only, showing forage can be provided without negative consequences on total feed 

consumption. Coverdale et al. (2004) reported that hay provision increased dry matter intake, 

BW, and improved rumen environment. Generally, incorporation of forage into calf starter diets 

can be successful in improving rumen health and behavior when feeding high levels of milk. 

Commercially available starter feeds can be in a variety of forms, such as pellets, 

mashed, textured or a combination of grains and pellets (Khan et al., 2016). Soybean meal is the 

most widely used protein source in starter feeds (Drackley, 2008), having a better amino acid 

profile and higher palatability than other vegetable protein sources (Khan et al., 2016). Although 

concentrate feeds initiate rumen development, young calves are better developed to handle 

nutrients from milk, and it can be challenging to get calves to consume these solid feeds early in 

life. The concept of providing a novel feed that is easily digestible and highly palatable to calves 

while the rumen is developing, is an area that warrants more research. It is possible that 

providing calves a feed that is high in lactose, may increase the palatability and acceptability of 



 27 

solid feed. Also, a high lactose feed may be easier for calves to digest while the rumen is still 

developing. The increased palatability and potential ease of digestibility may allow calves to 

increase their starter feed earlier in life, improving rumen development. This concept was 

explored decades ago, with inconclusive results about the impact that whey feed products (which 

are high in lactose) have on calves when milk feeding programs are low (≤ 10% BW) (Morrill 

and Dayton, 1974; Fisher and Buckley, 1985; DePeters et al., 1986). Interestingly, whey-based 

feeds containing 46% whey were referred to as highly palatable pelleted starter feed and were 

commonly used to stimulate early weaning (4 wk of age) (Morrill et al., 1984; Anderson et al., 

1987a).  In support, other researchers reported feeding an evaporated whey-canola meal mixture 

can be a suitable type of feed fed in high levels (Fisher, 1983), without causing digestive upsets 

(Fisher and Buckley, 1985). In contrast, Morrill and Dayton (1974) and DePeters et al. (1986) 

both reported a decreased feed intake when whey levels were over 10% of total DM. Terré et al. 

(2016) concluded that feeding a whey concentrate and soybean meal based pellet alone for the 

first 15 d of life (at 150 g/d) compared to a conventional starter pellet, could improve feed 

efficiency and solid feed consumption during that time. However, all research to date with a 

whey-based starter pellet has been fed to calves receiving low levels of milk. Although a lack of 

consistency in results, there are some promising findings and the responses to this type of feed 

when fed higher levels of milk needs to be investigated.  

 Feed Presentation 

Diaz et al. (2001) reported calves consume their bedding when solid feed is not offered, 

demonstrating that calves have an inherent craving for solid feed. Calves begin to consume 

measurable quantities of solid feed around 2 wk of age (Jasper and Weary, 2002), but may 

initiate exploring feed earlier. Thus, introduction of solid feed should occur prior to this. To 
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optimize growth around weaning, calves should be consuming a minimum of 1 kg/d of solid feed 

consistently before weaning concludes (Drackley, 2008). Therefore, the form and presentation of 

feeds provided may aid in encouraging feed consumption early in life.  

The particle size, form, and mixture all can impact the level of palatability and 

attractiveness. Particle size and form of forage were investigated by Montoro et al. (2013), 

concluding calves fed a chopped (3-4 cm) alfalfa hay had higher intakes 1 wk after weaning, and 

tended to have improved gain to feed (G:F) ratios, than when fed finely ground hay (2 mm). In 

related research, it was determined that calves fed finely ground versus chopped hay early in life 

will sort in favor of concentrate when later switched onto a chopped hay and concentrate ration 

(Miller-Cushon et al., 2013b). Furthermore, providing coarse hay, as opposed to ground hay, 

during the milk-feeding phase decreases non-nutritive sucking behavior and increases idle time 

(Montoro et al., 2013; Horvath and Miller-Cushon, 2017), while also improving postweaning 

total tract apparent digestibility (Montoro et al., 2013). Offering a coarse, compared to ground 

concentrate, results in increased gain, body weights and G:F ratios, while the addition of hay to 

the coarse concentrate further improves DMI and BW (Coverdale et al., 2004). Overvest et al. 

(2016) investigated the method of provision of different feeds to determine the effects of 

providing concentrate separately, mixed with hay, or offered separately with access to hay. It 

was concluded that provision of hay, mixed or separately did not decrease intake of concentrate, 

but increased rumination time during the weaning phase. This suggests feeding a forage such as 

hay, either mixed with a concentrate or separately, may be beneficial and showed no detrimental 

effects on gain when weaning calves (Overvest et al., 2016).  

Besides the way feed is provided in terms of size, texture, and composition, another 

possible way of encouraging feed consumption is through the manipulation of the location of 
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solid feed within the calf’s pen. No known research has investigated how location of feed source 

can influence feed intakes in dairy calves. However, it has been demonstrated that cattle have 

accurate spatial memory, and are capable of remembering specific locations that they can obtain 

certain feeds (Bailey et al., 1989; Laca, 1998; Ksiksi and Laca, 2002). Work conducted by 

Dumont and Petit (1998) indicated that sheep can remember the areas they have previously 

grazed, while sheep also associated particular areas with high quality, preferred feeds. Therefore, 

it is likely calves have these functioning spatial memories, and it is plausible they can develop 

associations of specific locations in their pen with consuming high quality, preferrable feedstuffs. 

Research is lacking in this area, and if calves can associate specific areas with consuming quality 

feeds, producers may be able to manipulate the location of solid feed to stimulate feed 

consumption.  

1.5 Thesis Objectives and Hypotheses 

Although much progress has been made in the past decades in calf management in terms 

of improvements in preweaning welfare and performance, weaning continues to be a challenging 

transition for calves. The importance of encouraging sufficient solid feed intake prior to and 

during weaning when feeding high levels of milk is crucial to avoid loss of growth advantages, 

promote rumen development, and ultimately smooth the weaning transition. As such, 

encouraging solid feed intake through weaning methods, feed types, and manipulating the 

location of feed may help increase preweaning feed intake and facilitate the dietary and 

physiological transition that occurs during weaning.    

Thus, the overall objective of my thesis research was to identify management and 

nutritional factors that help to improve weaning success in dairy calves fed higher levels of milk. 
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The overall hypothesis of my thesis research was that increasing solid feed intake through 

management and nutritional factors, would improve calf performance, rumen development and 

smooth the weaning transition for calves. Different factors that were predicted to affect feed 

consumption and influence weaning success were explored in three research trials conducted for 

this thesis: 

1) The objective of the first study (Chapter 2) was to determine how increasing milk 

allowance after an acclimation period to a calf rearing facility from a low to moderate 

level, as well as how two types of gradual weaning programs, affected feed intake, 

health, and growth of calves. It was hypothesized that providing calves with 

additional milk replacer after acclimation would still increase growth and health, 

without reducing solid feed intake. Additionally, it was hypothesized that calves 

weaned by a 2-step gradual program would stimulate greater solid feed intakes and 

maintain their growth through weaning, compared to those weaned by a 4-step 

gradual program. 

2) The primary objective of the second project (Chapter 3) was to determine the effect of 

weaning calves off a high level of milk by a multi-step gradual or a continuous 

gradual weaning program. It was hypothesized that larger, more noticeable drops in 

milk during weaning would encourage greater feed intake, resulting in improved 

rumen development, and improving behavior and growth during weaning, when 

compared to a continuous gradual weaning program, with small-equal reductions in 

milk. The secondary objective of the second project (Chapter 3) was to determine if 

manipulating the location of solid feed relative to the milk source could influence 

feed intake. It was hypothesized that having solid feed offered in close proximity to 
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the milk source would encourage greater feed consumption through calves associating 

that location with preferred feeds. 

3) The primary objective of the third project (Chapter 4) was to determine the impact of 

feeding a milk by-product (whey) based calf starter during the milk-feeding and 

weaning phase on feed intake, growth, and digestion efficiency of calves fed a low 

versus high level of milk. It was hypothesized that calves fed the whey based starter 

feed would have increased feed intake, experience improved rumen development, and 

have greater performance during weaning and postweaning than calves fed a 

traditional grain based calf starter. Also, it was hypothesized that the benefits from 

the whey feed would be more evident in calves fed high levels of milk, as these 

calves are most prone to reduced feed intake prior to weaning. 
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2 CHAPTER 2: Effect of delaying an increase in milk allowance 

and type of gradual weaning program on performance and 

health of calves fed lower levels of milk 

2.1 INTRODUCTION 

Young dairy calves are susceptible to high levels of morbidity and mortality, especially in 

the first few weeks of life (Svensson et al., 2003; Pardon et al., 2012; Winder et al., 2016), 

raising an economic and welfare concern for producers. Calves raised on specialized calf rearing 

facilities, for either male and female Holstein calves, commonly face additional challenges of 

transportation and commingling with others, further increasing their disease exposure, and 

reducing their immune function (Brscic et al., 2012; Hulbert and Moisá, 2016). Nutritional stress 

can also contribute to reduced immune function (Drackley, 2005), and may reduce the calf’s 

ability to cope with pathogens (Ollivett et al., 2012). Consequently, milk feeding strategies are 

critical to support calf health, as well as overall growth and well-being.  

There is consensus that allowing calves access to high levels of milk or milk replacer ( ≥ 

20% of BW/d) results in improved preweaning growth rates (Khan et al., 2011; Rosenberger et 

al., 2017) and may improve disease resistance (Khan et al., 2007; Ollivett et al., 2012; Todd et 

al., 2017). Yet, it is still common for calves to be fed more traditional, or restricted levels of ≤ 6 

L/d of milk or milk replacer (Pempek et al., 2018; Winder et al., 2018; Scott et al., 2020), with 

majority of calf ranches feeding 3.8 L (1 gallon) of 20% CP and 20% crude fat milk replacer per 

day (Walker et al., 2012). Some producers may be reluctant to increase their milk feeding levels 

due to economic concerns, solid feed intake reductions commonly associated with greater levels 
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of milk (Terré et al., 2007; Hill et al., 2010; Miller-Cushon et al., 2013), and the belief that 

increased milk results in increased cases of diarrhea (Silper et al., 2014; Knauer et al., 2018).  

Producers rearing calves, particularly those arriving to specialized rearing facilities, are 

often hesitant to increase levels of milk during the first few weeks of life, resulting in a delay of 

providing greater levels of milk to young calves during their most susceptible period of 

morbidity (Knauer et al., 2018). Providing access to increased levels of milk, compared to 

restricted levels, starting at d 1-3 of age can improve growth rates (Silper et al., 2014; Yunta et 

al., 2015; Knauer et al., 2018), but may still be associated with lower solid feed intakes (Yunta et 

al., 2015). However, as this is not a common practice, it is important to understand if an increase 

in milk replacer after a longer acclimation period to a calf rearing facility will have similar 

effects on solid feed intakes and growth.  

As solid feed consumption is affected by weaning program, as well as level of milk fed, 

there is the possibility that an improved weaning program may help avoid a decrease in solid 

feed consumption when offering greater amounts of milk. Adopting a weaning strategy that 

minimizes stress, while encouraging solid feed intake is essential to promote not only growth, 

but also improved immune function (Khan et al., 2011; Hulbert and Moisá, 2016). Gradual 

weaning programs encourage greater solid feed consumption and, consequently, improve 

performance compared to abrupt weaning (Budzynska and Weary, 2008; Jasper et al., 2008). 

Gradually weaning calves off higher levels of milk by a step-wise or a continuous gradual 

program tends to result in similar feed intakes and growth (Welboren et al., 2019; Parsons et al., 

2020). However, the types of gradual weaning programs have not been investigated when 

weaning calves off low to moderate levels of milk. It is possible that a more noticeable drop in 
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milk to stimulate solid feed intake can be applied to help increase feed consumption and improve 

rumen development during weaning. 

Therefore, the objective of this study was to determine how increasing milk allowance 

from a low to a moderate level after a 12 d acclimation period to a male Holstein calf rearing 

facility, as well as differing types of gradual weaning programs, affects feed intake, health, and 

growth of calves. It was hypothesized that providing calves with additional milk replacer after 

acclimation would increase growth and health, without compromising solid feed intake and 

rumen development commonly associated with feeding greater amounts of milk. Furthermore, it 

was hypothesized that calves weaned by a 2-step gradual program would have greater solid feed 

intakes and, thus, greater maintenance of growth through weaning, compared to those weaned by 

a 4-step gradual program, due to the larger, more noticeable milk reductions stimulating greater 

feed consumption. This objective was evaluated in a study in which the effects of 2 milk feeding 

programs and 2 gradual weaning programs were tested in association with each other. It was 

hypothesized that the greatest benefit of the 2-step weaning program would be observed in those 

calves who received an increased milk allowance.  

2.2 MATERIALS AND METHODS 

 Animals and Housing 

 This study was conducted at a commercial calf rearing facility (Grober, Cambridge, 

Ontario) with 84 male Holstein calves. All calves arrived at the facility within 2 consecutive d 

(October 23 and October 24, 2018), sourced from local Ontario (Canada) dairy farms. All calves 

that arrived in these consecutive 2 d were enrolled, with no calves being excluded at enrollment. 

All calves were Holstein male calves with an unknown history and age, with age estimated 
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between 3 to 7 d (Renaud et al., 2018). Upon arrival, all calves were housed in 1 room that had 2 

sides, both with 21 pens facing each other, for a total of 84 pens. Each calf was placed into an 

individual pen (100 × 125 cm; width × length) with rubber slatted floors, with no bedding (as per 

facility standard), and stayed there for the duration of the study period (59 d), prior to being 

moved to group housing. The room was mechanically ventilated, with two fans along the outside 

wall of each side of the room drawing air out. Calves had auditory and visual contact with other 

calves, as the sides of the pens were open, slatted bars, however, physical contact was limited. 

Each pen had 2 openings at the front side of the pen, with 2 buckets. The calves were able to 

reach through the holes and consume their milk or solid feed out of the buckets. All study 

procedures were reviewed and approved by the University of Guelph Animal Care Committee 

(AUP#3722).  

 Feeding and Health Management 

All calves were offered milk replacer (21% CP, 19% crude fat, 40% lactose; VG, Grober 

Nutrition, Cambridge, ON, Canada) according to their assigned treatment twice a day by bucket 

(0700 h and 1630 h) until weaning when their milk was reduced to once a day (0700 h), 

according to their weaning treatment. During the first 2 d of milk feedings, staff members trained 

calves to consume out of a bucket by allowing them to suckle on their fingers and guiding their 

mouth down into the bucket. Barn staff were responsible for feeding the calves their assigned 

milk treatments, therefore were not blinded. Staff performed health assessments twice a day 

following milk feedings by walking through the room and identifying calves that appeared sick. 

Staff followed a decision tree treatment protocol, beginning with general calf appearance and 

attitude, then fecal score, respiratory signs (nasal and ocular discharge, ear scores, coughing and 

rectal temperature) and umbilical aspects to help make treatment decisions. Nasal and ocular 
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discharge, ear, and fecal scores were based on a 0 to 3 score, with 0 being normal (McGuirk, 

2008, McGuirk and Peek, 2014). Calves with a fecal score of 2, were fed 2 L of oral electrolytes 

(Calf Lyte II, Vetoquinol, Lavaltrie, Quebec, Canada) between milk feedings, while calves with 

a fecal score of 3 were fed 2 L of oral electrolytes once between feedings and once in the 

evening. If calves with diarrhea (fecal score of 2 or 3), did not improve after electrolyte 

treatment, or if they also appeared dull with poor appetite, calves were administered 

intramuscular trimethoprim sulfa (0.7 mL/10 kg of BW; Trimidox, Vetoquinol, Lavaltrie, QC, 

Canada) for 5 days, and one subcutaneous dose of meloxicam (0.25 mL/ 10 kg of BW; Metacam, 

Boehringer Ltd., Burlington, ON, Canada). Calves with umbilical, joint, or respiratory issues, 

were treated with antibiotics, based on the treatment decision tree. Preventative antibiotics 

trimethoprim and sulfadiazine (2.4 g/calf/feeding; Uniprim; Macleod Pharmaceuticals Inc., Fort 

Collins, CO, USA) and neomycin (1.32 g/calf/feeding; Neomed; Bimeda Inc., Terrace, IL, USA) 

were added to the milk replacer from d 1 to 8. From d 20 to 27 oxytetracycline (2 g/calf/feeding; 

Oxysol-1000, Vetoquinol, Quebec, ON, Canada) was added to the milk replacer as a respiratory 

disease preventative antibiotic.  

Calves had ad libitum access to water provided through a nipple water dispenser in each 

pen. Ad libitum solid feed (Table 2.1) was offered, with the aim of 10% daily refusals, beginning 

on d 5. All calves were offered a starter ration (Elgin Feeds Ltd., Aylmer, ON, Canada) that was 

a combination of 60% veal starter pellet, 16% whole corn, 16% steam flaked corn, 5% chopped 

straw, and 3% molasses. Calves were later transitioned onto finisher feed over the span of 5 d (d 

43-47) by gradually increasing the proportion of finisher feed top-dressed onto the starter feed. 

During this dietary transition, the amount of both starter and finisher feed offered was recorded 

and accounted for in the DMI and ME intake calculations, while assuming refused feed consisted 
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only of starter feed. The finisher ration (Elgin Feeds Ltd., Aylmer, ON, Canada) was 60.5% 

whole corn, 36% finisher (Grober Red Veal Steakmaker) pellet, 2.5% molasses, and 1% oil 

(Table 2.1). From d 48 until d 59, calves only received the finisher ration. All calves were 

gradually weaned off their milk treatment according to their randomly assigned weaning 

treatment. Weaning occurred between d 30 and 45. All calves were completely weaned and 

received no milk on d 46.  

 Study Design and Treatments 

To ensure that the number of experimental units (calves) per treatment was adequate to 

detect statistical differences in treatment response, a power analysis (Morris, 1999; Hintze, 2008) 

was performed before the study for the primary response variables, including feed intake and 

BW measures. Estimates of variation for these variables (mean CV = 26%) were based on 

previously reported values (Yunta et al., 2015; Chapman et al., 2016). From the power analysis, 

it was determined that at an 80% power, treatment differences of ~16% could be detected with 

21 calves per treatment combination. Using a 2  2 factorial design, each calf was randomly 

assigned both to 1 of 2 milk level treatments and to 1 of 2 weaning treatments at enrollment 

following arrival to the facility. Random assignment to treatment was done by utilizing a random 

number generator in Microsoft Excel (Microsoft Corp., Redmond, WA) to generate a random 

order of the 4 treatments (MM and 4-step, LM and 2-step, MM and 2-step, LM and 4-step). This 

random order of treatments was then sequentially repeated from pen 1 to 84. Each of the 4 

treatments were identified by the use of 4 colors of tape placed on the outside of the pen, to allow 

staff to identify which treatment to feed each calf. As the primary author was responsible for 

enrolling all calves and marking the pens with the treatments, they were not blinded to the 

treatments. Calves were either assigned to a moderate milk level program (MM) or a lower milk 
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level program (LM), and to a 2-step (2-step) or a 4-step (4-step) weaning program. The calves 

on the MM program were fed a total of 35 kg of milk replacer from arrival to the end of 

weaning, while calves on the LM program were fed a total of 25 kg of milk replacer during the 

entire milk feeding phase. All calves received the same milk program from d 1-12 (4 to 5 L/d), 

with the milk replacer concentration slowly increasing from d 1 (115 g/L) until d 15 (140 g/L). 

Offered milk replacer increased starting d 13 for calves on the MM treatment, compared to 

calves on the LM treatment (Table 2.2). The MM treatment offered milk replacer peaked at 9 L/d 

(d 25-29), compared to LM treatment offered milk replacer which peaked at 5 L/d (d 9-29) 

(Table 2.2). Based on the average ME intake from only milk replacer across d 13 to 30 and the 

average BW of calves at d 30, according to the NRC (2001), the milk allowance on the LM 

treatment was formulated to support ~450 g/d of ADG, while the milk allowance on the MM 

treatment was formulated to support ~750 g/d of ADG. All calves were gradually weaned 

according to their randomly assigned weaning treatment from d 30 to 45. Calves were either 

weaned by a 2-step or a 4-step weaning program, depending on their assigned treatment (Table 

2.2). Beginning d 46 calves received no more milk and were monitored in the postweaning phase 

until d 59.   

 Measurements and Sample Collection 

Daily milk intakes were recorded by the staff, who were responsible for feeding the 

calves twice a day and measuring back the refused milk at each feeding. The amount of solid 

feed that was consumed by each calf was measured daily at 1030 h by the primary author. Solid 

feed intakes were calculated based on the weight offered at the start of each day and weight 

refused, measured 24 h later. Samples were taken of the solid feed ration and milk replacer once 

a week. These samples were frozen at -20C for later analysis. Samples were later thawed and 
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placed in a drying oven at 60C for 48 h to determine the DM content of each sample. Samples 

of solid feed were then ground through a 1-mm sieve (Model 4 Wiley Laboratory Mill, Thomas 

Scientific, Swedsboro, NJ, USA) and sent to A & L Canada Laboratories Inc. (London, ON, 

Canada) for chemical composition analyses. Calf starter and finisher feed samples were analyzed 

for ash (550°C; AOAC International, 2000: method 942.05), CP (N x 6.25; AOAC International, 

2000: method 990.03; Leco FP-628 Nitrogen Analyzer, Leco, St. Joseph, MI), ADF (AOAC 

International, 2000: method 973.18), NDF with heat-stable -amylase and sodium sulfite 

(AOAC International, 2000: method 2002.04), starch (heat-stable amylase and 

amyloglucosidase; AOAC International, 2000: method 996.11), and crude fat (AOAC 

International, 2000: method 920.39; Ankom XT15). Milk replacer samples were analyzed for CP 

(N x 6.25; AOAC International, 2000: method 990.03; Leco FP-628 Nitrogen Analyzer, Leco, 

St. Joseph, MI), crude fibre (AOAC International, 2000: method Ba 6a-05; Ankom Bag 

Technology), and fat (total fat by acid hydrolysis using the ANKOM HCl Hydrolysis System; 

AOAC International, 1995: method 954.02 Section 4.5.02). Metabolizable energy was calculated 

using National Research Council (NRC, 2001) equations for the milk replacer and ration 

samples, and then an average ME was calculated for the milk replacer and the rations to be used 

to calculate ME intake. Dry matter intake (DMI) was calculated by correcting the kg of solid 

feed consumed by the DM of the corresponding ration sample for that week of data.  

 Calf BW and body size (hip height, heart girth, middle girth) were measured on d 2, after 

all calves had arrived at the calf rearing facility, as their initial weight and size measurements. 

Calves were also weighed and measured again at d 30, 38, 46, 52 and 59. Weight and size 

measurements were always taken at the same time (1230 h) of day by the primary author to 

ensure consistency. Blood was sampled on d 30 (the start of weaning), 46 (first day of 



 40 

postweaning), and 52 (1 wk postweaning) to determine blood 𝛽-hydroxybutyrate (BHB) 

concentration, as a proxy for rumen physiological development (Deelen et al., 2016). During the 

health scoring procedure in the morning, calves were restrained to draw a small amount of blood 

(< 1mL) from the coccygeal vein using a 22-guage, 2.54-cm needle and a 1-mL syringe. Then, 

using a handheld meter (FreeStyle Precision Neo; Abbott Diabetes Care, Saint Laurent, Canada) 

with blood ketone test strips (Abbott Diabetes Care), a droplet of blood was placed on the strip 

and the reader indicated the blood BHB concentration in mmol/L.  

 All calves were health scored every other day to meet the minimum twice-weekly scoring 

required to identify respiratory disease (McGuirk and Peek, 2014). Scoring was only done by the 

primary author to maintain consistency, beginning on d 2 using an iPad (Apple Inc., Cupertino, 

CA) with the Calf Health Scorer app (University of Wisconsin-Madison, Madison, WI) at 0800 h 

following their first milk feeding of the day. Although the primary author assigned calves to their 

treatments on the day of arrival, due to the large number of calves scored each time and no way 

of identify the treatment during the scoring process, there is a reduced chance of bias due to the 

person scoring not being blinded to treatments. The app provided images and descriptions for 

scoring the nose, eye, ear, appetite, attitude, cough, temperature, fecal, navel and joint scores 

using a 0 to 3 scale, with healthy being 0. Health parameters scored to evaluate the respiratory 

system (nose, eye, ear, cough, rectal temperature) were scored according to McGuirk and Peek 

(2014), and fecal scores were based on McGuirk (2008). Following the completion of health 

scoring, data was exported from the app and saved to an external hard drive. For data analysis, a 

calf with an identified case of neonatal calf diarrhea (NCD) was based on any fecal score of  2 

(McGuirk, 2008). Calves were further classified as having respiratory disease when their 
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respiratory score (rectal temperature, cough, nasal and eye or ear score) was  5 (McGuirk and 

Peek, 2014).  

 Statistical Analyses 

All statistical analyses were conducted using SAS 9.4 software (SAS Institute Inc., 2013). 

Significance was declared at P ≤ 0.05, and tendencies were reported if 0.05 < P ≤ 0.10. Prior to 

analyses, all data were screened for normality using the UNIVARIATE procedure of SAS. Most 

variables met the assumptions of normality, except the calculated number of days scored with 

NCD (fecal score  2) and days scored with respiratory disease (respiratory score  5). As this 

data contained many zeros, no transformations were able to be done to meet the assumptions of 

normality; thus, this data was categorized as calves having an event of NCD or respiratory 

disease or not and analyzed within phase, as described below. For each model tested, interactions 

with P ≤ 0.05 were further investigated. Outliers ( 3 SD from the mean) in data for individual 

calves (for individual days) were removed prior to analyses. One calf assigned to LM and 4-step 

treatment was removed from analyses due to mortality prior to the initiation of weaning 

treatments and 2 calves (one assigned to LM and 4-step, one assigned to MM and 4-step) were 

removed from analyses as they were outliers for milk intakes and, therefore, were not being fed 

properly according to the assigned milk and weaning treatments. This, consequently, meant they 

were outliers for all other measured outcomes. Therefore, a total of 81 calves remained in the 

dataset for analyses, with 40 calves on LM and 41 calves on MM treatments, and 42 calves on 2-

step and 39 calves on 4-step treatments.  

To investigate the effect of treatments (milk and weaning treatments) on intakes, data 

were summarized and analyzed by phase: preweaning (d 1-29), weaning (d 30-45), and 
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postweaning (d 46-59). Data were analyzed using the MIXED procedure of SAS, treating day as 

a repeated measure for intake measures and calf within treatments as a random effect. The model 

included effects of both treatments (milk and weaning treatments), day, and both treatment  day 

interactions. Initial BW was tested as a covariate for all models, and removed when P > 0.05 and 

removal did not change parameter estimates for remaining predictors. When analysing total 

DMI, ME intake, and starter feed intake, initial BW was included as a covariate in the model. No 

interaction between milk and weaning treatment was detected for any of the investigated 

measures, and therefore, the results of these different treatment factors are reported separately. 

As weaning treatments were imposed at d 30, results for those treatments are only discussed for 

the data collected from the point of treatment administration and beyond.  

To analyze growth (BW, ADG and size measurements) and BHB outcome measures, the 

MIXED procedure of SAS was used, treating day as a repeated measure, with calf within 

treatments as a random effect. The model included both treatments (milk and weaning 

treatment), day, and both treatment  day interactions. Initial BW was added to the model for 

BW and ADG outcomes as a covariate. Initial body measurements (height, middle girth, and 

heart girth) were added to the corresponding outcome models as a covariate.  

For all repeated-measure models, covariance structure was selected based on the best fit 

according to Schwarz’s Bayesian information criterion. The covariance structures that were used 

included compound symmetry (milk intake and milk replacer outcome measures), first-order 

autoregressive (total DMI, ME intake, solid feed intake outcome measures), and first-order 

heterogeneous autoregressive (growth and BHB outcome measures). When a treatment  day 

interaction was detected, the PDIFF option was added to the LSMEANS statement to analyze 

differences between treatments within day. 
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Calves were categorized as having a case of NCD if they had scored a fecal score of  2 

on at least one of the health scoring days during each phase. Calves were also classified as 

having respiratory disease if they scored  5 for their respiratory score on at least one of the days 

they were health scored during each phase. To determine treatment differences in the number of 

calves that experienced NCD or respiratory disease, separate multivariable logistic regression 

analyses with a binary distribution and logit link using the GLIMMIX procedure of SAS were 

used, where the variables (NCD or respiratory disease) were treated as categorical (i.e. occurring 

yes or no) and analyzed by phase. These models included the fixed effects of both treatments 

(milk and weaning treatments) and calf within treatments as a random effect. The MIXED 

procedure in SAS was used to determine difference in days until first diagnosis of NCD or 

respiratory disease with both milk and weaning treatments in the model, and calf within 

treatments as a random effect. Data were not excluded for sick calves on specific days, as the 

start and end dates of the health events were unknown and health was a primary outcome. All 

values reported are LS means ± SE. 

2.3 RESULTS 

 Milk Treatments 

 During the preweaning and weaning phases, treatment  day interactions were detected 

for all intake measurements (Table 2.3). These interactions were expected due to treatment 

design, whereby fluid milk intake for MM treatment calves was greater than LM treatment 

calves across d 13 to 45 (P ≤ 0.05; Figure 2.1a). As such, unconstituted milk replacer intake 

(kg/d) for MM treatment calves was greater than LM treatment calves across d 13 to 45 (P ≤ 

0.001; data not shown). The LM treatment calves consumed greater amounts of solid feed than 
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MM treatment calves from d 22 to 29 in the preweaning phase and from 30 to 40 and d 43 to 45 

of the weaning phase (P ≤ 0.05; Figure 2.1b). As ME intake and total DMI are directly related to 

milk and solid feed consumption, treatment  day interactions were also detected for ME intake 

and total DMI in the preweaning and weaning phases (Table 2.3). During the preweaning phase, 

ME intake for MM calves was greater than LM treatment calves from d 17 to 29 (P < 0.009; data 

not shown). However, during the weaning phase, LM treatment calves consumed greater 

amounts of ME on d 43 compared to MM treatment calves (7.78 vs. 6.97 Mcal/d; SE = 0.283; P 

= 0.05). The MM treatment calves had greater total DMI from d 19 to 22 in the preweaning 

phase compared to calves on the LM treatment (P ≤ 0.01; data not shown). During the weaning 

phase, this trend reversed, as calves on the LM treatment had greater total DMI on d 39 (1.91 vs. 

1.64 kg/d; SE = 0.086; P = 0.03) and d 43 (2.26 vs. 2.00 kg/d; SE = 0.086; P = 0.03) compared 

to calves on the MM treatment. No milking feeding treatment effects or treatment  day 

interactions were detected for any measure of intakes in the postweaning phases (Table 2.3).    

No significant difference was detected for initial BW for calves on the MM treatment 

compared to the LM treatment at the start of the trial (49.9 vs. 51.6 kg; SE = 0.66). A treatment  

day interaction for BW was detected (P = 0.02), however, no differences between treatments by 

day were detected (P ≥ 0.45; Figure 2.2a). A treatment  day interaction was detected for ADG 

(P = 0.03), with calves on the LM treatment having a greater growth rate than calves on the MM 

treatment between d 38 and 46 (0.96 vs. 0.71 kg/d; SE = 0.96; P = 0.02). No other differences 

between treatments by day were detected for ADG (Figure 2.2b). No treatment differences were 

detected for heart girth gain (P = 0.69), middle girth gain (P = 0.75), or height gain (P = 0.54) 

(Figure 2.2c-e). For the duration of the trial, no differences between MM and LM treatments 

were detected for blood BHB measurements (P = 0.49; Figure 2.3a). A day effect was detected 
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(P < 0.001), with BHB increasing from d 30 to 46 (0.11 vs. 0.31 mmol/L; SE = 0.018; P < 

0.001), however, no change was detected between d 46 and 52 (0.31 vs. 0.33 mmol/L; SE = 

0.024; P = 0.84).  

During the preweaning phase, calves on the MM treatment tended to be at a greater risk 

of being diagnosed with NCD than calves on the LM treatment (OR = 2.6, 95% CI = 0.82, 8.5; P 

= 0.10), with 86% (95% CI =71%, 94%) of MM calves and 71% (95% CI =54%, 83%) of LM 

calves being diagnosed with NCD in the preweaning phase. During the weaning and 

postweaning phases, no differences (P ≥ 0.28) in risk of being diagnosed with NCD were 

detected between treatments. During the weaning phase, 10% (95% CI = 4%, 24%) of MM 

calves, and 7% (95% CI = 2%, 21%) of LM calves were diagnosed with NCD. During the 

postweaning phase, 0.7% (95% CI = 0%, 20%) of MM calves and 0% (95% CI = 0%, 28%) of 

LM calves were diagnosed with NCD. During the preweaning, weaning, and postweaning phases 

there were no differences in risk of being diagnosed with respiratory disease detected between 

milk treatments (P ≥ 0.21). There were 46% (95% CI = 31%, 62%) of MM calves and 55% (95% 

CI = 39%, 70%) of LM calves diagnosed with respiratory disease in the preweaning phase, 9% 

(95% CI = 3%, 23%) of MM calves and 17% (95% CI = 8%, 33%) of LM calves diagnosed with 

respiratory disease in the weaning phase, and 24% (95% CI = 13%, 40%) of MM calves and 

38% (95% CI = 24%, 54%) of LM calves diagnosed with respiratory disease in the postweaning 

phase. No difference was detected for days until first diagnosis of NCD between MM and LM 

treatment calves (9.8 vs. 11.7 d; SE = 1.42; P = 0.60). No difference was detected for days until 

first diagnosis of respiratory disease between the MM and LM treatment calves (20.4 vs. 18.8 d; 

SE = 2.84; P = 0.70).  
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 Weaning Treatments 

No weaning treatment effects were detected for any intake measures during the 

preweaning phase (Table 2.4), which was expected as the weaning treatments were not applied 

until weaning commenced on d 30. Weaning treatment  day interactions were detected for 

measures of intake in the weaning phase (Table 2.4). During the entire weaning phase (d 30 to 

45), fluid milk intake differed between weaning treatments (P ≤ 0.03; Figure 2.4a). 

Unconstituted milk replacer intake followed a similar trend as fluid milk intake, where 4-step 

calves consumed greater amounts of milk replacer (kg/d) than 2-step treatment calves from d 30 

to 34 (P <0.001) and d 39 to 41 (P < 0.001). Calves on the 2-step treatment consumed greater 

amounts of milk replacer than calves on the 4-step treatment from d 35 to 38 (P ≤ 0.05) and d 42 

to 45 (P <0.001). A weaning treatment  day interaction was detected for solid feed intake 

during the weaning phase (Table 2.4), however, no differences between treatments by day were 

detected (P > 0.15; Figure 2.4b). Treatment  day interactions were also detected for ME intake 

and total DMI in the weaning phase (Table 2.4). During the weaning phase, ME intake for 4-step 

treatment calves was greater than 2-step treatment calves for d 33, 39, 40, and 51 (P ≤ 0.04; data 

not shown). However, on d 42, 2-step treatment calves consumed greater amounts of ME than 4-

step treatment calves (7.45 vs. 6.57 Mcal/d; SE = 0.299; P = 0.03). Similar results were detected 

for total DMI during the weaning phase. On d 33, 39, and 40, 4-step treatment calves had greater 

total DMI compared to 2-step treatment calves (P ≤ 0.05; data not shown), while 2-step 

treatment calves had greater total DMI on d 42 (2.14 vs. 1.94 kg; SE = 0.087; P = 0.05). No 

weaning treatment effects or treatment  day interactions were detected for any measures of 

intake during the postweaning phase (Table 2.4). 
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No significant difference was detected for initial BW for calves on the 2-step treatment 

compared to the 4-step treatment at the start of the trial (51.7 vs. 49.9 kg; SE = 0.67). No 

weaning treatment effects or treatment  day interactions were detected for BW or ADG (Figure 

2.5a-b). Furthermore, calves on both weaning treatments had similar body size measurements 

throughout the study, with no treatment effects detected for hearth girth gain (P = 0.65), middle 

girth gain (P = 0.24), or height gain (P = 0.99) (Figure 2.5c-e). For the duration of the trial, no 

differences between 2-step and 4-step treatments were detected for blood BHB measurements (P 

= 0.91; Figure 2.3b).  

During the weaning and postweaning phases, there were no differences in risk of NCD 

diagnosis between the two weaning treatments (P ≥ 0.27). There were 9% (95% CI = 3%, 23%) 

of 2-step calves and 8% (95% CI = 2%, 22%) of 4-step calves diagnosed with NCD in the 

weaning phase, and 0% (95% CI = 0%, 25%) of 2-step calves and 0.07% (95% CI = 0%, 21%) 

of 4-step calves diagnosed with NCD in the postweaning phase. No differences in risk of 

respiratory disease diagnosis were detected during the weaning and postweaning phases between 

the two weaning treatments (P ≥ 0.28). In the weaning phase, 9% (95% CI = 3%, 23%) of 2-step 

calves and 18% (95% CI = 8%, 33%) of 4-step calves were diagnosed with respiratory disease. 

During the postweaning phase, 26% (95% CI = 14%, 42%) of 2-step and 36% (95% CI = 22%, 

52%) of 4-step calves were diagnosed with respiratory disease. No difference was detected for 

days from the start of weaning (d 30) until the first diagnosis of NCD between 2-step and 4-step 

treatment calves (5.5 vs. 10.0 d; SE =3.82; P = 0.55). No treatment difference was detected for 

days from the start of weaning (d 30) until first diagnosis of respiratory disease between the 2-

step and 4-step treatment calves (19.2 vs. 18.2 d; SE =2.25; P = 0.75).  
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2.4 DISCUSSION 

 Milk Treatments 

 Although there is scientific support for increasing milk offered immediately after birth 

compared to delaying the peak milk allowance, there is still hesitation regarding this practice 

(Knauer et al., 2018). Additionally, traditional milk feeding practices being viewed as “adequate” 

nutrition by calf producers, may be a misconception driving these restrictive milk feeding 

programs (Hötzel et al., 2014). These views on milk feeding programs may be particularly 

common in specialized rearing facilities for either female or male calves, therefore, it is 

important to determine if there is an opportunity to still have health and growth benefits by 

providing a moderate increase in milk after an acclimation period to the facility. Contrary to our 

hypothesis, calves fed greater amounts of milk replacer starting at d 13 after arrival to a calf 

rearing facility did not have improved performance compared to calves that remained on a 

restrictive milk feeding program.  

 The greater milk consumption of the MM calves from d 13 to 45, as available by 

treatment design, demonstrates the willingness of calves to consume more milk when offered 

(Appleby et al., 2001; Jasper and Weary, 2002; Khan et al., 2011). We demonstrated that calves 

offered greater levels of milk replacer had reduced feed intake during the preweaning and 

weaning phases compared to calves on a lower level of milk replacer, which is consistent with 

previous work (Terré et al., 2007; Hill et al., 2010; Chapman et al., 2016). However, 

postweaning MM treatment calves consumed similar amounts of solid feed compared with LM 

treatment calves, indicating they eventually closed the difference in solid feed intake once milk 

was reduced (Jasper and Weary, 2002; Hill et al., 2016). Contrary to these findings, Silper et al. 
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(2014) did not detect a difference in feed consumption for calves offered 4 L/d compared to 6 

L/d of milk replacer (125 g/L), preweaning or postweaning. However, compared to the current 

trial where calves were weaned at 45 d, Silper et al. (2014) weaned calves at 60 d, which may 

have allowed calves more time to increase their solid feed intake prior to weaning (Eckert et al., 

2015). As solid feed intake and rumen development are directly linked, it is interesting to note 

that blood BHB concentrations, as a proxy for rumen development (Deelen et al., 2016), were 

not detectably different between milk feeding treatments throughout our entire study, with all 

treatments surpassing the 0.2 mmol/L cut off on d 46, indicating they had sufficient starter intake 

to promote rumen development (Deelen et al., 2016). This may suggest that the difference in 

solid feed consumption between the 2 milk treatments was not large enough to elicit a difference 

in rumen development. Further, Naeem et al. (2012) suggested that feeding increased milk levels 

can induce genetic expression changes that promote growth of the ruminal epithelium, which 

may actually improve rumen development.  

Calves on the MM treatment consumed greater levels of ME from milk and solid feed 

than LM treatment calves during the majority of the preweaning phase, due to their greater milk 

consumption. This result supports previous work concluding that limiting milk early in life may 

increase solid feed consumption, although calves will fail to consume enough total ME compared 

to calves fed higher milk programs (Jasper and Weary, 2002; Nielsen et al., 2008; Sweeney et 

al., 2010). The only treatment difference in the weaning phase for ME intake was on d 43, when 

LM treatment calves had greater ME intake than MM treatment calves, likely due to their 

increased solid feed intake and the very low amounts of milk being provided at this time. 

Postweaning, calves on both treatments consumed similar amounts of ME, further indicating 

MM treatment calves caught up to LM treatment calves in solid feed consumption.  
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 Despite the additional energy consumption from milk during the preweaning phase, and 

contrary to our hypothesis, calves on the MM and LM treatments did not differ in BW or body 

size measurements during the studied period. It is possible that the MM treatment was providing 

enough milk to meet their maintenance and growth requirements, but also satisfying them 

enough to not encourage starter intake, ultimately impeding their development. Similar to our 

results, Hill et al. (2016) also did not detect growth differences between calves fed a moderate 

(26.7 kg), high-moderate (42.6 kg), or high (49.0 kg) milk replacer program, even when 

increasing the milk on d 3 to 4 of age. However, it is important to note that all 3 treatments in 

that study were weaned over different durations, at varying ages, and with different step-downs, 

which can have a large impact on feed consumption and growth. Silper et al. (2014) tested 

similar milk feeding levels of milk replacer (12.5% DM) as the present study, but increased the 

milk program starting at 3 d old, and demonstrated that calves offered 6 L/d of milk replacer 

grew better in the first month and third month of the trial compared to calves fed 4 L/d. 

Furthermore, Knauer et al. (2018) demonstrated growth benefits when offering peak milk 

allowance of pasteurized whole milk or milk replacer to calves from d 1, compared to increasing 

milk allowance over a 7 to 14 d period. This may indicate that calves would potentially benefit 

from increased milk replacer provided more quickly upon arrival to a rearing facility and that 

offering it after a 12 d acclimation period, as done herein, may miss out on the desired growth 

benefits.  

Surprisingly, ADG was greater for the LM treatment calves between d 38 and 46 

compared with the MM treatment calves. Although MM treatment calves were still being offered 

greater amounts of milk than LM treatment calves during d 38 to 45, milk was reduced 

substantially from the original allowance at this time. Interestingly, as dietary transition from 
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starter to finisher ration occurred between d 43 to 47, there is potential that the LM calves were 

not as impacted by the change in feed as they were already consuming greater amounts, allowing 

them to maintain their intakes better than the MM calves during this dietary change. During the 

majority of the d 38 to 45 period, LM treatment calves consumed similar amounts of ME, 

compared to MM treatment calves, with LM treatment calves consuming greater amounts of ME 

on d 43. Consequently, the MM treatment calves experienced a greater weaning growth slump 

during d 38 to 46, compared to LM treatment calves, who increased their growth (Figure 2.2b). 

This indicates that the MM treatment calves were not consuming enough ME from solid feed to 

smoothly transition off the greater levels of milk, which was also demonstrated by Yunta et al. 

(2015). This may be a result of weaning calves on the MM treatment too early for them to 

increase their ME intake from solid feed to maintain their growth during milk removal (Eckert et 

al., 2015).  

Although LM treatment calves consumed greater levels of starter feed during the 

preweaning and weaning phases, this did not necessarily support improved structural growth 

compared to MM treatment calves, despite greater ADG between d 38 and 46 for LM treatment 

calves. As all calves had similar BW and body size measurements throughout the studied period, 

the lack of structural differences suggest digesta fill may have played a role in elevating ADG for 

d 38-46 for LM treatment calves (Chapman et al., 2016). Overall, no ADG differences were 

detected between milk treatments after d 46, indicating that neither milk treatment resulted in a 

growth advantage postweaning. 

Young calves require nutrients from milk to support immune function, maintenance, 

growth and to overcome stress; therefore, it was predicted that providing increased levels of 

milk, as in the MM treatment, would result in improved health (Drackley, 2005). Contrary to this 
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prediction, MM calves tended to have a greater risk of being diagnosed with NCD, compared to 

LM calves during the preweaning phase. This could be due to an overall high disease exposure, 

as indicated by the high NCD levels experienced in the preweaning phase, or that increased milk 

can increase fecal scores as a result of greater liquid consumption (Drackley, 2005). Researchers 

have previously concluded no change in days with abnormal fecal scores (Chapman et al., 2016) 

or cases of diarrhea (Silper et al., 2014) when calves are fed varying levels of milk replacer. 

Thus, there is no support for the idea that greater milk provision leads to increased diarrhea risk.  

Additionally, proper nutrition is required to support good immune function (Drackley, 

2005; Ollivett et al., 2012), and given the high occurrence of disease in the present study, calves 

may not have been provided sufficient nutrients via milk or solid feed to help support their 

immune function to combat disease. It is important to note that for calves, the majority of 

morbidity cases, especially NCD, commonly occur in the first 3 wk of life (Svensson et al., 2003; 

Pardon et al., 2012). In the present study, MM and LM treatment calves were first diagnosed 

with NCD before the milk treatments differed on d 13 (9.8 and 11.7 d, respectively). Therefore, 

by design, the MM treatment calves may not have had the extra nutrients provided during the 

most susceptible time, as milk was restricted during the first 12 d, with calves already up to 1 wk 

old upon arrival. Furthermore, health can influence growth in calves, and due to the high level of 

disease already prior to treatment implementation, any growth advantages of providing increased 

milk to MM calves may have been diminished (Roth et al., 2009). A limitation of the present 

study was the inability to measure calves’ serum total proteins (STP) upon arrival, which may 

have impacted health related outcomes (Tyler et al., 1998). 

On average, MM treatment calves were first diagnosed with respiratory disease at 20.4 d 

on trial, compared to LM treatment calves who were diagnosed with respiratory disease at 18.8 d 
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on trial. Even though this timing of respiratory disease falls in line with the timing of the 

additional milk, and thus nutrients for their immune system, for MM calves, the moderate 

increase in milk replacer did not appear to provide benefits to bovine respiratory disease 

diagnosis.  

Overall, it can be concluded that the moderate increase in milk replacer after d 12 did not 

result in the growth and health benefits commonly reported with feeding greater levels of milk. 

Waiting 12 d prior to increasing the milk offered to calves was possibly too long of a period of 

time to capture the health and growth benefits of increased milk provision. Future work is needed 

to determine if offering similar milk treatments beginning upon arrival at a rearing facility can 

generate beneficial outcomes, while still promoting good feed consumption and rumen 

development.  

 Weaning Treatments 

 When weaning off high levels of milk, a gradual weaning program – compared to abrupt 

weaning – allows calves to improve their solid feed intakes, performance and welfare (Khan et 

al., 2007; Sweeney et al., 2010). It has been demonstrated that a large reduction, or step-down, in 

milk can help stimulate solid feed DMI, but is still not sufficient to avoid the common growth 

slump seen during weaning (Khan et al., 2007; Steele et al., 2017). It was hypothesized that 

providing an additional step (as done in the 2-step treatment), would encourage calves to 

increase their solid feed consumption, while avoiding a growth slump, compared to calves with 

additional smaller step-downs (as in the 4-step treatment) that may not have been significant 

enough to stimulate feed consumption. Contrary to this hypothesis, solid feed consumption did 

not differ on any day between weaning treatments. Although this was not predicted, these results 
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are similar to Welboren et al. (2019) and Parsons et al. (2020), who also demonstrated that dairy 

calves weaned by a multi-step program did not have greater solid feed intakes compared to 

calves weaned by a linear gradual program. Interestingly, Welboren et al. (2019) and Parsons et 

al. (2020) both weaned calves at a later age, and off very high levels of milk replacer, compared 

to the present study. Although comparing gradual weaning programs to one another indicates 

minimal differences, it is important to emphasize that when comparing gradual to abrupt 

weaning methods, gradual weaning improves feed consumption and performance (Khan et al., 

2007; Steele et al., 2017).  

By treatment design, milk intake and ME intake varied by day during the weaning phase 

for the 2 weaning treatments, since each treatment stepped down in milk on different days and 2-

step calves experienced an additional 3 d of once a day feeding, from d 39 to 41, compared to 4-

step calves. Furthermore, the fact that milk provision impacts solid feed intake, it is quite likely 

that feed intake was driven by the volume of milk provided, possibly explaining why no 

differences were detected between treatments for solid feed intake in the weaning phase. 

However, both weaning treatments resulted in similar nutrient consumption postweaning, further 

supporting the concept that both of these gradual weaning programs can support equal solid feed 

consumption during weaning and beyond. This was also indicated by the blood BHB 

measurements, which were similar throughout the trial for the weaning treatments. By the end of 

weaning (d 46), all calves reached BHB levels that would indicate adequate rumen development 

(Deelen et al., 2016).  

 Contrary to what was predicted, calves on both weaning treatments had similar ADG, 

BW, and body size measurements throughout the studied period, which was expected once feed 

consumption was also determined to be similar. Recently, researchers who investigated linear 
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versus stepwise weaning programs also did not detect ADG differences (Welboren et al., 2019; 

Parsons et al., 2020). Numerically, 2-step calves experienced less of a growth slump compared to 

4-step calves during the second week of weaning (d 38-46; Figure 2.5b). Eckert et al. (2015) 

demonstrated that older calves (weaned at 8 wk) started to increase their solid feed consumption 

before weaning commenced at wk 7, compared to calves weaned at 6 wk where solid feed intake 

was stimulated by weaning commencing at wk 5. Therefore, it is possible that if the calves in the 

present study had been weaned later in life, the 2-step calves would have shown improved 

growth during weaning by obtaining higher solid feed intakes prior to milk removal. Future 

research should investigate whether weaning calves at a later age via 2-step and 4-step programs 

results in performance and intake differences. No differences were detected for risk of diagnosis 

of NCD or respiratory disease during the weaning and postweaning phases, with both weaning 

treatments having similar morbidity incidences, likely also a result of similar intakes between the 

treatments. 

2.5 CONCLUSION  

In conclusion, delaying an increase in milk replacer until d 13 after arrival at a rearing 

facility for male Holstein calves did not result in any growth or health benefits commonly 

observed when offering greater levels of milk early in life. Although MM treatment calves 

received an additional 10 kg of milk replacer compared to LM treatment calves from d 13 to 

weaning, body weight and size were similar through weaning and postweaning. Despite lower 

solid feed consumption preweaning, MM treatment calves were able to catch up their solid feed 

consumption to LM treatment calves postweaning, and both treatments had sufficient rumen 

development by the end of weaning. The results also indicate that both the 2-step and 4-step 
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gradual weaning treatments resulted in similar solid feed consumption, rumen development, and 

performance.  

2.6 ACKNOWLEDGEMENTS  

 Thank you to the staff at the commercial calf facility, with a special thanks to Pascal 

Bouilly and Amanda Kerr of Grober Nutrition (Cambridge, ON, Canada), for their assistance in 

facilitating this research project. A special thanks to Kaitlyn Dancy of the University of Guelph 

(Guelph, ON, Canada) for her assistance with data collection. Thank you to Grober Nutrition 

(Cambridge, ON, Canada) for their support of this project. Further support was provided by the 

Natural Sciences and Engineering Research Council of Canada (NSERC; Ottawa, ON, Canada).  

  



 57 

Table 2.1. Ingredient and chemical composition (mean ± SD) of the calf starter and finisher 

rations and milk replacer fed to all calves. 

Composition 
Calf starter ration1 Calf finisher ration2 Milk replacer3 

Ingredient, % in ration    

Starter pellet4 60 - - 

Finisher pellet5 - 36 - 

Steam flaked corn 16 - - 

Whole corn 16 60.5 - 

Molasses 3 2.5 - 

Chopped Straw 5 - - 

Oil - 1 - 

Chemical Composition6     

DM, % DM 89.2  0.71 89.7  0.30 97.4  1.51 

CP, % DM 17.6  2.13 18.8  0.52  22.8  0.84 

NDF, % DM 16.5  1.96 14.0  0.41 - 

ADF, % DM 7.6  0.74 4.6  0.36 - 

Crude Fibre, % DM - - 2.0  0.63 

Ash, % DM 6.7  0.56 7.4  0.10 6.6  0.15 

NFC, % DM 54.4  3.51 55.7  0.15 - 

Starch, % DM 41.0  4.13 44.2  1.82 - 

Fat7, % DM 3.7  0.32 5.7  0.99 20.1  0.76 

Lactose8, % DM - - 50.5  0.99 

Ca, % DM 1.2  0.19 1.5  0.13 1.0  0.05 

P, % DM 0.6  0.06 0.8  0.04 0.8  0.05 

Na, % DM 0.4  0.08 0.4  0.00 0.4  0.01 

ME9, Mcal/kg of DM 3.2  0.03 3.3  0.01 4.8  0.99 
1Calf starter ration (Grober Veal Starter Ration) was supplied by Elgin Feeds Ltd. (Aylmer, Ontario, 
Canada).  
2Calf finisher ration (Grober Veal Finisher Ration) was supplied by Elgin Feeds Ltd. (Aylmer, Ontario, 

Canada) which included 0.0022% (22.3 mg/kg) of monensin for prevention of coccidiosis.  
3Milk replacer was supplied by Grober Nutrition (Grober Nutrition, Ontario, Canada; VG). 
4Starter pellet supplied by Elgin Feeds Ltd. included ingredients; wheat, beet pulp, soymeal, wheat 

shorts, canola, corn distillers, feed lime, salt, Shur-Gain calf micro 10 premix (Shur-Gain, Nutreco 

Canada Inc., Guelph, ON, Canada), dicalcium phosphate, magnesium oxide, vitamin E 50000, caramel 

toffee flavouring, and Lignosol.  
5Finisher pellet (Grober red veal steakmaker supplement) supplied by Elgin Feeds Ltd. Included 
ingredients; corn distillers, gluten 62%, gluten 21%, soymeal, feed lime, pork meal, salt, Dyna-K 

(potassium chloride), dicalcium phosphate, Shur-Gain beef micro premix (Shur-Gain, Nutreco Canada 

Inc., Guelph, ON, Canada), Shur-Gain nutriplex dairy micro premix (Shur-Gain, Nutreco Canada Inc., 

Guelph, ON, Canada), Vitamin E 50000, Rumensin, Lignosol, corn bionic oil.  
6Chemical analysis was done by A&L Laboratory Services Inc (London, ON, Canada). 
7Fat for the milk replacer was done by an acid hydrolysis test (AOAC, 1995: Method 954.02). 
8Lactose is assumed to be 100-CP-Fat-Ash. 
9Metabolizable Energy (ME) was calculated using NRC (2001) equations. 
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Table 2.2. Concentration and quantity of milk replacer fed to each milk and weaning treatment. 

Day 

Concentration 

of milk 

replacer (g/L) 

MM1-2-step2 

(L/feeding) 

MM- 4-step2 

(L/ feeding) 

LM1-2-step  

(L/ feeding) 

LM-4-step   

(L/ feeding) 

  AM3 PM3 AM PM AM PM AM PM 

1-3 115 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 

4-5 120 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 

6 120 2.25 2.25 2.25 2.25 2.25 2.25 2.25 2.25 

7-8 124 2.25 2.25 2.25 2.25 2.25 2.25 2.25 2.25 

9-12 125 2.50 2.50 2.50 2.50 2.50 2.50 2.50 2.50 

13-14 125 2.75 2.75 2.75 2.75 2.50 2.50 2.50 2.50 

15-16 140 3.00 3.00 3.00 3.00 2.50 2.50 2.50 2.50 

17-18 140 3.25 3.25 3.25 3.25 2.50 2.50 2.50 2.50 

19-20 140 3.50 3.50 3.50 3.50 2.50 2.50 2.50 2.50 

21-22 140 4.00 4.00 4.00 4.00 2.50 2.50 2.50 2.50 

23-24 140 4.25 4.25 4.25 4.25 2.50 2.50 2.50 2.50 

25-29 140 4.50 4.50 4.50 4.50 2.50 2.50 2.50 2.50 

30-34 140 3.30 3.30 3.50 3.50 2.00 2.00 2.20 2.20 

35-38 140 3.30 3.30 2.75 2.75 2.00 2.00 2.00 2.00 

39-41 140 2.50 - 2.25 2.25 1.75 - 1.80 1.80 

42-45 140 2.50 - 1.50 - 1.75 - 1.60 - 
1MM = calves were fed a total of 35 kg of milk replacer from d 1-45 (n = 41); LM = calves were 

fed a total of 25 kg of milk replacer from d 1-45 (n = 40). 
22-step = calves were gradually weaned by reducing their offered milk in two steps from d 30-45 

(n = 42); 4-step = calves were gradually weaned by reducing their offered milk in four steps from 

d 30-45 (n = 39). 
3Calves were fed twice a day by bucket at 0700 h and 1530 h, until weaning when some days 

calves were only offered milk at the 0700 h feeding. 
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Table 2.3. Effect of a MM and a LM level of milk replacer on various measures of intakes for 81 

male Holstein calves during the preweaning, weaning, and postweaning phases1. 

 
Treatments2  P-value 

 MM LM SE T3 D4 T × D 

Preweaning       

Solid feed intake5, kg/d 0.35 0.49 0.037 0.01 <0.001 <0.001 

Total DMI6, kg/d 1.03 0.98 0.035 0.30 <0.001 0.003 

ME intake7, Mcal/d 4.47 4.05 0.117 0.01 <0.001 <0.001 

Milk intake, L/d 6.14 4.77 0.032 <0.001 <0.001 <0.001 

Milk replacer intake, kg/d 0.72 0.55 0.004 <0.001 <0.001 <0.001 

Weaning       

Solid feed intake, kg/d 1.23 1.55 0.073 0.003 <0.001 0.009 

Total DMI, kg/d 1.80 1.94 0.074 0.19 <0.001 0.014 

ME intake, Mcal/d 6.81 7.00 0.250 0.58 <0.001 <0.001 

Milk intake, L/d 4.67 3.20 0.074 <0.001 <0.001 <0.001 

Milk replacer intake, kg/d 0.57 0.39 0.008 <0.001 <0.001 <0.001 

Postweaning       

Solid feed intake, kg/d 2.22 2.38 0.131 0.37 <0.001 0.31 

Total DMI, kg/d 2.22 2.38 0.131 0.38 <0.001 0.38 

ME intake, Mcal/d 7.32 7.87 0.432 0.36 <0.001 0.31 
1Preweaning phase was d 1 until the end of d 29, weaning phase was from d 30 until the end of d 

45, and postweaning phase was from d 46 until the end of d 59. 
2MM = calves were fed a total of 35 kg of milk replacer from d 1-45 (n = 41); LM = calves were 

fed a total of 25 kg of milk replacer from d 1-45 (n = 40). 
3T = treatment. 
4D = day on treatment. 
5Solid feed intake was measured daily starting d 5, and corrected for the DM of the ration 

offered. 
6Total DMI was the DM of solid feed consumed plus the DM consumed from milk 
7ME intake was the metabolizable energy consumed from both solid feed and milk, calculated by 

multiplying the average ME for solid feed by the solid feed intake and adding it to the average 

ME for the milk replacer by the milk intake for each calf.   
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Table 2.4. Effect of a 2-step and a 4-step gradual weaning program on various measures of 

intakes for 81 male Holstein calves during the preweaning, weaning, and postweaning phases1. 

 
Treatments2  P-value 

 2-step 4-step SE T3 D4 T × D 

Preweaning       

Solid feed intake5, kg/d 0.40 0.44 0.038 0.44 <0.001 0.35 

Total DMI6, kg/d 0.98 1.02 0.036 0.38 <0.001 0.77 

ME intake7, Mcal/d 4.19 4.34 0.118 0.37 <0.001 0.89 

Milk intake, L/d 5.43 5.47 0.033 0.44 <0.001 0.99 

Milk replacer intake, kg/d 0.64 0.64 0.004 0.44 <0.001 0.98 

Weaning       

Solid feed intake, kg/d 1.35 1.43 0.074 0.46 <0.001 0.003 

Total DMI, kg/d 1.82 1.93 0.076 0.32 <0.001 <0.001 

ME intake, Mcal/d 6.71 7.11 0.252 0.26 <0.001 <0.001 

Milk intake, L/d 3.82 4.04 0.075 0.03 <0.001 <0.001 

Milk replacer intake, kg/d 0.47 0.50 0.008 0.01 <0.001 <0.001 

Postweaning       

Solid feed intake, kg/d 2.25 2.35 0.132 0.58 <0.001 0.19 

Total DMI, kg/d 2.25 2.35 0.132 0.56 <0.001 0.16 

ME intake, Mcal/d 7.42 7.76 0.437 0.58 <0.001 0.19 
1Preweaning phase was d 1 until the end of d 29, weaning phase was from d 30 until the end of d 

45, and postweaning phase was from d 46 until the end of d 59. 
22-step = calves were gradually weaned by reducing their offered milk in two steps from d 30-45 

(n = 42); 4-step = calves were gradually weaned by reducing their offered milk in four steps from 

d 30-45 (n = 39). 
3T = treatment. 
4D = day on treatment. 
5Solid feed intake was measured daily starting d 5, and corrected for the DM of the ration 

offered. 
6Total DMI was the DM of solid feed consumed plus the DM consumed from milk. 
7ME intake was the metabolizable energy consumed from both solid feed and milk, calculated by 

multiplying the average ME for solid feed by the solid feed intake and adding it to the average 

ME for the milk replacer by the milk intake for each calf.   
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Figure 2.1. Daily (±SE): a) milk intake (L/d), and b) solid feed intake (kg DMI/d) for calves fed 

1 of 2 treatments that differed in the amount of milk replacer fed (MM = a total of 35 kg of milk 

replacer fed from d 1 to 45 (n = 41); LM = a total of 25 kg of milk replacer fed from d 1 to 45 (n 

= 40)) during the preweaning (d 1-29), weaning (d 30-45) and postweaning (d 46-59) phases. 

Vertical lines represent the beginning and end of the weaning phase. Phases that a treatment  

day interaction was detected for are denoted by an asterisk when P ≤ 0.05.  
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Figure 2.2. Mean (SE): a) body weight (kg), and b) average daily gain (kg/d), c) heart girth 

gain (cm/d), d) middle girth gain (cm/d), and e) height gain (cm/d) for calves on 1 of 2 

treatments that differed in the amount of milk replacer fed (MM = a total of 35 kg of milk 

replacer fed from d 1 to 45 (n = 41); LM = a total of 25 kg of milk replacer fed from d 1 to 45 (n 

= 40)) on d 30, d 38, d 46, d 52 and d 59. Days that had a significant difference detected are 

denoted by an asterisk when P ≤ 0.05. 
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Figure 2.3. Mean (±SE) blood BHB concentration for calves on a) 1 of 2 treatments that differed 

in the amount of milk replacer fed (MM = a total of 35 kg of milk replacer fed from d 1 to 45 (n 

= 41); LM = a total of 25 kg of milk replacer fed from d 1 to 45 (n = 40)), and b) 1 of 2 

treatments that differed in weaning program (2-step = calves were gradually weaned by reducing 

their offered milk in two steps from d 30-45 (n = 42); 4-step = calves were gradually weaned by 

reducing their offered milk in four steps from d 30-45 (n = 39)) on d 30, d 46 and d 52.  
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Figure 2.4. Daily (±SE): a) milk intake (L/d), and b) solid feed intake (kg DMI/d) for calves fed 

1 of 2 treatments that differed in weaning program (2-step = calves were gradually weaned by 

reducing their offered milk in two steps from d 30-45 (n = 42); 4-step = calves were gradually 

weaned by reducing their offered milk in four steps from d 30-45 (n = 39)) during the 

preweaning (d 1-29), weaning (d 30-45) and postweaning (d 46-59) phases. Vertical lines 

represent the beginning and end of the weaning phase. Phases that a treatment  day interaction 

was detected for are denoted by an asterisk when P ≤ 0.05. 

0

1

2

3

4

5

6

7

8

0 5 10 15 20 25 30 35 40 45

M
il

k
 I

n
ta

k
e 

(L
/d

)

Day on Trial

2-step

4-step

a
*

0.0

0.5

1.0

1.5

2.0

2.5

3.0

0 5 10 15 20 25 30 35 40 45 50 55 60

S
o
li

d
 F

ee
d
 I

n
ta

k
e 

(k
g
 o

f 
D

M
I/

d
)

Day on Trial

2-step

4-step

*

b



 65 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.5. Mean (SE): a) body weight (kg), and b) average daily gain (kg/d), c) heart girth 

gain (cm/d), d) middle girth gain (cm/d), and e) height gain (cm/d) for calves on 1 of 2 

treatments that differed in weaning program (2-step = calves were gradually weaned by reducing 

their offered milk in two steps from d 30-45 (n = 42); 4-step = calves were gradually weaned by 

reducing their offered milk in four steps from d 30-45 (n = 39)) on d 30, d 38, d 46, d 52 and d 

59. 
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3 CHAPTER 3: Investigation of weaning strategy and solid feed 

location for dairy calves individually fed with an automated milk 

feeding system 

3.1 INTRODUCTION 

Over the past few decades researchers have demonstrated both short- and long-term 

benefits of feeding calves greater quantities of milk (Appleby et al., 2001; Gelsinger et al., 2016). 

High milk feeding programs, or intensified feeding programs, typically involve providing  20% 

of BW of milk or milk replacer (by volume) to calves per day (Jasper and Weary, 2002; 

Drackley, 2008). These high milk feeding programs provide a much greater quantity of milk 

compared with conventional or restrictive feeding programs that producers have commonly fed 

(~ 10% of BW) (Kertz et al., 1979; von Keyserlingk et al., 2009). Restrictive milk feeding 

programs are thought to help encourage solid feed intake early in life and allow early weaning to 

occur (Kertz et al., 1979; Khan et al., 2011a). With more recent research showing the benefits of 

feeding higher levels of milk to calves with regards to increases in performance and improved 

behavior (Khan et al., 2011a; Miller-Cushon et al., 2013a; Schäff et al., 2016), producers have 

increased their adoption of these programs (Vasseur et al., 2010; Winder et al., 2018). Regardless 

of the performance and welfare benefits of high-level milk feeding programs, feeding calves 

more milk comes with the challenge of encouraging solid feed consumption early in life. 

Researchers have demonstrated that calves will consume less solid feed and reduce their number 

of meals when offered greater levels of milk (Terré et al., 2007; Miller-Cushon et al., 2013a), 

due to their natural preference for milk over solid feed (Iverson, 2007). Therefore, the challenge 
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of encouraging calves fed high-level milk programs to consume sufficient amounts of solid feed 

prior to weaning arises. Researchers have concluded that gradual weaning programs, for calves 

fed high levels of milk, will encourage greater solid feed consumption and improve behavior 

and, consequently, welfare and performance compared with abrupt weaning (Budzynska and 

Weary, 2008; Jasper et al., 2008). This supports the idea that a reduction in milk will stimulate 

solid feed consumption, as gradually reducing milk during weaning, has been shown to stimulate 

solid feed intake (Khan et al., 2007b). However, it is not yet known how much milk needs to be 

reduced by, at single points in time during weaning, to initiate solid feed consumption. 

Furthermore, it is difficult to implement these gradual weaning programs through manual 

feeding methods, however, with increased implementation of automated milk feeding systems 

(AMF) for calves, these programs are easier to implement. With past literature focusing on 

comparing gradual with abrupt weaning programs, there is a gap in knowledge of which gradual 

weaning program is optimal for weaning calves off high levels of milk. Additionally, it is not yet 

known if smaller, more frequent reductions in milk, or larger, less frequent reductions in milk 

during gradual weaning will encourage greater solid feed intake. The method of milk removal 

may not only impact solid feed consumption and growth around weaning, but is also likely to 

impact calf behavior. Weaning is a stressful period for calves, and commonly results in 

behavioral indicators of stress, such as increased vocalizations and activity (increased standing 

bouts and time), and decreased growth rates (Jasper et al., 2008; Weary et al., 2008; Steele et al., 

2017). As calves are naturally gradually weaned over a long period of time when raised with 

their dam (Budzynska and Weary, 2008), it is predicted that small, frequent reductions in milk 

would be a more natural weaning process and cause less stress. Therefore, reducing milk by 

larger quantities in a step-wise weaning program, may be more noticeable to the calf and result 
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in more behavioral indicators of stress, such as increased activity and vocalizations. Overall, it is 

important to consider many outcomes when trying to improve the weaning transition, such as 

investigating how to optimize their solid feed intake to prepare for a solid diet, improve their 

weight gain through this transition, and ensure behavioral indicators of stress are minimized. 

In addition to the type of weaning program, there may be other management factors that 

influence consumption of solid feed early in life. Cattle are naturally grazing animals, with 

specific spatial memories, meaning they will associate particular locations with the quality of 

feed available (Bailey et al., 1989; Laca, 1998). With this ability, along with their natural 

preference for milk (Iverson, 2007), it is hypothesized that calves may associate a particular 

location within their pen with where they can consume their preferred feed source: milk. If 

calves can associate a particular location with consuming the preferred milk, there is potential 

that placing their solid feed close to this location will help encourage solid feed consumption 

preweaning and weaning, as they would associate that location with consuming quality feed 

sources. When calves consume more solid feed, prior to the removal of milk, they are better 

prepared for weaning and have reduced weaning stress compared with calves that consume less 

feed before milk removal (Eckert et al., 2015; Scoley et al., 2019). Therefore, if calves increase 

their solid feed intake when having their feed placed close to their milk source prior to weaning, 

compared to calves that have it further away, they may perform fewer behavioral indicators of 

stress (i.e. reduced vocalizations and reduced standing time and bouts).  Although it has been 

demonstrated that location of supplemental feed and water sources have the potential to 

influence cattle movement on pasture (Solano et al., 2018), there has been no research to date on 

how the location of solid feed offered to dairy calves may influence their feed intake and 

performance.  
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Investigating management factors, such as gradual weaning programs and solid feed 

location manipulation, may provide novel insight on how producers can better manage their 

dairy calves to improve the weaning transition. It was hypothesized that providing calves with 

larger, more drastic drops in their milk through a multi-step gradual weaning program, would 

increase their solid feed consumption, compared to having smaller, more frequent reductions in 

their milk through a continuous gradual weaning program. Multi-step gradual weaning was also 

predicted to elicit more behavioral indicators of weaning stress, through increased vocalization 

and increased standing time and bouts.  

Therefore, the primary objective of this study was to determine the effect of two gradual 

weaning programs on solid feed intake, behavior, and performance of dairy calves during 

weaning. Furthermore, it was hypothesized that providing solid feed at the same location in the 

pen that the milk is offered, would allow calves to associate one specific pen location with 

consuming quality nutrients and increase solid feed consumption. Therefore, the secondary 

objective was to determine the effect of manipulating the location of solid feed within the pen on 

feed intake, behavior, and performance of calves. These objectives were addressed in a study in 

which the effects of two solid feed locations and two weaning programs were tested in 

association with each other. It was hypothesized that the feed location treatments would impact 

solid feed intake in the preweaning phase, and subsequently affect responses to the weaning 

treatments in the weaning phases. 
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3.2 MATERIALS AND METHODS 

 Animals and Housing 

Sixty female Holstein calves were used in this study. Calves were selected from the 

University of Guelph Elora Research Station - Dairy Facility (Elora, Ontario, Canada) herd and 

managed under the guidelines of the Canadian Council of Animal Care (2009). This farm was 

selected due to the ability to implement different weaning protocols and solid feed locations to 

all enrolled calves. The first calf was enrolled May 19th, 2017 and the last calf was enrolled 

October 16th, 2017 and subsequently followed for 70d. All study techniques were reviewed and 

approved by the University of Guelph Animal Care Committee (AUP#3722). Calves were born 

in individual calving pens and were assessed at birth for health by assessing calf vigor and 

appetite during the first 2d; only healthy calves were enrolled. All heifer calves born during the 

study period were enrolled, with the exception of 3 heifers that were requested for another 

research study, and 1 heifer that had a birth defect and was euthanized prior to d 2. At birth (d 0), 

calves were tagged with a National Livestock Identification for Dairy tag, their umbilicus was 

disinfected with 7% iodine solution to prevent infection, and they received a subcutaneous 

injection of 1.5 mL of vitamin E-selenium (Dystosel; Zoetis Inc. Parsippany, NJ). Within 2 h of 

birth, calves were moved into 1 of 3 calf nursery rooms, each with 11 individual pens (152 × 167 

cm, width × length) (Figure 3.1). An automated milk feeding system (AMF) (Calf Rail; Forster 

Technik, Engen, Germany), placed in the center aisle of the nursery room, fed milk to the calves 

in the individual pens on the left and right side of the nursery room. Calf nursery rooms were 

artificially ventilated to maintain a constant temperature set at 10C, through an automatic 

positive-pressure, forced-air system, with the air entering the rooms coming from either outside 
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or the attic above the nurseries, depending on the temperature of the rooms. Calves were housed 

in individual pens from birth until d 70. Pens were scraped clean and re-bedded with fresh wood 

shavings twice per week and topped-up as needed. Lighting in each nursery was set to 

automatically turn on at 0400 h and off at 2330 h to ensure lights were on while the AMF was 

running. Calves in each individual pen had visual, auditory, and limited physical contact with 

neighboring calves, as all four sides of the pen where open and made of vertical steel bars.  Two 

8-L buckets were attached to each pen to provide access to water and solid feed. All calves were 

given a daily oral dose (2 mL per 10 kg of BW) of an anti-protozoal solution to reduce the 

clinical signs of cryptosporidiosis from d 0 to 6 (Halocur, Merck Animal Health, Kirkland, QC, 

Canada). All calves were vaccinated at d 49 and 70 with 1 mL of a respiratory vaccine (Inforce-3 

intra-nasal spray; Zoetis Inc., Parsippany, NJ) in each nostril for the prevention of bovine 

respiratory disease. Calves were disbudded between d 21 to 28 using a cautery method (Portasol 

dehorner II; Portasol USA, Elmira, OR) following administration of local lidocaine anesthetic (5 

mL on each side). At this time, all calves also received 1.5 mL of meloxicam (Metacam; 

Boehringer Ltd., Burlington, ON, Canada), a nonsteroidal anti-inflammatory drug, by a 

subcutaneous injection. 

 Feeding Management 

Within 2 h of birth (d 0), or the next morning if calves were born between 2100 h and 

0500 h, calves received 3 L of colostrum by bottle, followed by another 3 L within 6 to 12 h after 

the first feeding. Colostrum was tested for brix level using a Calf Lab refractometer (Golden Calf 

Company LLC, Bloomer, WI), and anything ≥ 21% brix was fed (according to Quigley et al., 

2013). Each calf received their dam’s colostrum, unless the quality was too low, in which case 

frozen colostrum ≥ 21% brix level was fed. On d 1, calves were offered 3 feedings of transition 
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milk in 2 L quantities by bottle. Beginning on d 2 until d 56, calves were fed milk replacer at a 

concentration of 150 g/L (26% CP, 18% crude fat and 48% lactose; Excel Pro-Gro, Grober 

Nutrition, Cambridge, ON, Canada) by the AMF. One calf feeder (DeLaval calf feeder CF 

1000+, DeLaval Canada, Peterborough, ON, Canada) was used to mix milk replacer for the Calf 

Rail AMF in two separate nursery rooms. The AMF system ran 5×/d, at 0500, 0900, 1300, 1700, 

2200 h, and performed an automatic circuit cleaning after each feeding, with a manual cleaning 

of the teat and arm of the AMF performed by research staff 1×/d. All calves were offered 2.5 L 

of milk replacer at each of these feedings from d 2 until the start of weaning (d 43). From d 43-

56, calves were fed by the AMF based on their assigned weaning treatment. All calves were 

completely weaned and received no milk on d 57. All calves had ad libitum access to water from 

birth, offered in one, 8-L bucket attached to the back of the pen (Figure 3.1), and topped up as 

needed throughout the day. Calves received access to solid feed beginning at d 5 until the end of 

the study. Solid feed (Table 3.1) was 95% calf starter (22% pellet, Floradale Feed Mill Limited, 

Floradale, ON, Canada), and 5% chopped wheat straw (chopped in tub grinder with 2.5 cm 

screen size), on an as fed basis, and mixed in 100 kg batches by a calf feed mixer (Vertablend 

4200 Self Propelled calf feed mixer; Vertablend MFG Inc, Wallenstein, ON, Canada).  

 Study Design and Treatments 

 To ensure that the number of experimental units (calves) per treatment combination was 

adequate to detect statistical differences in treatment response, a power analysis (Morris, 1999; 

Hintze, 2008) was performed prior to the study for the primary response variables, including feed 

intake, BW, and behavioral measures. Estimates of variation for these variables (mean CV = 

15%) were based on previously reported values (Miller-Cushon et al., 2014b; Eckert et al., 2015; 

Overvest et al., 2016). From the power analysis, it was determined that at 80% power, treatment 
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differences of ~11% could be detected at this sample size (n = 15 calves per treatment 

combination). Using a 2 × 2 factorial design, each calf was assigned, at enrollment, to 1 of 2 

weaning treatments and 1 of 2 solid feed placement treatments. Calves were either assigned to a 

continuous gradual weaning program (CG), or a multi-step gradual weaning program (MG). CG 

calves had their milk reduced in small, equal increments from 12.5 L/d on d 43 to 2 L/d on d 56, 

reducing the total amount of milk offered to calves by 0.8 L/d by reducing their meal size so they 

were offered 5 equal sized meals throughout the day. MG calves were offered 10 L/d on d 43 to 

45, 8 L/d on d 46 to 49, 6 L/d on d 50 to 52, and 3 L/d on d 53 to 56, through reducing their meal 

size so they were offered 5 equal sized meals throughout the day. During weaning, CG calves 

were offered a total of 102 L of milk, while MG calves were offered a total of 92 L of milk. 

Weaning treatment was assigned to the pen in a pattern of CG, MG, MG, CG, for the first round 

of calves in each calf nursery. When the nursery rooms were refilled with a new calf, the 

assigned weaning treatment was the opposite of the original weaning treatment to eliminate the 

effect of the location. The primary author of this paper was responsible for enrolling the calves 

based on the predetermined treatment assigned to the next available pen. The primary author was 

not blinded to treatments, as they were also responsible for feeding the calves daily. For the solid 

feed placement treatments, the location of solid feed was alternated between the front and back 

of the pen (see Figure 3.1). When feed was placed on the front end of the pen, it was located 

adjacent to where the AMF stopped and offered milk (ADJ), compared to when it was located on 

the back of the pen, where it was on the opposite end from where the milk was offered (OPP). 

For ADJ pens, there were two openings on the front gate, one where the Calf Rail would stop 

and the calf was able to reach through the hole and drink from the AMF, while the bucket of 

solid feed was placed under the second hole, next to where the AMF stopped in order to 
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eliminate any milk or saliva dripping into the solid feed. On the back end of the ADJ pens, there 

was one opening that allowed calves to reach through and drink from their water bucket. When 

feed was placed opposite (OPP) from the milk source, the front gate had one opening for calves 

to drink their milk through, while the back end of the pen had two openings, one for them to 

reach through and eat out of their solid feed bucket, and one to reach through and drink from 

their water bucket.   

 Intake Measurements 

The AMF system software measured calf milk replacer intake patterns, including daily 

intake, rate of intake, the length of each feeding session, and the amount consumed during each 

feeding session. A backup of these data was downloaded weekly. Fresh water and calf starter 

ration were provided each day, and the amount of these consumed was recorded each day at 

1100 h. Intakes were calculated based on the DM weight offered and weight refused at the start 

of each day for solid feed, and quantity of water that was offered and refused each day. Solid 

feed was offered to achieve a daily refusal level of 10%. Samples were taken of the solid feed 

ration and milk replacer once a week and samples of the ration components (starter pellet and 

wheat straw) were taken once a month. All samples were immediately frozen at -20C for later 

analysis. Samples were thawed and dried in an oven at 60C for 48 h to determine the DM 

content of the sample. All samples were ground through a 1-mm sieve (Model 4 Wiley 

Laboratory Mill, Thomas Scientific, Swedesboro, NJ, USA) to be able to pool samples in equal 

proportions. Feed samples were then pooled together and sent to A&L Canada Laboratories Inc. 

(London, ON, Canada) for chemical composition analyses. Straw, concentrate and ration 

samples were analyzed for ash (550°C; AOAC, 2000: method 942.05), CP (N x 6.25; 
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AOAC,2000: method 990.03; Leco FP-628 Nitrogen Analyzer, Leco, St. Joseph, MI), ADF 

(AOAC, 2000: method 973.18), NDF with heat-stable -amylase and sodium sulfite (AOAC, 

2000: method 2002.04), crude fibre (Ankom Bag Technology; Method AOCS Ba 6.05), starch 

(heat-stable amylase and amyloglucosidase; AOAC 2000: method 996.11), and crude fat 

(AOAC, 2000L method 920.39; Anhom XT15). Milk replacer samples were analyzed for CP (N 

x 6.25; AOAC, 2000: method 990.03; Leco FP-628 Nitrogen Analyzer, Leco, St. Joseph, MI), 

crude fibre (Ankom Bag Technology; Method AOCS Ba 6.05), and fat (total fat by acid 

hydrolysis using ANKOM HCl Hydrolysis System; AOAC, 1995: method 954.02 Section 

4.5.02). Metabolizable energy was calculated using National Research Council (2001) equations 

for the milk replacer and ration samples, and then an average ME was calculated for the milk 

replacer and the ration to be used to calculate ME intake. 

 Growth and Health Measurements 

All calves were weighed on d 0 using an individual calf scale (1-2-3 animal scale, Bosche 

GmbH & Co. KG, Damme, Germany) when the calves were moved into the calf nurseries. 

Calves were measured for BW and body size (hip height, heart girth and middle girth) on 2 

consecutive days, every Tuesday and Wednesday, to calculate an average for that week. These 

measurements were used to calculate an ADG per week for each calf, as well as changes in their 

body measurements per week. Health was checked daily by farm staff based on their standard 

operating procedures to identify and treat disease and any events and treatments were recorded. 

According to the standard operating procedures of the research station, a veterinarian came to 

diagnose any suspected cases of bovine respiratory disease (BRD), and the veterinarian treated 

them with antibiotics. Neonatal calf diarrhea (NCD) was diagnosed based on fecal consistency 

scores(McGuirk, 2008), with anything scored as liquid (fecal score of 3) being treated with 
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electrolytes twice a day, until fecal consistency improved to a 1 or 2. If calves had NCD with a 

fever, they also received a dose of meloxicam (Metacam; Boehringer Ltd., Burlington, ON, 

Canada), a nonsteroidal anti-inflammatory drug, by a subcutaneous injection. 

To determine blood 𝛽-hydroxybutyrate (BHB) concentration, as a proxy for rumen 

physiological development (Deelen et al., 2016), blood was sampled 1×/wk on the last day of 

each week, beginning on d 28, until d 70 at 1030h prior to feed measurements being taken. 

During sampling, calves were restrained by placing them in a halter and tying the halter to the 

side of the pen and pressing the calf’s body between the pen and the person sampling. Tests were 

performed calf-side, at approximately 1030 h, by drawing a small amount of blood (< 1mL) from 

the coccygeal vein using a 22-gauge, 2.54-cm needle and a 1-mL syringe. Using a handheld 

meter (FreeStyle Precision Neo; Abbott Diabetes Care, Saint Laurent, Canada) with blood ketone 

test strips (Abbott Diabetes Care), a droplet of blood was placed on the strip and the reader 

indicated the blood BHB concentration in millimoles per liter.  

 Behavioral Measurements 

Calf behavior was measured in two ways: live and electronic observations. All calves 

were fitted with electronic data loggers (HOBO Pendant G Data Logger; Onset, Pocasset, MA; 

as validated by Bonk et al. 2013) to assess their standing and lying behavior. The data logger was 

affixed to the inner-rear leg of each calf using veterinary bandaging tape (Vetrap Bandaging 

Tape; 3M, London, ON, Canada) at the start of d 29. The loggers were replaced weekly to 

download the data and to alternate the position between the rear legs. The data loggers were 

replaced at the same time as blood was taken for testing blood BHB, therefore, calves were 

already restrained. The data loggers allowed leg orientation data to be recorded at 1 min 
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intervals, which was used to compute standing and lying duration (min/d), lying bout frequency 

(bouts/d), and lying bout length (min/bout). 

Using live behavioral observations, calves were monitored on 2 consecutive days at the 

end of each week during the time around weaning, beginning in wk 5 (d 29 to 35) and 

concluding in wk 10 (d 64 to 70). Calves were observed every 60 sec for 1 h/d, starting at the 

1300 h feeding when the Calf Rail either left the calf after they drank or chose not to drink, or 

moved past them once they were weaned. Scan sampling was used, and included calf posture 

(standing or lying) and any other behaviors (ruminating, eating starter, drinking water, grooming, 

oral behavior, vocalizing, urinating/defecating, playing, being idle). The 60-sec scan sampling 

for 1 h was used, based on work conducted by (Miller-Cushon and DeVries, 2011) and Eckert et 

al. (2015). Observing the calves following the 1300 h milk feeding was expected to capture the 

time period where their feeding activity peaked, following delivery or anticipation of a milk meal 

(Miller-Cushon et al., 2013a). Furthermore, 1300 h was a quiet time in the barn, with minimal 

human distractions that may have impacted their behavior. Ruminating was defined when the 

calf was seen chewing, regurgitating, or swallowing a bolus of feed that was not just consumed. 

Eating starter was recorded if the calf’s head was in or above the bucket and they were visibly 

ingesting feed or chewing on feed they just obtained from the bucket. Drinking water was 

defined when the calf’s head was in the bucket and they were visibly drinking the water. 

Grooming was recorded when the calf was licking/cleaning themselves, while oral behavior was 

recorded when calves were grooming their neighbors through the pen, performing non-nutritive 

sucking or licking of the bars of the pen, ground or bucket, tongue rolling or chewing on the 

bedding. Vocalizing was recorded when calves emitted a sound. If calves were urinating or 

defecating when observed, this was also recorded. Jumping was defined as calves jumping 
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around, walking, running, or pacing in the pen, showing play behavior. Being idle was recorded 

when calves were lying or standing and performing no other behavior.  

 Statistical Analyses 

All statistical analyses were conducted using SAS 9.4 software (SAS Institute Inc., 2013). 

Significance was declared at P ≤ 0.05, and tendencies were reported if 0.05 < P ≤ 0.10. Before 

any analyses were performed, all data were screened for normality using the UNIVARIATE 

procedure of SAS. Most variables met the assumptions of normality except for lying time, and 

time spent drinking, jumping, and vocalizing. Lying time was squared to achieve normality. 

Time spent drinking, jumping, and vocalizing were treated as categorical variables for analysis, 

with calves categorized as performing the behavior versus not performing the behavior during 

the 1-h behavior observation period. For each model tested, if the P-value of an interaction term 

was ≤ 0.1, it was retained in the model, otherwise it was removed from the model.  

To investigate the effect of treatments (weaning method and feed placement) on nutrient 

consumption, growth, BHB, and behavior, data collected were summarized and analyzed within 

phase: preweaning (d 0 to 42), weaning (d 43 to 56), and postweaning (d 57 to 70). Data were 

analyzed using the MIXED procedure of SAS, treating day as a repeated measure for intake and 

lying and milk drinking behavior outcome measures, and week as a repeated measure for 

measurements of growth, behaviors performed during live observations, and BHB. Calf within 

assigned nursery room was the subject of the repeated statement. The model included the fixed 

effects of both treatments (weaning program and solid feed location), day/week, and both 

treatment × day/week interactions, depending on the sampling frequency for each particular 

outcome measurement. There was no interaction between the weaning and feed placement 
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treatments for any of the investigated variables, and therefore, the results for these treatments are 

reported separately. Outliers (≥ 3 SD from the mean), in data for individual calves (for individual 

days or week depending on frequency of measurement), were removed prior to analysis. Initial 

BW was added into the model as a covariate for ADG and BW outcome measures. Covariance 

structure was selected based on the best fit according to Schwarz’s Bayesian information 

criterion. The covariance structures that were used included: compound symmetry (feeding 

behavior and BHB outcome measures), heterogeneous compound symmetry (behavior 

observations, ME : gain and total DMI : gain outcome measures), first-order autoregressive 

(lying behavior, growth, and solid feed intake outcome measures), and first-order heterogenous 

autoregressive (total DMI, water intake, milk intake, and ME intake outcome measures). When 

week/day × treatment interactions were present, the PDIFF option was added to the LSMEANS 

statement to analyze differences between treatments within week/day, with a Tukey’s 

adjustment. 

To determine differences in time spent drinking, jumping, and vocalizing a multivariable 

logistic regression analysis with a binary distribution and logit link using the GLIMMIX 

procedure of SAS was used, where these variables were treated as categorical. Data were sorted 

by phase and summarized by week. The model included fixed effects of both treatments 

(weaning program and solid feed location) and week. To determine if there were any differences 

in diagnosed health events between treatments, differences in number of NCD and BRD cases 

were analyzed. Health events were analyzed using the FREQ procedure in SAS, to determine 

how many cases of NCD and BRD were diagnosed for each treatment. Data were not excluded 

for sick calves on specific days, as the start and end dates of the health events were unknown. All 

values reported are least square means plus and minus SE.  
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3.3 RESULTS 

 Weaning Treatments  

During the preweaning phase, calves on both weaning treatments consumed a similar 

amount of milk, solid feed, and water (Table 3.2). As predicted by treatment design, there was a 

treatment × day interaction for milk consumption during the weaning phase (P < 0.001; Figure 

3.2a). This resulted in a treatment × day interaction for total DMI, total water intake, and ME 

consumed during the weaning phase (Table 3.2). There was also a treatment × day interaction for 

free water intake during the weaning phase (P = 0.002, Table 3.2; Figure 3.2b). Calves on the 

CG and MG treatments consumed similar amounts of solid feed on a DM-basis for the duration 

of the 10-wk study period (Table 3.2; Figure 3.2c). There was no detected effect of treatment on 

any measures of nutrient consumption postweaning (Table 3.2). During the duration of the 10-

wk study period, BHB measurements did not differ between CG and MG treatments (Figure 

3.3a). On both treatments, BHB increased with age during the preweaning (P = 0.01) and 

weaning (P < 0.001; Figure 3.3a) phases. 

Initial BW for the weaning treatment groups were not significantly different at enrollment 

(Table 3.3). Calves on the CG and MG treatments had similar ADG and BW during the 

preweaning, weaning, and postweaning phases (Table 3.3; Figure 3.4). No treatment differences 

were detected for heart girth gain during the 10 observed weeks (Table 3.3). Calves on the CG 

and MG treatments had similar height gain and middle girth gain during the preweaning and 

postweaning phases (Table 3.3). During the weaning phase, a treatment × week interaction was 

detected for middle girth gain, with MG calves growing at 0.6 cm/d, and CG calves growing at 

0.3 cm/d during wk 7 (SE = 0.09; P = 0.03). However, there was no difference between 
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treatments at wk 8 (P = 0.99).  Also during the weaning phase, there tended to be a treatment × 

week interaction for height gain (Table 3.3), where MG calves grew in height at 0.4 cm/d, 

compared to CG calves who grew at 0.2 cm/d during wk 7 (SE = 0.04; P = 0.09). Calves on the 

CG and MG treatments had similar total DMI to gain and ME to gain ratios, during the 

preweaning and postweaning phases (Table 3.3). Calves on the CG treatment tended to have 

higher total DMI and ME to gain ratios during the weaning phase, compared to MG treatment 

calves (Table 3.3).  

No treatment differences were detected in behavioral observations during an hour after 

feeding between d 29 and 70 for time spent eating, ruminating, grooming, performing oral 

behavior, or being idle (Table 3.4). On both treatments, calves increased their time spent 

consuming feed as they aged during the preweaning and weaning phases (Table 3.4).  All calves 

tended to increase their idle time by week during the weaning phase and their time spent 

grooming during the postweaning phase. During the preweaning phase, there were no treatment 

differences for calves jumping (OR = 1.6, 95% CI [0.72, 3.34]; P = 0.26) or drinking (OR = 0.6, 

95% CI [0.18,1.79]; P = 0.33) during the behavioral observations. However, during the 

preweaning phase, calves were less likely to be drinking during the behavioral observations in 

wk 6 compared to wk 5 (OR = 0.3, 95% CI [0.07,0.91]; P = 0.04). During the weaning phase, 

there were no differences between treatments for vocalization (OR = 2.8, 95% CI [0.60, 13.26]; 

P = 0.19), jumping (OR = 1.0, 95% CI [0.43, 2.33]; P = 1.0) or drinking (OR = 0.9, 95% CI 

[0.45, 1.96]; P = 0.85) during the time the calves were observed. During the postweaning phase, 

there were no treatment differences in vocalization (OR = 2.0, 95% CI [0.67, 5.77]; P=0.21), or 

drinking (OR = 0.6, 95% CI [0.22, 1.34]; P = 0.20). However, calves in both treatment groups 

were 3.8 times more likely to vocalize during the behavioral observations in wk 9 compared to 



 82 

wk 10 (OR = 3.8, 95% CI [1.03, 13.54]; P = 0.04). Lying behavior was similar for CG and MG 

treatment calves during the preweaning, weaning and postweaning phases (Table 3.5). By 

design, milk drinking behavior was also similar for CG and MG calves during the preweaning 

phase (Table 3.6). Due to the design of the 2 weaning treatments, there was a treatment × day 

interaction for average intake during a feeding session and average feeding session duration 

(Table 3.6). During the duration of the trial, 19 calves (CG = 9, MG = 10) were diagnosed and 

treated for NCD and 4 calves were diagnosed and treated for BRD (CG = 2, MG = 2).There were 

no detected treatment differences in the numbers of calves diagnosed with NCD (P= 0.78) or 

BRD (P = 1.00).   

 Solid Feed Placement Treatments 

Calves on the ADJ treatment consumed 0.55 L/d more milk during the preweaning phase 

and 0.15 L/d more milk during the weaning phase (Table 3.7), compared with OPP treatment 

calves (Figure 3.5a). Calves on the ADJ treatment also consumed greater total amounts of water 

during the entire 10 wk observation period compared with OPP treatment calves (Figure 3.5b; 

Table 3.7). Calves on the ADJ treatment consumed 16.7% more solid feed during the 

preweaning phase compared to calves on the OPP treatment (Table 3.7; Figure 3.5c), but there 

were no detected treatment differences for solid feed intake during the weaning and postweaning 

phases (Table 3.7). Due to calves on the ADJ treatment consuming greater amounts of milk and 

solid feed in the preweaning phase, they consumed greater total ME during this phase as well, 

compared with OPP treatment calves (Table 3.7). During the preweaning period, calves on the 

ADJ treatment tended to have greater blood BHB measurements compared with OPP treatment 

calves (0.06 vs 0.04 mmol/L; SE = 0.006; P = 0.09; Figure 3b). During the weaning (P = 0.66) 
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and postweaning phases (P = 0.31), there was no detected effect of feed location treatment on 

blood BHB measurements (Figure 3.3b). 

There was no significant difference in initial BW for calves on the ADJ or OPP treatment 

(Table 3.8). Calves on the ADJ treatment had 10% greater ADG during the preweaning phase 

compared with calves on the OPP (Table 3.8; Figure 3.6b). A treatment × week interaction was 

detected for ADG during the weaning phase (Table 3.8). However, no week comparison between 

treatments were significant (P = 0.24). Calves in both treatments had similar ADG during the 

postweaning phase (Table 3.8). ADJ and OPP treatment calves had similar BW during the 

preweaning phase, while ADJ treatment calves had greater BW during the weaning and 

postweaning phases (Table 3.8; Figure 3.6a). No treatment differences were detected for height 

gain, heart girth gain, or middle girth gain during the 10 wk observation period (Table 3.8). 

Calves on the ADJ and OPP treatments had similar total DMI and ME to gain ratios during the 

preweaning and postweaning phases (Table 3.8). During the weaning phase, there was a 

treatment × week interaction detected for both the total DMI and ME to gain ratios in wk 8 (P = 

0.03). Calves on the ADJ treatment had a lower total DMI to gain and ME to gain ratio compared 

to OPP treatment calves in wk 8. During wk 8, calves on the ADJ treatment had a total DMI to 

gain ratio of 1.6  0.22, and a ME to gain ratio of 5.9  0.90, compared with OPP treatment 

calves who had a total DMI to gain ratio of 2.1  0.22, and a ME to gain ratio of 7.8  0.88.  

Calves on the ADJ treatment tended to spend 40.0% more time eating solid feed during 

the 1 hour of behavior observations following the 1300h feeding in the preweaning phase, and 

31.3% more time eating solid feed in the postweaning phase compared to OPP treatment calves 

(Table 3.9). During the weaning phase, ADJ treatment calves spent 60.9% more time consuming 
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solid feed compared to OPP treatment calves (Table 3.9). Calves on the ADJ treatment spent 

greater time performing oral behavior during the preweaning phase (Table 3.9) compared to 

calves on the OPP treatment. No treatment effect was detected for rumination time, grooming 

time, or idle time (Table 3.9). Calves on both treatments were equally likely to vocalize during 

the weaning phase (OR = 1.6, 95% CI [0.36, 6.68]; P = 0.55). During the postweaning phase, 

ADJ treatment calves were observed vocalizing less than OPP treatment calves (OR = 0.3, 95% 

CI [0.08, 0.86]; P = 0.03), and all calves were 3.8 times more likely to vocalize during wk 9 

compared to wk 10 (OR = 3.8, 95% CI [1.04, 13.54]; P = 0.04). There was no treatment effect on 

the likelihood of observing calves jumping during the preweaning (OR=1.6, 95% CI [0.72, 3.36]; 

P = 0.26) and weaning phases (OR=0.5, 95% CI [0.22, 1.21]; P = 0.12). Calves on either 

treatment were equally likely to be drinking water during the behavioral observations in the 

preweaning (OR = 1.2, 95% CI [0.39, 3.46]; P = 0.79), and weaning phase (OR = 1.4, 95% CI 

[0.67, 2.95]; P = 0.36). However, calves were less likely to be observed drinking in wk 5 

compared to wk 6 (OR = 0.3, 95% CI [0.08, 0.91]; P = 0.04). During the postweaning phase ADJ 

treatment calves tended to be 2.2 times more likely observed drinking water compared to OPP 

treatment calves (OR = 2.2, 95% CI [0.89, 5.60]; P = 0.09). Calves on the ADJ and OPP 

treatments had similar lying behavior during the preweaning and weaning phases (Table 3.10). 

Postweaning, calves on the OPP treatment tended to spend more time lying down, compared to 

calves on the ADJ treatment (Table 3.10). Calves on the ADJ treatment consumed larger milk 

meals during a feeding in the preweaning and weaning phase compared to OPP treatment calves 

(Table 3.11). Furthermore, during the preweaning phase ADJ treatment calves tended to 

consume their milk meals quicker compared to OPP treatment calves (Table 3.11). However, 

both treatments spent a similar amount of time drinking their milk meals (Table 3.11). A total of 
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19 calves (ADJ=9, OPP=10) were diagnosed and treated for NCD, and 4 calves (ADJ = 3, OPP = 

1) were diagnosed and treated for BRD. There were no detected treatment differences for the 

number of calves treated for NCD (P = 0.78) or BRD (P = 0.30).  

3.4 DISCUSSION 

 Weaning Treatments 

 There is consensus that when feeding high levels of milk to calves, a gradual weaning 

program improves performance and welfare during and following weaning (Khan et al., 2007b; 

Sweeney et al., 2010). Having milk removed gradually may help better prepare calves for the 

removal of milk, as it may stimulate greater increases in solid feed consumption as compared to 

abrupt weaning (Khan et al., 2007b; Steele et al., 2017). With one large step-down in milk 

increasing DMI, but still exhibiting a growth slump during weaning (Khan et al., 2007b; Steele et 

al., 2017), it is believed that more steps are required to successfully wean calves. 

It was hypothesized that gradual weaning of calves, fed a high quantity of milk, with 

larger, more drastic drops, as in the MG treatment, would increase solid feed consumption in the 

weaning phase, improving calf growth during the weaning transition. Contrary to our hypothesis, 

calves had similar solid feed consumption during the first 10 wk of life, regardless of gradual 

weaning treatment. Due to the lack of difference detected in solid feed or water intake between 

MG and CG calves, it is concluded that both treatments were able to encourage nutrient 

consumption equally. Although these results disagree with what was hypothesized, other 

researchers also did not detect differences in solid feed consumption during the weaning phase 

when calves were stepped off milk according to 4 different concentrate-dependent weaning 

programs (de Passillé and Rushen, 2012). Welboren et al. (2019) recently investigated 3 gradual 
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weaning methods on ad libitum milk fed calves: weaning by a linear reduction program (similar 

to the CG treatment in the current study), a step-down program, or a dynamic program based on 

individual milk consumption. Interestingly, although the calves were older and weaned over a 

longer duration in the Welboren et al. (2019) study, they consumed less solid feed, but greater 

amounts of water compared to calves in the present study. Welboren et al. (2019) also did not 

detect any difference in DMI across gradual weaning programs, further supporting our 

conclusion that both gradual weaning treatments encouraged solid feed intake equally. Water 

consumption in the present trial was greater than that reported by Wickramasinghe et al. (2019) 

in the weaning and postweaning phases, and lesser than values reported by Welboren et al. 

(2019) for the entire 10 wks. In the present trial, calves were gradually weaned by d 57 off a high 

allowance of milk (12.5 L/d), compared to Wickramasinghe et al. (2019) where they were 

weaned by d 49 with a one-step weaning program, off a lesser milk level (9.6 kg/d). Weaning 

later in the present study may have allowed calves more time to increase their solid feed intake, 

which is closely related to water intake. Although, the present study calves drank more water, 

Wickramasinghe et al. (2019) also demonstrated that water intake drastically increased at 

weaning, which is a similar trend demonstrated in the present study. 

Blood BHB concentrations, as a proxy for rumen development (Deelen et al., 2016), were 

not detected to be different between treatments in this study, which is not surprising given no 

difference in solid feed intake between treatments. Contrary to this, Welboren et al. (2019) 

reported greater postweaning BHB concentrations in calves that were weaned linearly compared 

with calves that were weaned by a step-wise program, despite no significant differences in DMI. 

However, linearly weaned calves consumed numerically greater amounts of DMI in the 

postweaning phase, compared to calves weaned by a step-wise program, which may have 
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resulted in improved VFA production and absorption for the linearly weaned calves (Welboren 

et al., 2019).  

Given the lack of difference in milk intake in the preweaning phase and solid feed intake 

in the preweaning and weaning phases, it is not surprising that no effect of weaning treatment 

was detected for ADG or BW. Likewise, Welboren et al. (2019) did not report BW or ADG 

differences between their linearly weaned calves and step-wise weaned calves. Furthermore, 

Roth et al. (2009) also did not detect growth differences in calves weaned according to a 

continuous gradual program compared to a concentrate-dependent weaning program. Calves on 

the CG treatment had greater total DMI and ME to gain ratios compared to MG treatment calves. 

This was expected as CG treatment calves consumed greater total DMI and consequently, ME, 

compared to MG treatment calves during the weaning phase due to the design of the treatment, 

and there were no treatment differences detected for growth. Although overall ADG and BW for 

the weaning period did not differ between weaning treatments in the current study, within wk 7 

of the weaning period there were body size differences detected between MG and CG calves. 

Calves on the MG treatment had greater middle girth gain and height gain in wk 7 during the 

weaning phase. This would appear to contradict the concept that greater milk consumption 

increases calf size (Brown et al., 2005; Raeth-Knight et al., 2009), as MG calves consumed less 

milk in the weaning phase, by design, compared to CG calves. However, CG calves only 

consumed 0.41 L/d more milk than MG calves in the weaning phase, which is likely not a large 

enough difference to have affected the growth of the CG calves. Benetton et al. (2019) also 

reported similar results when they offered all calves 12 L/d of milk, concluding that calves that 

consumed less milk during the calf-rearing period (d 7 to 98), actually grew better than calves 

that drank more milk. However, in the study by Benetton et al. (2019) the calves that consumed 
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the least amount of milk ate the most amount of solid feed, which may have contributed to the 

increased growth. Alternatively, in the current study we did not detect a significant difference 

between treatments for solid feed intake in the duration of the study. Furthermore, CG calves 

experienced a more drastic growth slump than the MG calves during the start of weaning phase, 

as demonstrated by these growth measurement differences in wk 7, the first week of the weaning 

period. de Passillé and Rushen, (2016), who weaned calves by a linear program similar to the CG 

treatment in this study, from d 40 to 48 off 12 L/d also reported that calves had a growth slump 

during the weaning period. Therefore, another possible explanation for the growth differences in 

wk 7 is that the MG calves responded to the larger drops in milk better than CG calves responded 

to the smaller drops, during the weaning transition. This is possibly due to MG calves consuming 

numerically greater solid feed during the weaning phase.  

No differences in behavior were detected between the MG and CG programs, however, 

behavior did change with age. It was expected that as calves began to consume more solid feed 

and water with age, they would increase their time spent eating and drinking, which was 

observed in the preweaning and weaning phases for eating and in the preweaning phase for 

drinking. Overvest et al. (2016) similarly reported greater eating time during the weaning period 

as DMI increased, while Eckert et al. (2015) also reported an increase in eating and drinking time 

with age in preweaned calves.  

In general, the weaning treatments did not differ in behavioral measures that indicate 

weaning stress. It was hypothesized that MG calves would show more indicators of stress due to 

the larger drops in milk. However, these results suggest that both treatments result in similar 

behavioral indicators of stress that were recorded during the behavior observation periods. The 

recorded time spent idle in the present study was similar to that reported by Eckert et al. (2015). 
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In the present study, calves increased their idle time during the behavioral observations taken in 

the second week of weaning. This is most likely linked to the calves beginning to consume more 

DM and becoming accustomed to drinking less milk, especially during the time when the AMF 

was operating. Additionally, Borderas et al. (2008) concluded that a decrease in time spent 

grooming may indicate a state of poor welfare. Therefore, with greater grooming time in the 

weeks postweaning in the present study, this may suggest that calves experienced reduced stress 

with an increase in time from weaning. However, it is important to note that, although no 

treatment differences for oral behavior were detected, oral behavior included allogrooming 

others, by reaching through the open sides of the pens. Allogrooming can be a sign of a positive 

affective state while, non-nutritive oral behavior, can be a sign of a negative affective state. If 

recorded separately, there may have been a treatment difference seen for allogrooming and oral 

behavior; recording these behaviors under the same category is a limitation of this study. 

It was predicted that MG calves would vocalize more during weaning compared to CG 

calves, as this is an indicator of stress (Thomas et al., 2001). However, even with the larger drops 

in milk, there was no treatment difference detected for vocalizations. It is possible these drops in 

milk were still small enough to replicate a more natural weaning process and not create a more 

severe weaning stress response. While there was no detected treatment difference, all calves 

decreased their vocalization in the second week postweaning as well, suggesting their stress level 

was reduced as time increased following weaning. Calves that are deprived of milk (Thomas et 

al., 2001; De Paula Vieira et al., 2008) or abruptly weaned (Budzynska and Weary, 2008) 

demonstrate reduced lying time. However, lying time and number of bouts were similar between 

the treatments for the duration of the current study, indicating calves in both treatments 

experienced similar resting behavior. The lying behavior results observed in the current study 
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were also similar to those reported by Overvest et al. (2016). As predicted through the design of 

treatments, there was no difference in milk drinking behavior preweaning, while during weaning 

CG calves consumed more milk during a feeding session and spent longer consuming milk in a 

feeding session as the volume was larger, similar to the results of (Borderas et al., 2009). 

Overall, during the 1-h behavior observations, both gradual weaning programs did not result in 

any increase in behavioral indicators of stress. However, a limitation of this study was the 

limited time calves were observed for behavioral indicators of stress. It is possible that calves 

may have expressed behavioral indicators of stress during other times of the day. Future work 

should extend the length of behavioral observations to fully capture behavioral differences 

between treatments. Overall, it can be concluded both the MG and CG gradual weaning 

programs were able to encourage similar solid feed consumption, and performance while also 

resulting in similar levels of weaning stress during the behavioral observation period. Future 

work needs to be done comparing gradual programs with fewer and more drastic reductions in 

milk, as more gradual programs are not always practical on farm. Furthermore, larger, more 

drastic drops are likely to exhibit greater weaning stress indicators, which may be a welfare 

concern. Therefore, work is needed to determine a practical weaning strategy that is easy to 

implement, while reducing weaning stress. Also, similar weaning treatments should be 

investigated in group housing situations, as feeder competition and social dynamics may also 

play a role in the weaning transition.  

 Solid Feed Placement Treatments 

 It was hypothesized that calves would associate the front end of the pen with consuming 

quality feed sources, and therefore consume greater amounts of solid feed, compared to having 

the feed offered opposite of the milk source. The results conclude calves offered their feed 
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adjacent to their milk source had greater solid feed intake during the preweaning phase, as well 

as greater milk intake in the preweaning and weaning phase, compared with placing the feed 

opposite the milk source. Limited research has focused on the effect feed location has on feed 

intake and behavior in cattle, with no known research specifically focused on calves. However, 

researchers have demonstrated that cattle have accurate spatial memory (Bailey et al., 1989; 

Laca, 1998), indicating that they can remember the location from which they obtained certain 

feeds. In work conducted by Dumont and Petit, (1998) it was concluded that sheep are not only 

able to remember a specific location they have grazed, but that they can also associate a specific 

location with preferred feed. Thus, it is likely that dairy calves have these cognitive mechanisms 

as well. Therefore, it is probable that the ADJ calves increased their DMI during the preweaning 

phase due to their association of the location at the front of the pen with their preferred feed 

source: milk. Calves on the ADJ treatment also had greater ADG during the preweaning phase, 

likely due to the greater milk and solid feed intake. Since ADJ calves would have associated that 

location with consuming milk, they may have consumed more solid feed to satisfy their hunger 

when milk was absent. Those calves may also have come into contact with the starter bucket 

more frequently as they may have been at the front of the pen anticipating milk. As they began 

weaning, it is possible the ADJ treatment calves associated the front of the pen with consuming 

nutrients in general. Therefore, the ADJ calves may have also increased their milk consumption 

during the weaning phase as milk availability began to decline, compared to OPP treatment 

calves. Furthermore, this association of the front of the pen with consuming nutrients, may 

explain why ADJ treatment calves consumed larger milk meals during the preweaning phase, 

and tended to continue to consume larger milk meals during weaning compared to OPP treatment 

calves.  
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Interestingly, ADJ treatment calves drank more water than OPP treatment calves during 

all 3 phases. Thus, the ADJ calves were consuming more nutrients from milk and feed on the 

front of the pen, while turning around and drinking more water, compared with OPP treatment 

calves, who had their solid feed and water both at the back of the pen. These results are 

supported by the idea that the amount of solid feed consumed is closely linked with total water 

consumption. Although it is not known if water is driving the consumption of the solid feed or 

vice versa, researchers have shown they follow a similar trend of increasing in a concave trend 

upwards as time increases (Eckert et al., 2015; Wickramasinghe et al., 2019; Figure 3.3b, c). 

Location of offered water warrants further investigation, as we were not able to place both water 

and feed at the front of the pen due to the pen set up.  

With calves consuming greater amounts of solid feed during the preweaning phase on the 

ADJ treatment compared with the OPP treatment, it was not surprising that their blood BHB 

measurements were also greater, as per Deelen et al. (2016), indicating those calves may have 

had improved rumen development and function during the preweaning phase (Quigley et al., 

1991). However, during weaning and postweaning, DMI did not differ between treatments and 

this was also reflected in similar blood BHB concentrations.  

Calves on the ADJ treatment had lesser total DMI and ME to gain ratios during wk 8, 

indicating they were more feed efficient compared to OPP treatment calves. Furthermore, BW 

was greater for calves on the ADJ treatment during the weaning and postweaning phases, 

suggesting they were better adapted for the weaning transition, due to their greater DMI during 

the preweaning phase (Stamey et al., 2012). Despite differences in ADG and BW, no differences 

in frame size between treatments were detected. This is surprising given that body size and 

measurements are closely linked to BW and gain (Heinrichs et al., 1992). However, it is possible 
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the differences in ADG and BW were driven by fat deposition rather than skeletal growth. 

Labussiere et al. (2008) showed as CP increases in veal calf feed, calves’ skeletal growth 

increases and fat deposition decreases. Therefore, it is possible that the greater solid feed and 

milk intake for the ADJ treatment calves, in the present study, was not sufficient enough to 

influence skeletal muscle and frame size, and perhaps was, instead, contributing to greater fat 

deposition.  

Little research has been conducted investigating how the location of feed and water in 

such small spaces, such as the pens used in the present study, impacts cattle behaviour.  

Although ADJ calves only consumed greater solid feed in the preweaning phase, they spent more 

time eating in all 3 phases compared to OPP treatment calves. Researchers have concluded 

calves can learn the time of day fresh milk is delivered and will increase their milk consumption 

and feed consumption at the time of delivery (Borderas et al., 2009; Miller-Cushon et al., 2013a). 

Therefore, it is likely the calves were anticipating the milk arrival at the front of the pen during 

the behavioral observation period, as they took place at the 1300 h milk feeding. After the AMF 

left or passed the pen, ADJ calves would only have had to reach into the adjacent bucket of solid 

feed to satisfy their hunger, rather than relocating to the opposite end of the pen for solid feed, as 

in the OPP treatment.  

During the preweaning phase calves on the ADJ treatment exhibited more oral behavior, 

which is typically associated with a negative affective state (Rushen and de Passillé, 1995; 

Fröberg and Lidfors, 2009). However, (Horvath and Miller-Cushon, 2017)Horvath and Miller-

Cushon (2017) did not observe a decrease in oral behavior as feed intake increased, which 

coincides with the ADJ treatment calves consuming more DMI, but still engaging in greater oral 

behavior. Horvath and Miller-Cushon (2017) did not observe a decrease in oral behavior as feed 
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intake increased, which coincides with the ADJ treatment calves consuming more DMI, but still 

engaging in greater oral behavior. 

During the postweaning phase ADJ treatment calves vocalized less frequently compared 

with OPP treatment calves, indicating less stress (Thomas et al., 2001). However, all calves 

vocalized more in wk 9 compared to wk 10, indicating some level of stress the first week 

postweaning. This is not surprising, as calves tend to show a behavioral stress response to 

weaning by increasing their vocalizations (Thomas et al., 2001; Budzynska and Weary, 2008).  

Interestingly, OPP calves tended to spend more time lying down, which may be indicative of less 

stress (Budzynska and Weary, 2008). However, it is also possible that due to ADJ calves 

spending more time eating and drinking, their lying time may have been reduced as compared to 

the calves on the OPP treatment.  

Overall, ADJ calves showed fewer behavioral signs of stress during behavioral 

observations, indicated through reduced vocalization. This may have been due to them being 

more prepared for the weaning process and already consuming sufficient feed to satisfy their 

hunger, while also spending more of their time consuming feed and water during the behavioral 

observations, compared to OPP treatment calves. A limitation of this study is that the water was 

always offered on the back end of the pen, opposite of the milk source, no matter the feed 

treatment. Therefore, both treatments had the water offered on the opposite end of the pen 

compared to where the milk was offered. Future work needs to be done to investigate the effect 

of the location of water within individual pens. 



 95 

3.5 CONCLUSIONS 

 The results demonstrate that both the continuous gradual and multi-step gradual weaning 

treatments for calves fed high quantities of milk may result in similar performance and behavior 

from birth until 2 wk postweaning. Both of the gradual weaning treatments encouraged similar 

solid feed consumption and resulted in similar growth for the studied calves. Further, calves 

offered their solid feed adjacent to their milk source had greater solid feed intake preweaning, 

milk intake preweaning and during weaning, and water consumption for the first 10 wk of life. 

Placing solid feed adjacent to the milk source also improved blood BHB concentrations and 

ADG in the preweaning phase, and feed efficiency in the second week of weaning. Overall, these 

results indicate that both gradual weaning treatments resulted in similar feed intake, 

performance, and behavior around weaning. Furthermore, while using a gradual weaning 

program, placing the solid feed offered to calves adjacent or in close proximity to the location of 

the milk source, appears to prepare calves for milk removal by facilitating greater starter intake.  
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Table 3.1. Ingredient and chemical composition (mean ± SD) of the starter feed components, 

solid feed starter ration, and milk replacer fed to all calves. 

Composition 
Calf starter1 Straw2 Solid feed3 Milk 

replacer4 

Chemical Composition5      

DM, % DM 89.9  0.87 89.0  2.06 90.0  0.79 97.7  0.81 

CP, % DM 23.6  0.77 5.4  1.10 22.3  0.81 26.3  0.37 

NDF, % DM 18.9  1.41 72.6  5.55 21.5  1.29 - 

ADF, % DM 8.4  0.4 45.2  5.90 10.8  0.73 - 

Crude Fibre, % DM - - - 3.2  1.55 

Ash, % DM 8.8  0.00 6.0  0.03 7.9  0.26 6.7  0.70 

NFC, % DM 46.0  0.64 10.5  4.45 44.7  1.12 - 

Starch, % DM 30.3  0.33 7.0  2.52 28.0  0.58 - 

Fat6, % DM 2.0  0.13 1.7  0.45 1.7  0.35 18.8  0.31 

Lactose7, % DM - - - 48.3  0.53 

Ca, % DM 1.5  0.25 0.4  0.08 1.3  0.15 1.0  0.04 

P, % DM 0.8  0.01 0.2  0.01 0.7  0.04 0.9  0.02 

Na, % DM 0.5  0.01 0.07  0.02 0.5  0.06 0.5  0.03 

ME8, Mcal/kg of DM 3.2  0.001 1.9  0.20 3.1  0.03 4.6  0.04 
1Calf starter was supplied by Floradale Feed Mill Ltd (Floradale, Ontario, Canada) including 

ingredients; soybean meal 47%, corn chop, mix grain chop, wheat shorts, wheat chop, canola, 

dried distillers grains and solubles, limestone calcium carbonate, high protein corn gluten 60%, 

oilcake meal, high bypass soybean meal, molasses (pelleter), fine salt, diamond v yeast xp, 

pelltech, monocalcium phosphate (dical), ffm organic ruminant micro prx, magnesium oxide, 

rumensin/coban and covotek kenugreek tm 2320.  
2Straw was chopped wheat straw cut to measure approximately 2.5 cm. 
3Solid feed was 95% calf starter and 5% chopped wheat straw, mixed on an as fed basis. 
4Milk replacer was supplied by Grober Nutrition (Grober Nutrition, Ontario, Canada; Excel Pro- 

Gro). 
5Chemical analysis was done by A&L Laboratory Services Inc (London, ON, Canada). 
6Fat for the milk replacer was done by an acid hydrolysis test (AOAC, 2006: Method 954.02). 
7Lactose is assumed to be 100-CP-Fat-Ash. 
8Metabolizable Energy (ME) was calculated using National Research Council (2001) equations. 
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Table 3.2. Effect of a continuous gradual and a multi-step gradual weaning program on various 

measures of nutrient consumption for 60 dairy calves during the preweaning, weaning, and 

postweaning phases1. 

 Treatment2  P-value 

 CG MG SE T3 D4 T × D 

Preweaning       

Solid feed intake5, kg/d 0.06 0.06 0.001 0.64 <0.001 0.99 

Free water intake6, L/d 0.65 0.66 0.092 0.82 <0.001 0.03 

Total DMI7, kg/d 1.24 1.20 0.039 0.06 <0.001 0.15 

Solid feed intake, % of BW 0.15 0.08 0.054 0.43 <0.001 0.51 

Total water intake8, L/d 8.60 8.67 0.262 0.55 <0.001 0.81 

Milk intake, L/d 9.15 9.18 0.204 0.78 <0.001 0.58 

ME intake9, Mcal/d 5.65 5.62 0.159 0.71 <0.001 0.17 

Weaning       

Solid feed intake5, kg/d 0.76 0.81 0.089 0.52 <0.001 0.21 

Free water intake6, L/d 2.32 2.36 0.147 0.84 <0.001 0.002 

Total DMI7, kg/d 1.63 1.60 0.087 0.66 <0.001 <0.001 

Solid feed intake, % of BW 0.81 0.90 0.081 0.29 <0.001 0.27 

Total water intake8, L/d 8.15 7.81 0.180 0.13 <0.001 <0.001 

Milk intake, L/d 6.69 6.28 0.054 <0.001 <0.001 <0.001 

ME intake9, Mcal/d 6.34 6.19 0.268 0.51 <0.001 <0.001 

Postweaning       

Solid feed intake5, kg/d 2.98 2.94 0.192 0.71 <0.001 0.64 

Free water intake6, L/d 9.70 9.95 0.611 0.49 <0.001 0.50 

Total DMI7, kg/d 2.98 2.89 0.186 0.45 <0.001 0.53 

Solid feed intake, % of BW 2.82 2.80 0.140 0.77 <0.001 0.62 

Total water intake8, L/d 9.70 10.03 0.612 0.37 <0.001 0.85 

Milk intake, L/d - - - - - - 

ME intake9, Mcal/d 9.27 9.04 0.664 0.52 <0.001 0.54 
1Preweaning phase was from d 1 until the end of d 42, weaning phase was from d 43 until the 

end of d 56, postweaning phase was from d 57 until the end of d 70. 
2 CG = calves were weaned by a continuous gradual program in small equal increments from d 

43-56 (n=30); MG= calves were weaned by a multi-step gradual program with larger, more 

noticeable drops in their milk from d 43 to 56 (n=30). 
3 T = treatment. 
4 D = day on treatment. 
5 Solid feed intake was measured daily and corrected for the dry matter of the ration offered. 
6 Free water was measured as the water offered by bucket to the calves daily. 
7Total DMI was the dry matter of solid feed consumed plus the dry matter consumed from milk. 
8Total water was measured as the amount of free water consumed and water consumed from 

milk. 
9ME was the metabolizable energy consumed from both solid feed and milk, calculated by 

multiplying the average ME for solid feed by the solid feed intake and adding it to the average 

ME for the milk replacer by the milk intake for each calf.  
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Table 3.3. Effect of a continuous gradual and a multi-step gradual weaning program on various 

measures of growth for 60 dairy calves during the preweaning, weaning and postweaning 

phases1. 

 
Treatment2  P-value 

 CG MG SE T3 W4 T × W 

Preweaning       

Initial BW, kg 40.5 40.4 0.11 0.66 - - 

BW, kg 61.6 60.9 0.74 0.53 <0.001 0.99 

ADG, kg/d  1.1 1.1 0.03 0.35 <0.001 0.67 

Height gain, cm/d 0.3 0.3 0.01 0.23 0.56 0.17 

Middle girth gain, cm/d 0.6 0.6 0.02 0.44 <0.001 0.57 

Heart girth gain, cm/d 0.5 0.5 0.02 0.90 0.03 0.92 

Total DMI : gain5 1.2 1.3 0.03 0.75 <0.001 0.43 

ME : gain6 5.6 5.7 0.15 0.75 <0.001 0.43 

Weaning       

BW, kg 91.0 89.5 1.20 0.26 <0.001 0.13 

ADG, kg/d  0.8 0.9 0.06 0.11 <0.001 0.97 

Height gain, cm/d 0.3 0.3 0.02 0.13 0.53 0.07 

Middle girth gain, cm/d 0.6 0.8 0.06 0.04 <0.001 0.05 

Heart girth gain, cm/d 0.3 0.3 0.03 0.83 0.40 0.57 

Total DMI : gain 2.7 2.2 0.23 0.09 <0.001 0.25 

ME : gain 10.7 8.8 1.03 0.11 <0.001 0.21 

Postweaning       

BW, kg 104.6 104.2 1.63 0.81 <0.001 0.51 

ADG, kg/d  1.4 1.3 0.07 0.50 - - 

Height gain, cm/d 0.3 0.3 0.04 0.82 - - 

Middle girth gain, cm/d 1.1 0.9 0.10 0.16 - - 

Heart girth gain, cm/d 0.4 0.4 0.08 0.68 - - 

Total DMI : gain 1.9 2.2 0.15 0.29 - - 

ME : gain 6.0 6.7 0.46 0.29 - - 
1Preweaning phase was from d 1 until the end of d 42, weaning phase was from d 43 until the 

end of d 56, postweaning phase was from d 57 until the end of d 70. 
2 CG= calves were weaned by a continuous gradual program in small equal increments from d 

43-56 (n=30); MG = calves were weaned by a multi-step gradual program with larger, more 

noticeable drops in their milk from d 43-56 (n=30). 
3 T =treatment. 
4 W = week on treatment. 
5 Total DMI : kg gain was calculated by dividing the total DMI (kilograms) (dry matter from 

solid feed and milk replacer) consumed per week by the kilograms gained per week 
6 ME : kg gain was calculated by dividing the total ME (Mcal) consumed per week by the 

kilograms gained per week   
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Table 3.4. Effect of a continuous gradual and a multi-step gradual weaning program on various 

behaviors performed for one hour after a milk feeding meal for 60 dairy calves during the 

preweaning, weaning and postweaning phases1. 

 
Treatments2  P-value 

 CG MG SE T3 W4 T × W 

Preweaning, min/h5       

Eating time 0.6 0.6 0.10 0.90 0.05 0.60 

Rumination time 7.3 8.7 1.05 0.38 0.82 0.35 

Grooming time 3.3 3.3 0.46 0.95 0.21 0.42 

Oral time 7.5 7.4 0.85 0.83 0.21 0.83 

Idle time 39.1 38.2 1.63 0.60 0.14 0.57 

Weaning, min/h       

Eating time 2.8 3.2 0.31 0.33 <0.001 0.73 

Rumination time 7.7 8.3 1.21 0.70 0.13 0.84 

Grooming time 3.4 3.1 0.34 0.40 0.18 0.36 

Oral time 10.8 10.1 0.85 0.54 0.47 0.98 

Idle time 33.0 33.2 1.60 0.94 0.07 0.94 

Postweaning, min/h       

Eating time 3.6 3.9 0.46 0.60 0.54 0.94 

Rumination time 12.6 10.9 1.25 0.36 0.85 0.35 

Grooming time 2.6 2.2 0.29 0.29 0.06 0.81 

Oral time 6.9 8.4 0.69 0.12 0.23 0.53 

Idle time 32.3 32.2 1.35 0.95 0.34 0.25 
1Preweaning phase was from d 29 until the end of d 42, weaning phase was from d 43 until the 

end of d 56, postweaning phase was from d 57 until the end of d 70. 
2 CG = calves were weaned by a continuous gradual program in small equal increments from d 

43-56 (n=30); MG = calves were weaned by a multi-step gradual program with larger, more 

noticeable drops in their milk from d 43-56 (n=30). 
3 T = treatment. 
4 W = week on treatment. 
5 Minutes per hour the calves performed the specific behavior during the one hour behavior 

observation period following the 1300h milk feeding, commencing when the AMF (Calf Rail; 

Forster Technik, Engen, Germany) pulled away from the calf. 
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Table 3.5. Effect of a continuous gradual and a multi-step gradual weaning program on lying 

behavior for 60 dairy calves during the preweaning, weaning and postweaning phases1. 

 

 
Treatments2  P-value 

 CG MG SE T3 D4 T × D 

Preweaning       

Lying bouts, bouts/d  21.2 21.4 0.49 0.53 0.61 0.56 

Squared lying time  1198653 1198002 17043 0.98 0.77 0.31 

Lying time5, min/d 1094.8 1094.5 - - - - 

Bout length, min/bout 53.7 53.0 1.46 0.77 0.45 0.39 

Weaning       

Lying bouts, bouts/d  19.4 18.7 0.43 0.29 <0.001 0.74 

Squared lying time 1184441 1164585 18753 0.45 0.86 0.18 

Lying time, min/d 1088.3 1079.2 - - - - 

Bout length, min/bout 58.2 59.2 1.40 0.59 <0.001 0.91 

Postweaning       

Lying bouts, bouts/d  18.3 18.2 0.42 0.86 <0.001 0.90 

Squared lying time 1173027 1157447 20653 0.59 0.006 0.86 

Lying time, min/d 1083.1 1075.8 - - - - 

Bout length, min/bout 61.4 61.6 1.51 0.92 <0.001 0.99 
1Preweaning phase was from d 29 until the end of d 42, weaning phase was from d 43 until the 

end of d 56, postweaning phase was from d 57 until the end of d 70. 
2 CG = calves were weaned by a continuous gradual program in small equal increments from d 

43-56 (n=30); MG = calves were weaned by a multi-step gradual program with larger, more 

noticeable drops in their milk from d 43-56 (n=30). 
3 T = treatment. 
4 W = week on treatment. 
5Back transformed lying time.  
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Table 3.6. Effect of a continuous gradual and a multi-step gradual weaning program on milk 

drinking behavior for 60 dairy calves during the preweaning and weaning phases1. 

 
Treatments2  P-value 

 CG MG SE T D T × D 

Preweaning       

Average intake during a 

feeding session, mL/feeding 
1753.1 1759.1 49.04 0.90 <0.001 0.79 

Average feeding session 

duration, min 
6.5 6.5 0.08 0.66 <0.001 0.81 

Mean drinking speed, mL/min 416.8 420.8 10.53 0.79 <0.001 0.94 

Weaning       

Average intake during a 

feeding session, mL/feeding 
1329.9 1224.3 27.30 <0.001 <0.001 <0.001 

Average feeding session 

duration, min 
4.4 4.1 0.14 0.03 <0.001 <0.001 

Mean drinking speed, mL/min 498.4 501.1 13.74 0.88 <0.001 0.65 
1Preweaning phase was from d 1 until the end of d 42, weaning phase was from d 43 until the 

end of d 56. 
2 CG = calves were weaned by a continuous gradual program in small equal increments from d 

43-56 (n=30); MG = calves were weaned by a multi-step gradual program with larger, more 

noticeable drops in their milk from d 43-56 (n=30). 
3 T = treatment. 
4 D = day on treatment. 
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Table 3.7. Effect of placing solid feed adjacent and opposite the milk source on various 

measures of nutrient consumption for 60 dairy calves during the preweaning, weaning and 

postweaning phases1. 

 
Treatment2  P-value 

 ADJ OPP SE T3 D4 T × D 

Preweaning       

Solid feed intake5, kg/d 0.07 0.06 0.011 0.02 <0.001 0.72 

Free water intake6, L/d 0.76 0.55 0.092 0.003 <0.001 0.28 

Total DMI7, kg/d 1.25 1.20 0.039 0.03 <0.001 0.76 

Solid feed intake, % of BW 0.15 0.08 0.054 0.33 0.36 0.47 

Total water intake8, L/d 8.99 8.28 0.262 <0.001 <0.001 0.97 

Milk intake, L/d 9.44 8.89 0.205 <0.001 <0.001 0.87 

ME intake9, Mcal/d 5.44 5.83 0.159 <0.001 <0.001 0.65 

Weaning       

Solid feed intake5, kg/d 0.83 0.75 0.089 0.30 <0.001 0.87 

Free water intake6, L/d 2.55 2.12 0.145 0.04 <0.001 0.52 

Total DMI7, kg/d 1.65 1.57 0.088 0.22 <0.001 0.83 

Solid feed intake, % of BW 0.89 0.82 0.081 0.42 <0.001 0.93 

Total water intake8, L/d 8.26 7.70 0.184 0.01 <0.001 0.46 

Milk intake, L/d 6.56 6.41 0.054 0.04 <0.001 0.61 

ME intake9, Mcal/d 6.46 6.10 0.330 0.11 <0.001 0.90 

Postweaning       

Solid feed intake5, kg/d 3.03 2.90 0.196 0.26 <0.001 0.81 

Free water intake6, L/d 10.34 9.30 0.614 0.005 <0.001 0.50 

Total DMI7, kg/d 3.02 2.86 0.187 0.21 <0.001 0.43 

Solid feed intake, % of BW 2.82 2.80 0.140 0.81 <0.001 0.84 

Total water intake8, L/d 10.42 9.30 0.616 0.003 <0.001 0.49 

Milk intake, L/d - - - - - - 

ME intake9, Mcal/d 9.43 8.87 0.667 0.12 <0.001 0.12 
1Preweaning phase was from d 1 until the end of d 42, weaning phase was from d 43 until the end of d 56, 

postweaning phase was from d 57 until the end of d 70 
2 ADJ = the bucket of solid feed was placed adjacent to the location where the Calf Rail would stop and 

offer calves milk from d 5 to d 70 (n=30); OPP = the bucket of solid feed was placed on the back side of 

the pen, opposite the location where the Calf Rail stopped and offered calves their milk from d 5 to 70 

(n=30). 
3 T = treatment. 
4 D = day on treatment. 
5 Solid feed intake was measured daily and corrected for the dry matter of the ration offered. 
6 Free water was measured as the water offered by bucket to the calves daily. 
7Total DMI was the dry matter of solid feed consumed plus the dry matter consumed from milk. 
8Total water was measured as the amount of free water consumed and water consumed from milk. 
9ME was the metabolizable energy consumed from both solid feed and milk, calculated by multiplying 
the average ME for solid feed by the solid feed intake and adding it to the average ME for the milk 

replacer by the milk intake for each calf.   
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Table 3.8. Effect of placing solid feed adjacent and opposite the milk source on various 

measures of growth for 60 dairy calves during the preweaning, weaning and postweaning 

phases1. 

 
Treatments2  P-value 

 ADJ OPP SE T3 W4 T × W 

Preweaning       

Initial BW, kg 40.4 40.4 0.11 1.00 - - 

BW, kg 62.0 60.6 0.74 0.18 <0.001 0.55 

ADG, kg/d  1.1 1.0 0.03 0.03 <0.001 0.98 

Height gain, cm/d 0.3 0.3 0.01 0.22 0.56 0.19 

Middle girth gain, cm/d 0.6 0.6 0.02 0.59 <0.001 0.18 

Heart girth gain, cm/d 0.5 0.5 0.02 0.77 0.03 0.96 

Total DMI : gain5 1.3 1.2 0.03 0.91 <0.001 0.75 

ME : gain6 5.7 5.7 0.15 0.95 <0.001 0.75 

Weaning       

BW, kg 91.6 88.9 1.21 0.04 <0.001 0.44 

ADG, kg/d  0.9 0.8 0.06 0.42 <0.001 0.04 

Height gain, cm/d 0.3 0.3 0.02 0.59 0.53 0.55 

Middle girth gain, cm/d 0.7 0.6 0.06 0.30 <0.001 0.23 

Heart girth gain, cm/d 0.3 0.3 0.03 0.33 0.40 0.95 

Total DMI : gain 2.5 2.4 0.24 0.67 <0.001 0.02 

ME : gain 10.1 9.5 1.04 0.60 <0.001 0.02 

Postweaning       

BW, kg 106.3 102.5 1.64 0.04 <0.001 0.97 

ADG, kg/d  1.3 1.3 0.07 0.97 - - 

Height gain, cm/d 0.3 0.3 0.04 0.50 - - 

Middle girth gain, cm/d 0.9 1.1 0.10 0.33 - - 

Heart girth gain, cm/d 0.4 0.4 0.08 0.43 - - 

Total DMI : gain 2.1 2.0 0.15 0.70 - - 

ME : gain 6.5 6.2 0.46 0.70 - - 
1Preweaning phase was from d 1 until the end of d 42, weaning phase was from d 43 until the 

end of d 56, postweaning phase was from d 57 until the end of d 70. 
2 ADJ = the bucket of solid feed was placed adjacent to the location where the Calf Rail would 

stop and offer calves milk from d 5 to d 70 (n=30); OPP = the bucket of solid feed was placed on 

the back side of the pen, opposite the location where the Calf Rail stopped and offered calves 

their milk from d 5 to d 70 (n=30). 
3 T = treatment. 
4 W = Week on treatment. 
5 Total DMI : kg gain was calculated by dividing the total DMI (kilograms) (dry matter from 

solid feed and milk replacer) consumed per week by the kilograms gained per week 
6 ME : kg gain was calculated by dividing the total ME (Mcal) consumed per week by the 

kilograms gained per week.  
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Table 3.9. Effect of placing solid feed adjacent and opposite the milk source on various 

behaviors performed for one hour after a milk feeding meal for 60 dairy calves during the 

preweaning, weaning and postweaning phases1. 

 
Treatment2  P-Value 

 ADJ OPP SE T3 W4 T × W 

Preweaning, min/h5       

Eating time 0.7 0.5 0.10 0.10 0.05 0.90 

Rumination time 7.8 8.3 1.05 0.74 0.82 0.99 

Grooming time 3.5 3.2 0.46 0.43 0.21 0.34 

Oral time 8.4 6.6 0.85 0.01 0.21 0.31 

Idle time 37.5 39.8 1.64 0.22 0.14 0.80 

Weaning       

Eating time 3.7 2.3 0.31 0.003 <0.001 0.12 

Rumination time 7.7 8.2 1.22 0.76 0.13 0.21 

Grooming time 3.1 3.4 0.34 0.51 0.18 0.96 

Oral time 11.1 9.8 0.85 0.25 0.47 0.72 

Idle time 32.0 34.1 1.61 0.30 0.07 0.38 

Postweaning       

Eating time 4.2 3.2 0.47 0.08 0.54 0.60 

Rumination time 10.8 12.7 1.25 0.28 0.85 0.59 

Grooming time 2.6 2.2 0.29 0.35 0.06 0.77 

Oral time 8.2 7.1 0.69 0.23 0.23 0.51 

Idle time 31.9 32.5 1.35 0.76 0.34 0.34 
1Preweaning phase was from d 29 until the end of d 42, weaning phase was from d 43 until the 

end of d 56, postweaning phase was from d 57 until the end of d 70. 
2 ADJ = the bucket of solid feed was placed adjacent to the location where the Calf Rail would 

stop and offer calves milk from d 5 to d 70 (n=30); OPP = the bucket of solid feed was placed on 

the back side of the pen, opposite the location where the Calf Rail stopped and offered calves 

their milk from d 5 to d 70 (n=30). 
3 T = treatment. 
4 D = day on treatment. 
5 Minutes per hour the calves performed the specific behavior during the one hour behavior 

observation period following the 1300h milk feeding, commencing when the AMF (Calf Rail) 

pulled away from the calf. 
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Table 3.10. Effect of placing solid feed adjacent and opposite the milk source on lying behavior 

for 60 dairy calves during the preweaning, weaning and postweaning phases1. 

 

 
Treatment2  P-value 

 ADJ OPP SE T3 D4 T × D 

Preweaning       

Lying bouts, bouts/d  21.2 21.4 0.49 0.84 0.61 0.54 

Squared lying min 1182520 1214134 17047 0.19 0.77 0.38 

Lying time5, min/d  1087.4 1101.9 - - - - 

Bout length, min/bout 53.5 53.2 1.46 0.90 0.45 0.46 

Weaning       

Lying bouts, bouts/d  18.9 19.2 0.43 0.69 <0.001 0.26 

Squared lying time 1173761 1175264 18755 0.95 0.86 059 

Lying time, min/d  1083.4 1084.1 - - - - 

Bout length, min/bout 59.3 58.1 1.40 0.53 <0.001 0.31 

Postweaning       

Lying bouts, bouts/d  17.9 18.5 0.42 0.27 <0.001 1.00 

Squared lying time  1140465 1190009 20655 0.09 0.006 0.93 

Lying time, min/d 1067.9 1090.9 - - - - 

Bout length, min/bout 62.0 61.0 1.51 0.66 <0.001 0.99 
1Preweaning phase was from d 29 until the end of d 42, weaning phase was from d 43 until the 

end of d 56, postweaning phase was from d 57 until the end of d 70. 
2 ADJ = the bucket of solid feed was placed adjacent to the location where the Calf Rail would 

stop and offer calves milk from d 5 to d 70 (n=30); OPP = the bucket of solid feed was placed on 

the back side of the pen, opposite the location where the Calf Rail stopped and offered calves 

their milk from d 5 to d 70 (n=30). 
3 T = treatment. 
4 D = day on treatment. 
5Back transformed lying time.  
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Table 3.11. Effect of placing solid feed adjacent and opposite the milk source on milk drinking 

behavior for 60 dairy calves during the preweaning and weaning phases1. 

 
Treatment2  P-Value 

 ADJ OPP SE T3 D4 T × D 

Preweaning       

Average intake during a 

feeding session, mL/feeding 
1815.1 1697.1 49.38 0.02 <0.001 0.97 

Average feeding session 

duration, min 
6.5 6.5 0.08 0.74 <0.001 0.98 

Mean drinking speed, 

mL/min 
431.9 405.7 10.67 0.08 <0.001 0.89 

Weaning       

Average intake during a 

feeding session, mL/feeding 
1299.6 1254.7 27.4 0.04 <0.001 0.61 

Average feeding session 

duration, min 
4.3 4.3 0.11 0.81 <0.001 0.19 

Mean drinking speed, 

mL/min 
505.4 494.1 13.77 0.53 <0.001 0.53 

1Preweaning phase was from d 1 until the end of d 42, weaning phase was from d 43 until the 

end of d 56. 
2 ADJ = the bucket of solid feed was placed adjacent to the location where the Calf Rail would 

stop and offer calves milk from d 5 to d 70 (n=30); OPP = the bucket of solid feed was placed on 

the back side of the pen, opposite the location where the Calf Rail stopped and offered calves 

their milk from d 5 to d 70 (n=30). 
3 T = treatment. 
4 D = day on treatment. 
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Figure 3.1. Layout of calf nursery rooms and pens to house calves randomly assigned to 1 of 2 

treatments: adjacent (solid feed on the front side of the pen), or opposite (solid feed on the 

backside of the pen), with the automated milk feeder (AMF; Calf Rail), travelling down the 

center aisle.   
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Figure 3.2. Daily (SE): a) milk intake (L/d), b) water intake (L/d), and c) solid feed intake (kg 

DMI/d) for calves on 1 of 2 treatments that differed in weaning program (CG= calves were 

weaned by a continuous gradual program in small equal increments from d 43-56 (n=30); MG= 

calves were weaned by a multi-step gradual program with larger, more noticeable drops in their 

milk from d 43-56 (n=30)) during the preweaning (d 1-42), weaning (d 43-56) and postweaning 

(d 57-70) phases. Vertical lines represent the beginning and end of the weaning phase. Phases 

that have a difference between treatments are denoted by “*” when P  0.05.  
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Figure 3.3.  Mean (SE) blood beta-hydroxybutyrate (BHB) concentration for calves on a)1 of 2 

treatments that differed in weaning program (CG= calves were weaned by a continuous gradual 

program in small equal increments from d 43-56 (n=30); MG= calves were weaned by a multi-

step gradual program with larger, more noticeable drops in their milk from d 43-56 (n=30)), and 

b) 1 of 2 dietary treatments that differed in solid feed location (ADJ: the bucket of solid feed was 

placed adjacent to the location where the Calf Rail would stop and offer calves milk from d 5 to 

d 70 (n=30); OPP: the bucket of solid feed was placed on the back side of the pen, opposite the 

location where the Calf Rail stopped and offered calves their milk from d 5 to d 70 (n=30)), 

during the preweaning (d 1-42), weaning (d 43-56) and postweaning (d 57-70) phases. Vertical 

lines represent the beginning and end of the weaning phase. Phases that tended to have a 

difference between treatments are denoted by “†” when P <0.10. 
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Figure 3.4. Mean (SE): a) body weight (kg), and b) average daily gain (kg/d) for calves on 1 of 

2 treatments that differed in weaning program (CG= calves were weaned by a continuous gradual 

program in small equal increments from d 43-56 (n=30); MG= calves were weaned by a multi-

step gradual program with larger, more noticeable drops in their milk from d 43-56 (n=30)) 

during the preweaning (d 1-42), weaning (d 43-56) and postweaning (d 57-70) phases. Vertical 

lines represent the beginning and end of the weaning phase. 
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Figure 3.5. Daily (SE): a) milk intake (L/d), b) water intake (L/d), and c) solid feed intake (kg 

DMI/d) for calves fed 1 of 2 dietary treatments that differed in solid feed location (ADJ: the 

bucket of solid feed was placed adjacent to the location where the Calf Rail would stop and offer 

calves milk from d 5 to d 70 (n=30); OPP: the bucket of solid feed was placed on the back side 

of the pen, opposite the location where the Calf Rail stopped and offered calves their milk from d 

5 to d 70 (n=30)) during the preweaning (d 1-42), weaning (d 43-56) and postweaning (d 57-70) 

phases. Vertical lines represent the beginning and end of the weaning phase. Phases that have a 

difference between treatments are denoted by a “*” when P  0.05. 
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Figure 3.6. Mean (SE): a) body weight (kg), and b) average daily gain (kg/d) for calves fed 1 

of 2 dietary treatments that differed in solid feed location (ADJ: the bucket of solid feed was 

placed adjacent to the location where the Calf Rail would stop and offer calves milk from d 5 to 

d 70 (n=30); OPP: the bucket of solid feed was placed on the back side of the pen, opposite the 

location where the Calf Rail stopped and offered calves their milk from d 5 to d 70 (n=30)) 

during the preweaning (d 1-42), weaning (d 43-56) and postweaning (d 57-70) phases. Vertical 

lines represent the change of weaning phase. Phases that have a difference between treatments 

are denoted by a “*” when P  0.05. 
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4 CHAPTER 4: Effect of a milk by-product-based calf starter feed 

on dairy calf nutrient consumption, rumen development, and 

performance when fed different milk levels. 

4.1 INTRODUCTION 

Improvements to performance and welfare can be achieved by offering calves higher 

levels of milk early in life (Khan et al., 2011a; Schäff et al., 2016; Rosenberger et al., 2017). As 

the benefits of higher milk feeding programs have become more evident, producers have begun 

to increase their adoption of these programs (Medrano-Galarza et al., 2017; Winder et al., 2018). 

However, feeding higher levels of milk comes with the challenge of ensuring sufficient solid 

feed consumption prior to and during weaning (Jasper and Weary, 2002; Terré et al., 2007). 

Calves have a natural preference for milk (Jung and Lidfors, 2001; de Passillé and Rushen, 2006) 

and, therefore, will decrease the amount of solid feed consumed when offered higher milk 

feeding programs (Terré et al., 2007; Raeth-Knight et al., 2009; Miller-Cushon et al., 2013a). 

This reduction in solid feed intake can delay rumen development and increase challenges for the 

calf during and postweaning (Terré et al., 2007; Hill et al., 2010, 2016). Weaning is a very 

stressful period in the life of a calf (Weary et al., 2008) and can have detrimental effects on 

behavior, physiology, and performance if not done properly (Budzynska and Weary, 2008; 

Sweeney et al., 2010; Steele et al., 2017). Thus, it is crucial that producers adopt proper 

management to optimize solid feed consumption prior to, and during weaning, to maintain 

growth and prevent loss of growth advantages during the weaning transition. 
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Commercial starter feeds are typically high in easily fermentable carbohydrates and may 

not be the most palatable and digestible feed for calves (Drackley, 2008; Khan et al., 2016). 

Novel starter feeds that are more palatable and accepted by calves, and potentially easier for 

them to digest while the rumen is still developing, need to be studied. Preweaned calf digestive 

tracts are equipped for efficiently digesting milk as a primary source of energy prior to weaning 

(Meale et al., 2017). Therefore, it is predicted that feeding a milk by-product (whey) based calf 

starter, which is high in lactose (Terré et al., 2016), may increase calf acceptability of solid feed, 

increasing feed consumption early in life. Calf preference for milk and mechanisms for digesting 

milk products early in life, supports the hypothesis that calves will consume more solid feed 

when fed a milk-based starter feed, while having improved digestion.  

The idea of providing a milk by-product-based starter to calves was investigated decades 

ago, with inconclusive results regarding the effect of these starter feeds when calves were 

restricted in their milk feeding level (≤ 10% BW)  (Morrill and Dayton, 1974; Fisher and 

Buckley, 1985; DePeters et al., 1986). Terré et al. (2016) recently studied a pelleted feed based 

on whey concentrate and soybean meal compared to a conventional concentrate feed and 

concluded that when the whey-based starter was fed alone for the first 15 d of life (at 150 g/d), 

calves increased their solid feed consumption and gain to feed ratio during that time. The calves 

in that study were only offered 5 L/d of milk (Terré et al., 2016) and, therefore, there is a need to 

investigate the effects of feeding a milk by-product (whey) based starter feed on calves fed 

higher level of milk, and determine how the response compares to those fed a lower level of 

milk.  

Therefore, the objective of this study was to determine the impact of feeding a milk by-

product (whey) based calf starter during the milk-feeding and weaning period on the feed intake, 
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growth, and digestion efficiency of dairy calves fed 2 different levels of milk. It was 

hypothesized that calves fed the milk by-product-based calf starter would start to consume solid 

feed earlier in life, experience improved rumen development, and have greater performance 

during and postweaning than calves fed a traditional grain-based calf starter. Further, it was 

hypothesized that calves fed high levels of milk would benefit more than restricted fed calves 

when offered the milk by-product-based starter, as these calves are more prone to reduced solid 

feed intake prior to weaning.  

4.2 MATERIALS AND METHODS 

 Study Design and Treatments 

A power analysis (Morris, 1999; Hintze, 2008) was performed prior to the study for the 

primary response variables, including feed intake and BW. Estimates of variation for these 

variables (mean CV = 15%) were based on previously reported values (Eckert et al., 2015; 

Overvest et al., 2016; Parsons et al, 2020). From the power analysis, it was determined that at 

80% power, treatment differences of ~8% could be detected at this sample size (n = 30 calves per 

treatment combination). Using a 2  2 factorial design trial, calves were randomly assigned at 

birth to 1 of 2 milk feeding treatments and 1 of 2 solid feed treatments. Random assignment to 

treatment was done by utilizing a random number generator in Microsoft Excel (Microsoft Corp., 

Redmond, WA) to generate a random order of the 4 treatments investigated in this trial, while 

also accounting for the two additional treatments (an additional dose of meloxicam on d 3 post 

disbudding versus no dose) in the collaborating disbudding trial. This random order of treatments 

was then repeated until all calves were assigned a milk level and solid feed treatment. The 

primary author of this paper oversaw enrolling the calves based on the predetermined treatment 
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assigned to the next calf born. The primary author was not blinded to treatments, as they were 

responsible for programming the automated milk feeding system (AMF) that fed the calves, 

training calves to drink on the AMF, and solid feeding the calves daily.  

Calves were assigned to either a high milk feeding level (HM) or a restrictive milk 

feeding level (LM), and to either a grain-based feed (GF) or milk by-product (whey) based feed 

(WF) treatment. Calves on the HM milk feeding treatment were offered a total of 15 L/d, 

compared to calves on the LM milk feeding treatment who were offered a total of 6 L/d, once 

trained on the AMF at d 2. Total milk feeding quantities and meal size varied depending on the 

treatment assigned. Calves assigned to the HM milk feeding treatment were offered 3 L of milk 

at each of the 5 feedings, for a total of 15 L/d from d 2 to 42. Calves on the LM milk feeding 

treatment were offered 1.2 L of milk at each of the 5 feedings, for a total of 6 L/d from d 2 to 42. 

Calves on the GF treatment were offered a ration made up of 95% calf pellet (20% CP, Bionic 

Calf Grower Pellet, Grand Valley Fortifiers, Cambridge, ON, Canada) and 5% chopped wheat 

straw (2.5 cm in length) on an as fed basis (Table 4.1). This ration was mixed in 200 kg batches 

by a calf feed mixer (Vertablend 4200 Self Propelled calf feed mixer; Vertablend MFG Inc, 

Wallenstein, ON, Canada). Calves on the WF treatment were offered 150 g/d of the milk by-

product-based starter feed (LifeLaunch 4C; Grand Valley Fortifiers, Cambridge, ON, Canada) 

until they consumed the entire 150 g/d (as-fed) on 2 out of 3 consecutive days. Once that 

occurred, 150 g/d of the milk by-product-based starter feed was top dressed onto the grain-based 

starter feed and straw mixture to allow for ad libitum solid feed consumption until the end of 

weaning. Once the calves were weaned, all calves were offered the same grain-based ration (95% 

of grain-based starter pellet, 5% chopped wheat straw) from d 64 to 77.  
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 Animals, Housing, and Management 

This study took place at the University of Guelph, Elora Research Station - Ontario Dairy 

Research Centre (Elora, Ontario, Canada). One hundred and twenty female Holstein calves were 

enrolled and managed under the guidelines of the Canadian Council of Animal Care (2009). All 

study techniques were reviewed and approved by the University of Guelph Animal Care 

Committee (AUP#3722). The first calf was enrolled on October 7, 2019, and the last calf was 

enrolled September 14, 2020, with each enrolled calf subsequently followed for 77 d. Calves 

were born in individual calving pens and were assessed at birth for health by assessing vigor and 

appetite during the first 2 d; only healthy calves were enrolled. Three calves were euthanized 

throughout the trial: 1 for severe respiratory distress due to pneumonia and 2 due to injuries; 

these calves were subsequently replaced with new enrolled calves to achieve our target sample 

size. At birth (d 0), calves were tagged with a National Livestock Identification for Dairy tag 

(Allflex, St. Hyancinthe, Quebec, Canada), their umbilicus was dipped in 7% iodine solution to 

prevent infection, and they received a subcutaneous injection of 1.5 mL of vitamin E-selenium 

(Dystosel, Zoetis Inc., Parsippany, NJ). Within 2 h of birth (d 0), or first thing in the morning if 

calves were born between 1900 and 0430 h, calves received 3 L of colostrum. Thirty minutes 

prior to the first colostrum feeding, calves received a 3 mL, orally administrated, vaccination to 

prevent diarrhea caused by bovine rotavirus and bovine coronavirus (Calf-Guard; Zoetis Inc., 

Parsippany, NJ). Colostrum ≥ 21% brix according to the Calf Lab refractometer (Golden Calf 

Company LLC, Bloomer, WI) was fed according to Quigley et al. (2013). Each calf received 

their dam’s colostrum, unless the quality was too low, in which case frozen colostrum ≥ 21% 

brix level was fed. The colostrum was offered by bottle, but fed via an esophageal tube feeder if 

the calf did not voluntarily suckle the entire 3 L from the bottle. Within 6 to 12 h after the first 
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feeding, another 3 L of colostrum was fed. On d 1, calves were offered 3 feedings of transition 

milk in 2 L quantities by bottle. Beginning on d 2 until d 63, calves were fed an acidified milk 

replacer at a concentration of 150 g/L (5.4 pH, 26% CP, 18% crude fat; BioForce Acidified Milk 

Replacer, Grand Valley Fortifiers, Cambridge, ON, Canada) by an AMF. 

Within 2 h of birth, or first thing in the morning if calves were born between 1900 and 

0430 h (when no staff were present), calves were moved into 1 of 4 calf nursery rooms, each 

with a total of 11 individual pens (152 × 167 cm, width × length). Calves were housed in 

individual pens from birth until d 78 (at which point study observations were complete), when 

they were then moved into a group housing system. All calves had visual, auditory, and limited 

physical contact with neighboring calves, as all 4 sides of the individual pens were vertical steel 

bars. On the front end of the pen, where the AMF would stop, one hole was in the gate to allow 

the calf to reach their head through and consume milk from the AMF. On the back end of the 

pen, opposite where the AMF stopped and offered milk, there were 2 openings in the gate, with 

two 8-L buckets attached to provide access to both water and solid feed. Each calf nursery had an 

AMF (Calf Rail; Forster Technik, Engen, Germany) placed in the center aisle of the nursery 

room, feeding milk to the calves in the individual pens on the left side and right side of the 

nursery room. There was one calf feeder (DeLaval calf feeder CF 1000+, DeLaval Canada) in 

every other room to mix milk replacer for 2 AMF in 2 separate nursery rooms. The AMF system 

ran 5×/d, at 0500, 0900, 1300, 1700, and 2100 h, and performed an automatic circuit cleaning 

after each feeding, with a manual cleaning of the teat and arm of the AMF performed by barn 

staff 1×/d. All calves had ad libitum access to water from birth, provided in one 8-L bucket 

attached to the pen, which was topped up as needed throughout the day. Calves received access 

to fresh solid feed daily, according to their assigned solid feed treatment starting d 5. All calves 
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were gradually weaned off their milk level treatment by a continuous gradual program, where the 

AMF automatically decreased the total daily milk allowance in small, equal increments from d 

43 to 63. All calves received no milk starting d 64 but remained in their individual pen until the 

end of d 77 for their postweaning phase. Staff checked the AMF daily at 1730 h to identify 

calves that did not yet consume a minimum of 4 L for that day off the AMF. In that case, calves 

were then offered a bottle of milk to add up to the 4 L minimum consumption, to ensure calves 

were offered at least 4 L of milk replacer per day, with the option to still consume their last 

feeding from the AMF (2100 h), after staff had left for the day, while avoiding the possibility of 

calves assigned to the low level of milk consuming more total milk from the bottle and AMF 

than their entitled 6 L/d. All additional bottle feedings were recorded by staff, and later added to 

the quantity of milk consumed off the AMF each day, to determine total daily milk consumption 

for each calf. 

Calf nursery rooms were artificially ventilated with an automatic positive pressure, forced 

air system, to maintain a constant temperature set at a minimum 10 ºC by drawing air from the 

above attic or outside. Calf pens were scraped clean and re-bedded with fresh wood shavings 

twice per week, while a fresh layer of bedding was provided daily. Lighting in each nursery was 

on from 0430 to 2300 h to ensure lights were on while the AMF was feeding the calves. From d 

0 to 6, all calves were given a daily oral dose (2 mL per 10 kg of BW) of an anti-protozoal 

solution to reduce the clinical signs of cryptosporidiosis (Halocur, Merck Animal Health, 

Kirkland, QC, Canada). All calves were vaccinated at d 42 and 63 with 1 mL of a respiratory 

vaccine (Inforce-3 intra-nasal spray; Zoetis Inc., Parsippany, NJ) in each nostril for the 

prevention of bovine respiratory disease. Calves were disbudded as part of a collaborating 

research trial (Reedman et al., in progress) which used 84 of the same calves as the present trial. 
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Dehorning occurred for all study calves between d 18 to 25 using a cautery method (Express 

Pistol-Grip Dehorner, The Coburn Company, Inc., Whitewater, WI). Every calf received a 

lidocaine cornual nerve block (6 mL per side, lidocaine hydrochloride injection 20mg/mL, 

Bimeda-MTC Animal Health Inc., Cambridge, Ontario, Canada), as described by Winder et al. 

(2017). Fifteen minutes prior to disbudding, each calf also received a subcutaneous injection of 

0.5 mg/kg meloxicam (Metacam 20 mg/mL Solution for Injection, Boehringer Ingelheim, 

Burlington, Ontario, Canada), a nonsteroidal anti-inflammatory drug. As part of the collaborating 

research trial, 45 of the calves received an additional 2.0 mL subcutaneous injection of the 

nonsteroidal anti-inflammatory drug meloxicam (Metacam; Boehringer Ltd., Burlington, ON, 

Canada) on d 3 after disbudding occurred. 

 Feed Consumption Measurements 

The AMF system software automatically measured calf milk replacer intake patterns, 

including daily intake. A backup of these data were downloaded weekly and later compiled for 

each calf. Fresh water and solid feed were provided each day and the amount of each consumed 

were recorded daily at 0900 h. Intakes were calculated based on the weight offered and weight of 

refused feed at the start of each day for solid feed, and quantity of water that was offered and 

refused each day. Refusal feed samples were taken twice a week on Mondays and Thursdays to 

determine a weekly average DM for refused feed for each calf. Fresh feed samples of the grain-

based ration, milk by-product-based feed, and milk replacer were taken 1x/wk, while feed 

samples of components of the grain-based ration (calf pellet and straw) were taken once a month. 

All feed samples were immediately frozen at -20C for later analysis. All feed samples were later 

thawed and subsequently dried in an oven at 60C for 48 h to determine the DM content of the 
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sample. After drying occurred, ration components (calf grain pellet and straw), grain-based 

ration (95% pellet, 5% chopped straw), and milk by-product-based feed samples were ground 

through a 1-mm sieve (Model 4 Wiley Laboratory Mill, Thomas Scientific, Swedesboro, NJ, 

USA). Feed samples and milk replacer samples were then pooled by month and sent to A&L 

Canada Laboratories Inc. (London, ON, Canada) for chemical composition analyses. Straw, 

pellet, grain-based ration and milk by-product feed samples were analyzed for ash (550°C; 

AOAC International, 2000: method 942.05), CP (N x 6.25; AOAC International, 2000: method 

990.03; Leco FP-628 Nitrogen Analyzer, Leco, St. Joseph, MI), ADF (AOAC International, 

2000: method 973.18), NDF with heat-stable -amylase and sodium sulfite (AOAC 

International, 2000: method 2002.04), starch (heat-stable amylase and amyloglucosidase; AOAC 

International, 2000: method 996.11), and crude fat (AOAC International, 2000: method 920.39; 

Ankom XT15). Milk replacer samples were analyzed for CP (N x 6.25; AOAC International, 

2000: method 990.03; Leco FP-628 Nitrogen Analyzer, Leco, St. Joseph, MI), crude fibre 

(AOAC International, 2000: method Ba 6a-05; Ankom Bag Technology), and fat (total fat by 

acid hydrolysis using Ankom HCl Hydrolysis System; AOAC International, 1995: method 

954.02 Section 4.5.02). Metabolizable energy was calculated using NRC (2001) equations for the 

milk replacer and the grain-based feed ration and milk by-product-based feed samples. An 

average ME was calculated for the milk replacer and both types of feed provided and used to 

calculate ME intake. When calves on the milk by-product-based feed treatment had 150 g/d of 

the milk by-product feed top dressed onto the grain based feed ration, it was assumed the entire 

150 g/d was consumed, with the refused feed assumed to be only the grain-based starter feed 

ration, when calculating ME intake for these calves. Dry matter intake (DMI) was calculated by 
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correcting the kg of solid feed consumed by the average DM of the corresponding refusal 

samples for that week of data for each calf.  

 Growth and Health Measurements 

All calves were weighed on d 0, when they were moved into their individual pens, using 

an individual calf BW scale (1-2-3 animal scale, Bosche GmbH & Co. KG, Damme, Germany). 

Calves were measured for BW and body size (hip height, heart girth, middle girth) on 2 

consecutive days – every Tuesday and Wednesday at 0700 h – to calculate an average for that 

week. These measurements were used to calculate ADG per week for each calf, as well as body 

size changes per week.  

Serum total protein (STP) values were measured between d 2 to 8 on each calf (Wilm et 

al., 2018). Blood was collected from the jugular vein into a 10 mL sterile blood collection tube 

without anticoagulant (BD Vacutainer; Becton, Dickinson and Co., Franklin Lakes, NJ). The 

blood was allowed to clot and then centrifuged at 1500  g for 15 minutes. Sixty microliters of 

serum were pipetted from the tube to a digital refractometer (Kernco KS-0050 digital 

refractometer, Kernco Instruments Co. Inc., El Paso, TX) to determine STP. Calves were 

categorized as having failed transfer of passive immunity (FTPI) when STP was < 5.5 g/dL, 

according to Buczinski et al. (2018). Calf health was checked daily by farm staff based on their 

standard operating procedures to identify and treat disease. According to the farm’s standard 

operating procedures, a veterinarian came to diagnose suspected cases of bovine respiratory 

disease (BRD), prior to treatment with antibiotics. Neonatal calf diarrhea (NCD) was diagnosed 

by farm staff based on fecal consistency score, with any fecal score of   2 considered NCD 

(McGuirk, 2008), which was then treated with electrolytes twice a day until fecal score 

improved. If calves had NCD and also experienced a high temperature, calves received a 
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subcutaneous injection of 0.5 mg/kg meloxicam (Metacam 20 mg/mL Solution for Injection, 

Boehringer Ingelheim, Burlington, Ontario, Canada), a nonsteroidal anti-inflammatory drug. 

 Behavioral Measurements 

Milk drinking behavior was determined using the information from the AMF to calculate 

each calf’s daily average consumption per feeding session, average length of a feeding session, 

and the average drinking speed for each feeding session. All calves were fitted with an electronic 

data logger (HOBO Pendant G Data Logger; Onset, Pocasset, MA; as validated by Bonk et al., 

2013) to assess their standing and lying behavior. The data loggers were affixed to the inner-rear 

leg of each calf using veterinary bandaging tape (Vetrap Bandaging Tape; 3M, London, ON, 

Canada) at the start of d 11. The loggers were replaced weekly to download the data and to 

alternate the position between the rear legs. The data loggers recorded in 1 min intervals to 

determine the leg orientation, which was used to compute standing and lying duration (min/d), 

lying bout frequency (bouts/d), and lying bout length (min/bout). 

 Rumen Physiological Measurements 

4.2.6.1 Blood Measurements 

Calf blood was sampled to determine blood 𝛽-hydroxybutyrate (BHB) concentration, as 

a proxy for rumen physiological development (Deelen et al., 2016) on d 36, 57, 70, and 77. Tests 

were performed calf-side by drawing a small amount of blood (< 1mL) from the coccygeal vein 

using a 22-gauge, 2.54-cm needle and a 1-mL syringe at approximately 1200 h. Using a 

handheld meter (FreeStyle Precision Neo; Abbott Diabetes Care, Saint Laurent, Canada) with 
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blood ketone test strips (Abbott Diabetes Care), a droplet of blood was placed on the strip and 

the reader indicated the blood BHB concentration in mmol/L.  

4.2.6.2 Rumen Fluid Volatile Fatty Acids and pH Measurements 

Rumen fluid samples were collected on d 36, 57, 70, and 77, 3 to 4 h after the 0900 h 

AMF feeding (1200 to 1300 h), as described by Benschop and Cant (2009). Fluid was collected 

by passing a modified esophageal tube, with a metal strainer attached to a pliable plastic hose 

(with a 0.953 cm inside diameter), down the esophagus and into the rumen. Rumen fluid samples 

were drawn into the tube using a 60-mL catheter tip syringe and then filtered through 4 layers of 

cheese cloth to remove any solid particles. The rumen fluid samples were tested for the pH level 

immediately with a pH meter that was calibrated prior to each sample (accumet AB150pH 

Benchtop Meter, Fisher Scientific, Ottawa, ON, Canada). An 8-mL sample of rumen fluid was 

added into a 15 mL conical tube that contained 2 mL of 25% meta-phosphoric acid for sample 

preservation, and subsequently frozen at -20ºC for later analysis of volatile fatty acids. The 

collection apparatus was cleaned and disinfected with ethanol between calves to prevent 

contamination of samples.   

Samples were thawed on ice, vortexed and 2 mL of the sample was transferred into 2-mL 

Eppendorf tubes. These were immediately refrozen for transportation on dry ice to the University 

of Alberta (Edmonton, Ontario, Canada) for analysis of VFA. Volatile fatty acid (VFA) analysis 

was determined by gas chromatography, as described by Schlau et al. (2012). In brief, once 

thawed, samples were centrifuged and 1 mL of sample was combined with 0.2 mL isocaporic 

acid as an internal standard and assayed on a Varian gas chromatograph (Model 3400; Varian 

Inc., Walnut Creek, CA). The total VFA concentrations in each sample were calculated by 

adding individual amounts of VFA together. The proportion (%) of an individual VFA in each 



 126 

sample was calculated by dividing the amount of individual VFA by the total VFA and 

multiplying it by 100.  

4.2.6.3 Fecal Starch Measurements 

Fecal samples were collected from each calf on d 36, 57, 70, and 77, at the same time as 

rumen fluid and blood samples for BHB were collected, as calves were already restrained and 

being handled. Calves were rectally stimulated using a sterile gloved finger, placing the fresh 

fecal sample in a sterile sample cup. Fecal samples were then immediately frozen at -20C prior 

to analysis at A&L Canada Laboratories Inc. (London, ON, Canada) for fecal starch (heat-stable 

amylase and amyloglucosidase; AOAC International, 2000: method 996.11).   

 Statistical analyses 

All statistical analyses were conducted using SAS 9.4 software (SAS Institute Inc., 2013). 

Significance was declared at P ≤ 0.05, and tendencies were reported if 0.05 < P ≤ 0.10. Prior to 

analyses, all data were screened for normality using the UNIVARIATE procedure of SAS. All 

variables met assumptions of normality. Outliers ( 3 SD from the mean) in data for individual 

calves (for individual days or weeks) were explored to ensure data were not erroneous, and if 

correct but still an outlier, they were removed prior to analyses. For each model tested, 

interactions were further investigated when an interaction P-value was ≤ 0.05.  

To investigate the effect of treatments (milk and feed treatments) on measures of nutrient 

consumption, growth, milk drinking behavior and lying behavior, data collected were 

summarized and analyzed within phase: preweaning (d 1 to 42), weaning (d 43 to 63), and 

postweaning (d 64 to 77). Data were analyzed using the MIXED procedure of SAS, with day as a 
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repeated measure for measurements of nutrient consumption and milk drinking behavior, and 

week as a repeated measure for measurements of growth. Calf within assigned nursery room was 

the subject of the repeated statement, and room was the random effect. The model included the 

fixed effects of milk treatment, feed treatment, day/week depending on the frequency of 

measurements taken, and the interaction terms for milk treatment × feed treatment, milk 

treatment × day/week, feed treatment × day/week and milk treatment × feed treatment × 

day/week. To analyze VFA, fecal starch, rumen fluid pH and blood BHB outcomes, similar 

PROC MIXED models were developed, without summarizing or analyzing by phase. Initial BW, 

birth season and if calves were given an extra dose of meloxicam as part of the collaboration 

disbudding trial were tested as covariates, along with their interaction terms with the milk 

treatment and feed treatments. The birth season of each calf was classified as Fall (September to 

November), Winter (December to February), Spring (March to May), and Summer (June to 

August). If the tested covariates were > 0.05, then they were removed. Birth season was retained 

in models for measurements of VFA, BW, height gain, nutrient consumption, and lying behavior 

measurements. Initial BW and Initial BW × milk treatment was retained in the model for 

measurements of milk, total DMI, DMI, gain to ME intake ratio, and ADG. Initial BW was also 

retained as a covariate for BW, heart girth gain, height gain, water intake and lying duration. The 

treatment based on the collaborating disbudding trial (an extra dose of meloxicam versus none) 

was retained as a covariate for BW, milk intake, DMI, total DMI, solid feed DMI as % BW, and 

ME intake outcomes. Covariance structure was selected based on the best fit according to 

Schwarz’s Bayesian information criterion. The covariance structures that were used included 

compound symmetry (DMI as % BW, feeding session intake), heterogeneous compound 

symmetry (ADG, middle girth gain, butyric, isobutyric, isovaleric, valeric acid, fecal starch, and 
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lying behavior), first-order autoregressive (heart girth gain, rumen fluid pH), and first-order 

heterogeneous autoregressive (feed, water, and milk intakes, feeding session duration, drinking 

speed, gain to ME intake, BW, height gain, caporic, acetic, and propionic acid, total VFA, and 

BHB).  

To determine differences in initial BW and STP concentrations, PROC MIXED was used 

with milk treatment, feed treatment, milk treatment × feed treatment and calf within milk 

treatment × feed treatment as the random effect. To determine differences in cases of NCD, 

BRD, or FTPI, a multivariable logistic regression analysis with a binary distribution and logit 

link using the GLIMMIX procedure of SAS was used, where the variables were treated as 

categorical. The model included the fixed effects of both treatments (milk and weaning 

treatments), milk treatment × feed treatment, and calf within treatment interaction as the random 

effect. When differences for milk or feed treatments, or interactions were detected, the PDIFF 

statement was added to the LSMEANS statement to compare means.  

4.3 RESULTS 

 No treatment differences were detected in birth BW for milk treatments (HM = 41.4, LM 

= 40.3 kg, SE = 0.62; P = 0.39) or feed treatments (WF = 40.4, GF = 41.0 kg, SE = 0.62; P = 

0.53). No treatment differences (P ≥ 0.87) were detected for STP concentration, with the average 

STP concentration for all treatments being 5.8 ± 0.10 g/dL. No differences were detected for the 

number of calves classified as FTPI for calves on the milk (HM = 16, LM = 20; P = 0.46) or feed 

treatments (WF = 18, GF = 18; P = 0.99). There was a high incidence of NCD that was 

diagnosed by farm staff during the study, with 88 calves having a case of NCD (73.3% of 

calves), but no treatment differences were detected for number of calves being diagnosed with 
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NCD for milk treatments (HM = 47, LM = 41; P = 0.26) or feed treatments (GF = 40, WF = 48; 

P = 0.22). Only 4 calves on the study were diagnosed with BRD (3.3%), and no treatment 

differences were detected for calves diagnosed with BRD for milk treatments (HM = 2, LM = 2; 

P = 0.99) or feed treatments (GF = 3, WF = 1; P = 0.32). 

 Nutrient Consumption 

 Milk consumption was similar for GF and WF treatment calves, across milk treatments, 

during the preweaning phase (Table 4.2). Preweaning, a milk treatment  day interaction was 

detected for milk intake, as expected due to treatment design (Table 4.2). Calves on the HM 

treatment consumed greater amounts of fluid milk (L/d) (P ≤ 0.03;) and unconstituted milk 

replacer (kg/d) (P ≤ 0.05) than LM treatment calves across d 4 to 5 and d 7 to 42 (data not 

shown). During the weaning phase, there was a milk treatment  feed treatment interaction for 

fluid milk intake (P = 0.05; Figure 4.1a and 1b) and, consequently, unconstituted milk replacer 

(P = 0.05). Across the weaning phase, calves consumed greater amounts of milk when on both 

the HM and GF treatments (6.5 L/d) compared to those on both HM and WF treatments (6.3 L/d; 

SE = 0.09; P = 0.02; Figure 4.1a), both LM and GF treatments (2.8 L/d; SE = 0.09; P < 0.001), 

and both LM and WF treatments (2.8 L/d; SE = 0.09; P < 0.001). Calves on both HM and WF 

treatments (6.3 L/d) consumed greater amounts of milk compared to calves on both LM and WF 

treatments (2.8 L/d, SE = 0.09; P < 0.001), and both LM and GF treatments (2.8 L/d, SE = 0.09; 

P < 0.001), during the weaning phase. No difference was detected for milk consumption for 

calves on the LM and GF treatment (2.8 L/d) compared to calves on the LM and WF treatment 

(2.8 L/d; SE = 0.09; P = 0.71; Figure 4.1b). No other milk treatment  feed treatment 
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interactions were detected for any other measure of intakes during the preweaning, weaning, or 

postweaning phases (Table 4.2).  

During the preweaning phase and postweaning phases, calves on the GF and WF 

treatments consumed similar amounts of ME, regardless of milk treatment (Table 4.2, Figure 

4.1c). A feed treatment  day interaction was detected for ME intake in the weaning phase (P = 

0.05; Table 4.2), however, no day comparisons between feed treatments were significant (P ≥ 

0.11). Milk treatment  day interactions were detected for ME intake for the preweaning, 

weaning, and postweaning phases (Table 4.2; Figure 4.1d). HM treatment calves had greater ME 

intake compared to LM treatment calves on d 4 (P = 0.01) and d 7 to 42 (P ≤ 0.003) of the 

preweaning phase (Figure 4.1d). During the weaning phase, HM treatment calves consumed 

greater amounts of ME compared to LM treatment calves on d 43 to 48 (P ≤ 0.04), and LM 

treatment calves consumed greater amounts of ME on d 51 to 63 (P ≤ 0.01) compared to HM 

treatment calves (Figure 4.1d). HM treatment calves continued to consume less ME compared to 

LM treatment calves in the postweaning phase on d 64 to 77 (P ≤ 0.01; Figure 4.1d).  

Calves on the WF treatment reached the transition point to a combination of both feeds 

(whey pellet top-dressed onto grain ration) when they consumed 150 g/d (as fed) for 2 out of 3 

consecutive days. This feed consumption point was reached similarly (P = 0.78; SE = 1.18) at 

35.1 d for WF treatment calves and 34.7 d for GF treatment calves. Across the preweaning 

phase, calves on the WF treatment tended to consume greater amounts of solid feed compared to 

calves on the GF treatment (Table 4.2; Figure 4.2a). During the weaning and postweaning 

phases, WF and GF calves consumed similar amounts of solid feed (Table 4.2; Figure 4.2a). A 

milk treatment  day interaction was determined for solid feed DMI in the preweaning, weaning, 
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and postweaning phases (Table 4.2; Figure 4.2b). During the preweaning phase, LM treatment 

calves had greater solid feed DMI than HM treatment calves on d 10 to 12 (P ≤ 0.02) and d 14 to 

42 (P ≤ 0.02; Figure 4.2b). Calves on the LM treatment had greater solid feed DMI than calves 

on the HM treatment on d 43 to 63 (P < 0.001) in the weaning phase, and on d 64 to 74 (P ≤ 

0.03) and d 76 to 77 (P ≤ 0.01) of the postweaning phase (Figure 4.2b). Milk treatment  day 

interactions were also detected for DMI as % BW for the preweaning, weaning, and postweaning 

phases (Table 4.2). The LM treatment calves, compared to HM treatment calves, had a greater 

DMI as % BW d 17 through to d 42 (P ≤ 0.02) in the preweaning phase, d 43 to 63 (P ≤ 0.001) 

in the weaning phase, and d 64 to 77 of the postweaning phase (P ≤ 0.001; data not shown). 

During the preweaning and weaning phases a milk treatment  day interaction was detected for 

total DMI (milk and feed DMI combined) (Table 4.2). In the preweaning phase, calves on the 

HM treatment had greater total DMI than LM treatment calves on d 4 (P = 0.02) and d 7 to 38 (P 

≤ 0.02). During the weaning phase, calves on the LM treatment compared to the HM treatment 

had greater total DMI from d 46 to 63 (P ≤ 0.03; data not shown). No feed treatment or feed 

treatment  day interactions were detected for total DMI or DMI as % BW during the 

preweaning, weaning, and postweaning phases (Table 4.2).  

Calves on the WF treatment drank more free water during the preweaning phase and 

tended to drink more free water in the weaning phase, compared to calves on the GF treatment 

(Table 4.2; Figure 4.2c). No effect of feed treatment was detected for free water intake during the 

postweaning phase (Table 4.2; Figure 4.2c). During the preweaning phase, LM treatment calves 

tended to consume greater amounts of free water compared to HM treatment calves (Table 4.2; 

Figure 4.2d). In the weaning phase, a milk treatment  day interaction was detected for free 

water intake, with LM treatment calves consuming greater amounts of free water compared to 
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HM treatment calves on d 43 to 63 (P ≤ 0.02; Figure 4.2d). During the postweaning phase, LM 

treatment calves tended to drink more free water than HM treatment calves (Table 4.2).  

 Milk Drinking Behavior 

 Milk drinking behavior did not differ between feed treatments for average intake during a 

feeding session, average feeding session duration, or mean drinking speed for the preweaning 

and weaning phases (Table 4.3). As expected by treatment design, a milk treatment   day 

interaction was detected for all milk drinking behavior outcomes during the preweaning and 

weaning phases (Table 4.3; data not shown). During the preweaning phase, from d 2 to 42, HM 

treatment calves had a greater feeding session duration (P ≤ 0.03) and session intake (P ≤ 0.001) 

compared to LM treatment calves. From d 7 to 18 during the preweaning phase, drinking speed 

was greater for LM treatment calves compared to HM treatment calves (P ≤ 0.05). During the 

weaning phase, calves on the HM treatment had a greater feeding session duration from d 43 to 

57 (P ≤ 0.05) and on d 61 (P < 0.001). The HM treatment calves had greater session intakes from 

d 43 to 61 (P ≤ 0.002) compared to LM treatment calves during the weaning phase. Drinking 

speed was greater in the weaning phase for HM treatment calves than LM treatment calves on d 

46 to 52, 54, 56 and 57 (P ≤ 0.05).  

 Lying Behavior 

 No feed treatment effects were detected for any measures of lying behavior in the 

preweaning phase (Table 4.4). Both milk treatments had similar lying time in the preweaning 

phase (Table 4.4). During the preweaning phase, milk treatment  day interaction was detected 

for both lying bouts per day and bout length (Table 4.4). On d 12 (P = 0.007), d 15 to 40 (P ≤ 

0.03) and d 42 (P < 0.001), HM treatment calves had a greater number of bouts per day than LM 
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treatment calves (data not shown). LM treatment calves had longer bout lengths on d 17 to 40 (P 

≤ 0.04) and d 42 (P < 0.001) of the preweaning phase compared to HM treatment calves (data 

not shown). During the weaning phase, lying time was similar for both feed treatments (Table 

4.4). A milk treatment  day interaction was detected for lying time regardless of feed treatment 

in the weaning phase, with LM treatment calves having greater lying time on d 60 to 61 (P ≤ 

0.03) and d 63 (P < 0.001) compared to HM treatment calves. During the weaning phase, a milk 

treatment  feed treatment  day interaction was detected for lying bouts and bout length (data 

not shown). Calves on both HM and GF treatments had more bouts on d 50 than calves on both 

HM and WF treatments (P = 0.05). The HM and WF treatment calves had greater bouts on d 56 

and 57 compared to HM and GF calves (P ≤ 0.03). The HM and GF treatment calves had a 

greater number of bouts on d 43 to 50 (P ≤ 0.03) and d 53 (P = 0.04) than calves on both LM and 

GF treatments, and on d 43 to 50 (P ≤ 0.02) than LM and WF treatment calves. On d 62, LM and 

GF calves had greater bouts than HM and GF treatment calves (P = 0.04). On d 57 (P = 0.008), d 

60 to 61 (P ≤ 0.05), and d 63 (P = 0.05), LM and WF treatment calves had greater bouts than 

HM and GF treatment calves. The HM and WF calves had more bouts than LM and GF calves 

on d 43 (P = 0.02), d 45 to 46 (P ≤ 0.04), d 48 to 49 (P ≤ 0.02), and d 53 (P = 0.03). On d 45 to 

49, HM and WF calves had greater bouts than LM and WF calves (P ≤ 0.05). The HM and WF 

calves had fewer bouts on d 60, 61 and 63 (P ≤ 0.01) compared to calves on both LM and WF 

treatments. The LM and WF calves had greater bouts than LM and GF calves on d 60 and 63 (P 

≤ 0.05). For bout length in the weaning phase, HM and GF treatment calves had greater bout 

length on d 57 than HM and WF treatment calves (P = 0.01). On d 43 to 50 (P ≤ 0.05) and d 53 

(P = 0.02), and LM and GF calves had greater bout length than HM and GF calves. The LM and 

WF treatment calves also had greater bout length than HM and GF calves on d 43 (P = 0.002), d 
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45 to 48 (P ≤ 0.01), and d 50 (P = 0.006). On d 57, HM and GF calves had greater bout length 

than LM and WF calves (P = 0.01). Calves on the LM and GF treatments had greater bout length 

than HM and WF calves on d 45 (P = 0.01), d 48 to 49 (P ≤ 0.05), and d 53 (P = 0.02). The LM 

and WF treatment calves had greater bout length on d 43 (P = 0.02), d 45 to 46 (P ≤ 0.03), d 48 

to 49 (P ≤ 0.02) and d 52 (P ≤ 0.05), than calves on both HM and WF treatments, and on d 51 (P 

= 0.04) than calves on LM and GF treatments. Additionally, on d 60, LM and GF calves had 

greater bout length than LM and WF treatment calves during the weaning phase (P = 0.005).  

 No difference was detected for lying bout frequency between feed treatments during the 

postweaning phase (Table 4.4). In the postweaning phase, a milk treatment  feed treatment  

day interaction was detected for lying time and bout length, while a milk treatment  day 

interaction was detected for lying bouts per day, regardless the feed treatment (Table 4.4; daily 

data not shown). Postweaning, on d 64, HM and GF treatment calves had reduced lying time 

compared to calves on the LM and WF treatments (P = 0.04). On d 74, HM and WF treatment 

had greater lying time than LM and WF treatment calves (P = 0.03). Lying bouts per day were 

greater for calves on the LM treatment compared to HM treatment on d 65 to 72 (P ≤ 0.008) and 

d 77 (P = 0.03; data not shown), regardless of feed treatment. As a milk treatment  feed 

treatment  day interaction was also detected for postweaning bout length (data not shown), 

calves on the HM and GF treatment had greater bout length on d 69 (P = 0.04) than HM and WF 

treatment calves. The HM and GF treatment calves also had greater bout length on d 65 to 71 (P 

≤ 0.05) than calves on the LM and GF treatment, and on d 65 (P = 0.04), d 69 to 73 (P ≤ 0.02), d 

75 (P = 0.02) and 77 (P = 0.01) than calves on the LM and WF treatment. The HM and WF 

treatment calves had greater bout length on d 66 to 68 (P ≤ 0.03) and d 71 (P = 0.001) than LM 

and GF treatment calves, and on d 71 (P = 0.003), 72 (P = 0.05), and 77 (P = 0.02) than LM and 
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WF treatment calves. On d 73 (P = 0.02), and 75 to 77 (P ≤ 0.05), LM and GF calves had greater 

bout length than LM and WF treatment calves (data not shown).  

 Rumen Physiological Measurements 

 Blood BHB did not differ between feed treatments (Figure 4.3a). A milk treatment  day 

interaction was detected, with calves on the LM treatment having greater concentrations of blood 

BHB on d 36 (P < 0.001) and 57 (P < 0.001) than calves on the HM treatment (Figure 4.3b). 

Rumen fluid pH did not differ between feed treatments (Figure 4.3c). A milk treatment  day 

interaction was detected for rumen fluid pH, with calves on the HM treatment having greater 

rumen fluid pH on d 36 than calves on the LM treatment (P <0.001; Figure 4.3d). On d 70 (P = 

0.02) and d 77 (P = 0.002), LM treatment calves had higher rumen fluid pH than HM treatment 

calves (Figure 4.3d). No treatment differences were detected for fecal starch for the feed 

treatments (P = 0.45; Figure 4.3e) or the milk treatments (P = 0.81; Figure 4.3f). 

A milk treatment  feed treatment interaction was detected for the proportion of ruminal 

fluid acetic acid (Table 4.5). Calves on both the HM and GF treatments had a greater proportion 

of acetic acid compared to calves on both the LM and WF treatments (HM-GF = 55.5 vs. LM-

WF = 51.7%, SE = 1.10; P = 0.007). Calves on both the HM and WF treatments (56.8%) had a 

greater proportion of acetic acid compared to calves on both LM and GF treatments (53.8%, SE 

= 1.10; P = 0.007), and calves on both LM and WF treatments (51.7%, SE = 1.10; P < 0.001). 

No other measures of VFA had a milk treatment  feed treatment interaction (Table 4.5). Calves 

on the LM treatment had a greater proportion of caproic acid than HM treatment calves (Table 

4.5). Calves on the GF feed treatment had a greater proportion of isovaleric acid than WF feed 

treatment calves (Table 4.5). A feed treatment  day interaction for proportion of valeric acid 
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was detected, with WF treatment calves having a greater proportion of valeric acid on d 36 and d 

57 compared to calves on the GF treatment (Table 4.6). Irrespective of milk treatment, total VFA 

concentrations and proportions of propionic acid, butyric acid, isobutyric acid and caproic acid 

did not differ between feed treatments over the entire studied period (Table 4.5).  

Total VFA concentration, proportion of propionic acid, butyric acid, isobutyric acid, 

isovaleric acid, and valeric acid had milk treatment  day interactions (Table 4.5). Total VFA 

was greater for calves on the LM treatment compared to the HM treatment on d 36 (Table 4.6). 

On d 70 total VFA concentration was greater for calves on the HM treatment compared to the 

LM treatment (Table 4.6). Proportion of propionic acid was greater for calves on the LM 

treatment compared to calves on the HM treatment on d 36 and d 57 (Table 4.6). Butyric acid 

was greater for LM treatment calves on d 36 compared to HM treatment calves, but no 

differences were detected for d 57, 70, and 77 (Table 4.6). On d 36, HM treatment calves had 

greater proportions of isobutyric acid, and isovaleric acid compared to LM treatment calves 

(Table 4.6). On d 57, isovaleric was greater for HM treatment calves compared to LM treatment 

calves, while no difference for isobutryic acid proportions were detected on d 57 (Table 4.6). 

Valeric acid was greater for calves on the LM treatment compared to HM treatment on d 36 and 

d 57 (Table 4.6). No differences between milk treatments were detected for any individual VFA 

proportions on d 70 and d 77.  

 Growth and Body Measurements 

 During the preweaning, weaning, or postweaning phases, ADG did not differ between 

feed treatments (Table 4.7; Figure 4.4a). A milk treatment  week interaction was detected for 

ADG in the preweaning, weaning, and postweaning phases (Table 4.7). During the preweaning 
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phase, HM treatment calves had greater ADG compared to LM treatment calves in wk 2 to 6 (P 

< 0.001; Figure 4.4b). The LM treatment calves had greater ADG in wk 8 and 9 of the weaning 

phase, and wk 10 of the postweaning phase compared to HM treatment calves (P < 0.001; Figure 

4.4b). BW did not differ between feed treatments during the preweaning, weaning, or 

postweaning phases (Table 4.7; Figure 4.4c). A milk treatment  week interaction was detected 

for BW in the preweaning and weaning phases (Table 4.7). Calves on the HM treatment, 

compared to calves on the LM treatment, had greater BW in wk 2 to 6 (P <0.001; Figure 4.4d) 

during the preweaning phase, and greater BW in wk 7 to 9 (P <0.001; Figure 4.4d) during the 

weaning phase. No milk treatment or treatment  week interaction was detected for postweaning 

BW (Table 4.7).  

 A milk treatment  feed treatment interaction was detected for heart girth gain in the 

preweaning phase (Table 4.7). During the preweaning phase, there tended to be greater heart 

girth gain in calves on both the HM and GF treatments (0.55 cm/d) compared to calves on both 

HM and WF treatments (0.50 cm/d, SE = 0.017; P = 0.06), calves on both LM and GF treatments 

(0.38 cm/d, SE = 0.017; P < 0.001), and calves on both LM and WF treatments (0.42 cm/d, SE = 

0.017; P < 0.001). Calves on both the HM and WF treatment (0.50 cm/d) had greater heart girth 

gain compared to calves on both LM and GF treatments (0.38 cm/d, SE = 0.017; P < 0.001), and 

calves on the LM and WF treatments (0.42 cm/d, SE = 0.017; P < 0.001). Calves on both the LM 

and WF treatment (0.42 cm/d) tended to have greater heart girth gain than calves on both LM 

and GF treatments (0.38 cm/d, SE = 0.017; P = 0.06) during the preweaning phase. No other 

body size measurements for any phases or weeks had a milk treatment  feed treatment 

interaction (Table 4.7).  
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Calves on the GF and WF treatments had similar heart girth gain during the weaning and 

postweaning phases (Table 4.7). Middle girth gain and height gain did not differ between feed 

treatments during the preweaning, weaning, or postweaning phases (Table 4.7). Calves on the 

LM treatment had greater heart girth gain in the weaning and postweaning phases compared to 

HM treatment calves (Table 4.7). Middle girth gain had a milk treatment  week interaction 

detected in the preweaning and weaning phases (Table 4.7). During the preweaning phase, HM 

treatment calves had greater middle girth gain in wk 2 to 4 (P ≤ 0.04; data not shown), compared 

to LM treatment calves. During the weaning phase, LM treatment calves had greater middle girth 

gain during wk 7 to 9 (P ≤ 0.01; data not shown) than HM treatment calves. However, in the 

postweaning phases, middle girth gain was similar for both milk treatments (Table 4.7). The HM 

treatment calves had greater height gain during the preweaning phase and tended to have a 

greater height gain during the weaning phase compared to LM treatment calves (Table 4.7). But, 

during the postweaning phase, calves on the LM treatment had greater height gain than calves on 

the HM treatment, regardless of feed treatment (Table 4.7).  

 Both feed treatments had similar gain to ME intake ratios during the preweaning (P = 

0.14), weaning (P = 0.89), and postweaning phases (P = 0.28; Table 4.7). In the preweaning 

phase, a milk treatment  week interaction was detected (P < 0.001; Table 4.7), with HM 

treatment calves having a greater gain to ME intake ratio than LM treatment calves in wk 2 (P < 

0.001) and wk 4 (P = 0.01; data not shown). No treatment differences were detected for gain to 

ME intake ratios during the weaning (P = 0.34) or postweaning phases for milk treatments (P = 

0.16; Table 4.7).  
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4.4 DISCUSSION 

 Despite the average STP levels for each treatment being ≥ 5.5 g/dL, which is the cut off 

point for FTPI (Buczinski et al., 2018), 30% of the trial calves classified as FTPI, which may 

explain the high level of disease observed. Calves on this trial experienced a high level of NCD, 

with 73.3 % of calves being treated for NCD, regardless of treatment. This level is much higher 

than the 31.7 % recently reported by our group that was conducted at the same facility (Parsons 

et al., 2020), and the 21.4 % reported for digestive issues in North America (Urie et al., 2018b). 

Morbidity, unrelated to treatment, can impact performance outcomes, particularly growth 

(Windeyer et al., 2014); thus, this may have influenced calf responses to treatments and may be 

viewed as a limitation of this trial.  

 Nutrient Consumption 

 In agreeance with previous work (Appleby et al., 2001; Jasper and Weary, 2002), when 

offered more milk replacer, as in the HM treatment, calves consumed more milk for the majority 

of the preweaning phase (d 4 to 5 and d 7 to 42). Consistent with previous work when feeding by 

AMF systems, calves consumed a lower amount of milk than their allowance in the preweaning 

phase, with calves consuming 8.87 L/d and 5.52 L/d compared to the offered 15 L/d and 6 L/d 

for the HM and LM treatments, respectively (Rosenberger et al., 2017; Rosadiuk et al., 2021). 

Regardless of milk treatment, GF and WF treatment calves consumed similar levels of milk in 

the preweaning phase, suggesting the different types of feed had no impact on preweaning milk 

consumption. During the weaning phase, the milk treatment  feed treatment results suggest 

neither feed treatment impacted the milk consumption for calves assigned to the LM treatment in 

the weaning phase. However, the feed treatment may impact milk consumption for calves on the 



 140 

HM treatment, as calves on both the HM and GF treatments consumed greater amounts of milk 

in the weaning phase than calves on both HM and WF treatments. 

 Contrary to the hypothesis of WF calves consuming feed earlier in life, there was no 

difference in the day of age that either treatment consumed 150 g/d for 2 out of 3 consecutive 

days. Despite this, calves on the WF treatment tended to eat more feed, on average, in the 

preweaning phase compared to GF treatment calves, suggesting that the milk by-product-based 

feed may help encourage greater feed consumption early in life. Terré et al. (2016) previously 

reported an increase in feed consumption from d 11 to 15 d when fed a similar milk by-product-

based pellet. The current study is the first to report an increase in feed consumption across the 

entire preweaning phase. This intake advantage disappeared in the weaning and postweaning 

phases, suggesting the need for further research on ways to supplement the grain ration with the 

milk by-product-based feed.  

As predicted, and consistent with previous work, calves on the LM treatment had greater 

DMI from solid feed than HM treatment calves for the majority of the preweaning phase (d 10 to 

12 and d 14 to 42) (Terré et al., 2007; Hill et al., 2010; Miller-Cushon et al., 2013a). 

Interestingly, feed consumption did not begin to differ until d 10 for LM and HM treatment 

calves, indicating calves will not consume feed in measurable amounts early in life (Jasper and 

Weary, 2002), and thus must consume milk to meet energy requirements. Researchers have 

previously demonstrated  that calves fed high levels of milk will eventually catch up to restricted 

fed calves postweaning (Jasper and Weary, 2002; Hill et al., 2016; Rosenberger et al., 2017), 

which was not the case in the current trial, as LM calves maintained the DMI advantage over 

HM calves postweaning. It is possible that the way calves were weaned off milk was not optimal 

for the HM treatment calves, as it may not have stimulated enough feed intake – for it  appears 
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that calves on the HM treatment (Figure 4.1a) began weaning later than LM treatment calves 

(Figure 4.1b), which was not the intent. Based on the average milk intake, HM treatment calves 

did not experience a reduction in their milk until d 51, thus the actual weaning for HM calves 

was only 13 d long. Therefore, it is possible that the HM calves did not experience a large 

enough milk reduction to stimulate feed intake early enough to catch up to the LM treatment 

calves in this trial.  

 As ME intake is directly related to milk and feed consumption, it was not surprising that 

GF and WF treatments consumed similar amounts of ME during the trial, as milk intake was 

similar in the preweaning and weaning phases, while feed intake tended to be only 0.02 kg/d 

greater for WF compared to GF calves in the preweaning phase. Furthermore, as HM treatment 

calves drank more milk, they had greater ME consumption for majority of the preweaning phase 

compared to LM treatment calves, indicating that feeding low levels of milk may stimulate DMI, 

but DMI cannot compensate for the ME consumed by higher levels of milk (Nielsen et al., 

2008a; Sweeney et al., 2010). During the weaning phase, there was a point in time when ME 

intake for HM calves became lower than ME intake for LM calves due to HM calves DMI 

lagging behind, as previously reported by Rosadiuk et al. (2021). However, contrary to HM 

calves in the present trial who did not reach LM calves’ ME intake levels postweaning, Rosadiuk 

et al. (2021) detected no ME intake differences a week postweaning.  

 Solid feed intake and water intake are closely linked (Eckert et al., 2015; 

Wickramasinghe et al., 2019; Parsons et al., 2020). The results of this study support this concept, 

with WF calves consuming greater amounts of free water in the preweaning phase, as their solid 

feed DMI tended to be greater than GF calves. Additionally, LM treatment calves followed a 

similar trend with greater DMI and greater water consumption during most of the study. 
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However, WF calves tended to also have greater free water intake than GF calves in the weaning 

phase, while no differences in DMI were detected, which is an area that warrants further 

research.  

 Milk Drinking Behavior 

 Milk intakes did not differ in the preweaning phase for feed treatments, and therefore 

milk drinking behavior was also similar. Given the differences in milk consumption, it is 

interesting that LM treatment calves only had a greater drinking speed from d 7 to 18 in the 

preweaning phase compared to HM treatment calves. Cantor et al. (2019) also reported calves 

offered less milk had greater drinking speeds compared to calves fed higher levels, which may be 

associated with hunger. However, in the present trial, drinking speed was similar between milk 

treatments from d 19 to 45, suggesting LM treatments were either not experiencing hunger due to 

small, but frequent meals, or they acclimatized to the smaller meal sizes. Interestingly, drinking 

speed was greater for HM treatment calves on most days of the weaning phase compared to LM 

treatment calves. This may have been a response to the reduction in milk allowance, similar to 

that reported by Scoley et al. (2019), when gradually weaned calves experienced a reduction in 

their milk compared to abruptly weaned calves who remained on full milk allowance. The 

drinking speeds reported in the present study are similar in value to those reported by Parsons et 

al. (2020), where calves were fed milk by a Calf Rail system, but in 2.5 L meals.  

 Lying Behavior 

 The lying behavior averages in the present trial were similar in value to those reported by 

others (Overvest et al., 2016; Scoley et al., 2019; Parsons et al., 2020). It has been previously 

demonstrated that calves that are deprived of milk may have greater lying time (Thomas et al., 
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2001; De Paula Vieira et al., 2008), while other researchers have reported no difference in lying 

time when calves were fed high (12 L/d) vs low levels (4 L/d) of whole milk during the first 4 to 

5 wks of life (Borderas et al., 2009). The lack of difference in lying time per day in the 

preweaning phase between the HM and LM treatment calves agrees with Borderas et al. (2009). 

Although no lying time difference in the preweaning phase for milk treatments was detected, LM 

treatment calves had fewer, but longer bouts than HM treatment calves for most days of the 

preweaning phase. It is speculated that LM calves had more free time to perform lying behavior, 

as they spent less time drinking milk due to treatment design. During the weaning phase, LM 

treatment calves had greater lying time than HM treatment calves near the end of weaning (d 60, 

61 and 63). Abrupt weaning has been shown to decrease lying time and lying bouts (Scoley et 

al., 2019), therefore, these results suggest HM treatment calves may have been experiencing 

more weaning stress and may have spent more time performing other behaviors – such as 

searching for milk – or oral behaviors than LM treatment calves, although not quantified in this 

study. This concept may also explain why LM treatment calves had greater lying bouts on 

specific days postweaning, as they may have been better adapted to a solid feed diet than HM 

calves once milk was removed. It was surprising to detect quite a few days in the weaning and 

postweaning phases that had an interaction between the milk treatments and feed treatments for 

lying behavior. This may indicate a prolonged impact of milk feeding programs or feed 

treatments on lying behavior. However, there were few other milk and feed treatment 

interactions detected for other measures in this trial, suggesting day-to-day variability may play a 

role in the presence of interactions for lying behavior. These results, and previous findings, 

suggest that the process of weaning, and the level of milk fed, are likely the main drivers of lying 

behavior.  
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 Rumen Physiological Measurements 

The transition from a pre-ruminant to a functioning ruminant depends on starter intake 

and fermentation. Calves on the two feed treatments had similar BHB levels during the studied 

period, indicating that the tendency for DMI advantage for the WF treatment in the preweaning 

phase was not enough to drive a change in blood BHB. Likely due to increased DMI, the LM 

treatment calves had greater blood BHB on d 36 and 57 compared to HM treatment calves. 

However, no differences in BHB were detected on d 70 or d 77, suggesting the HM treatment 

calves consumed enough DMI to support equal rumen development when measured in the 

postweaning phase. Overall, regardless of both milk and feed treatments, all calves reached 

levels that indicate sufficient solid feed intake to promote rumen development, based on Deelen 

et al. (2016), by the end of the trial. Although no treatment effects were detected for fecal starch 

percentage, a low concentration is reported in the present trial, suggesting adequate starch 

digestion and absorption in the hindgut for all treatments (Rosadiuk et al., 2021).  

As rumen fluid pH can be impacted by the fermentation of feed, it was not surprising that 

rumen fluid pH was similar for calves on the feed treatments, as they had similar feed 

consumption for most of the trial. Rumen fluid pH on d 36 was higher for HM calves than LM 

calves, likely due to HM calves not consuming as much solid feed and therefore, not lowering 

the pH from fermentation as much as LM calves. As HM treatment calves ramped up their feed 

consumption postweaning, it is possible their pH was lower than LM treatment calves on d 70 

and 77, as their rumen was not adequately adapted to handle the increase in feed consumption 

and subsequent proton production from fermentation (Laarman and Oba, 2011).  
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 Although WF treatment calves tended to have greater solid feed intake in the preweaning 

phase, it was likely not large enough to drive major rumen development improvements, as 

indicated by no difference in total VFA concentrations, or butyric acid proportions in rumen 

fluid samples. There was an increased valeric acid proportion in rumen fluid samples for WF 

treatment calves on d 36 and 57 of sampling compared to GF treatment calves. The WF 

treatment feed, being high in milk by-product ingredients, specifically whey, may have resulted 

in greater valeric acid production for those calves while they were consuming the whey-based 

feed prior to the d 70 and 77 fluid samples (Fisher, 1983; Górka et al., 2011). Alternatively, GF 

calves had a greater proportion of isovaleric acid, which is a growth factor for cellulolytic 

bacteria that digests forages (Anderson et al., 1987a).  

Calves on both HM and GF treatments had greater acetic acid production than calves on 

both LM and WF treatments. As forage promotes acetate production (Imani et al., 2017), this 

may be due to the grain-based ration (as in the GF treatment) having forage in the form of 5% 

chopped straw. Calves on both HM and WF treatments had greater acetic acid proportion in fluid 

samples than calves on the LM treatment and either of the two feed treatments, likely at the 

expense of another VFA. Total VFA was expected to be greater for LM calves due to their 

greater feed consumption on d 36, however, HM calves had greater total VFA on d 70, despite 

having lower feed consumption. Similar results were reported by Khan et al. (2007a), who 

concluded that before dropping milk down, calves fed less milk (10% BW) had increased total 

VFA, but calves fed more milk (20% BW) had increased total VFA at weaning and postweaning. 

This may suggest calves can be fed high levels of milk without compromising rumen 

development. However, this also may be a result of calves fed greater levels of milk having a 

drastic increase in DMI once weaned, causing a sudden increase in VFA production, and if not 
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developed well, the rumen may not absorbing VFA as efficiently. However, as described 

previously, the milk treatments had similar BHB measurements on d 70, and their absorption of 

butyrate was likely similar. Overall, on d 70 and d 77, no individual VFA proportions differed 

between the two milk treatments, or the two feed treatments, concluding similar rumen 

development within 1 to 2 wk postweaning.  

 Growth and Body Measurements 

 Despite the trend for additional solid feed DMI during the preweaning phase for WF 

treatment calves, BW, ADG, middle girth gain, and height gain did not differ between these feed 

treatments. This is likely due to both feed treatments consuming similar amounts of ME during 

this phase, despite differences in solid feed DMI. Heart girth gain was greater for calves on both 

HM and GF treatments, compared to HM and WF treatment calves, which was surprising as 

there was no milk treatment  feed treatment interaction detected for ME intake in the 

preweaning phase. It was not surprising that calves on the WF or GF treatment and the HM 

treatment had greater heart girth gain in the preweaning phase, compared to calves on the LM 

treatment, due to increased milk consumption. However, LM and WF treatment calves tended to 

have a greater heart girth gain than LM and GF treatment calves in the preweaning phase, 

indicating that calves on the LM treatment and fed the WF feed treatment may experience 

improved structural growth. Terré et al. (2016) fed a low level of milk (5 L/d, 12.5% DM) to 

calves that were fed either a milk by-product-based pellet or a grain based pellet, similar to the 

LM-WF and LM-GF treatment in the present trial and Terré et al. (2016) concluded that calves 

fed the milk by-product-based starter pellet had improved ADG during d 14 to 21, with greater 

feed intake d 11 to 15 compared to calves fed a conventional pellet. The present results, and 

those from Terré et al. (2016), suggest that increased feed intake when fed the WF treatment may 
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improve structural growth when fed a low level of milk in the preweaning phase. No other 

growth or structural size differences were detected for calves fed either feed treatment, regardless 

of milk level, for any other phase, suggesting the increase in DMI for the WF treatment in the 

preweaning phase was not large enough to effect prolonged growth. As ME intakes and ADG 

were similar between feed treatments, gain to ME intake ratios were not different, suggesting 

similar efficiency of growth.  

 Providing increased milk early in life, as we observed with the HM treatment, results in 

increased ADG and BW in the preweaning phase (Appleby et al., 2001; Jasper and Weary, 2002; 

Rosenberger et al., 2017). However, LM calves had greater ADG in the second and third week of 

weaning, and first week postweaning, likely driven by LM calves consuming greater ME intake 

as weaning progressed. Although this is a common challenge observed when weaning off high 

levels of milk (Jasper and Weary, 2002; Rosenberger et al., 2017; Parsons et al., 2020), it is 

interested to note that a growth slump was still observed despite the planned, steady, and gradual 

weaning program over 3 wk. As described previously, this is likely due to HM treatment calves 

really only experiencing weaning for 13 d compared to the designed 21 d, which is shorter than 

the 14 to 21 d weaning period that Hill et al. (2012) recommends to avoid ADG reductions. 

Thus, HM treatment calves may have benefitted from longer weaning or later weaning, allowing 

more time to get onto enough solid feed and maintain growth (Eckert et al., 2015). As observed 

in the present trial, calves fed varying levels of milk or milk replacer have been previously 

reported to have similar postweaning BW, indicating that proper weaning continues to be an 

issue with maintaining growth advantages (Cowles et al., 2006; Hill et al., 2016).  

 As structural growth and BW are closely linked (Heinrichs et al., 1992), the ADG 

differences are likely the result of detected structural growth differences. The present gain to ME 
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results for milk treatments are consistent with previous work that suggests feed efficiency of high 

milk fed calves can be negatively impacted by reductions in milk during weaning (Scoley et al., 

2019), or may be lower when compared to calves fed low milk programs (5 L/d) postweaning 

(Rosadiuk et al., 2021).  

4.5 CONCLUSION 

 The results indicate that regardless of milk replacer level fed in this trial, calves offered 

the milk by-product-based starter feed in the WF treatment tended to have greater preweaning 

solid feed intake compared to those fed a grain-based starter ration. Additionally, free water 

consumption was greater in the preweaning period and tended to be greater in the weaning phase 

for WF treatment calves. No differences were detected between the WF and GF treatment calves 

related to growth or final markers of rumen development. Irrespective of feed treatment, calves 

on the LM milk treatment had greater feed consumption for most days on trial, while HM calves 

had BW advantages during wk 2 to 6 of the preweaning phase and wk 7 to 9 of the weaning 

phase. Postweaning, calves on the HM treatment had similar markers of rumen development and 

BW when compared to LM treatment calves, indicating that they were capable of ingesting 

enough solid feed to result in similar size and similar levels of rumen development as calves on 

the LM treatment. Additionally, calves on both the LM and WF treatments tended to have 

greater middle girth gain compared to calves on the LM and GF treatments, suggesting a 

potential structural growth benefit for calves fed the WF treatment when offered low levels of 

milk.  
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Table 4.1. Ingredient and chemical composition (mean ± SD) of the components of calf starter 

feeds, grain based ration, milk by-product based feed and milk replacer fed to calves. 

Chemical 

composition1 

Calf starter 

pellet2 Straw3 

Grain based 

starter 

ration4 

Milk by-

product 

based feed5 

Milk 

replacer6 

DM, % DM 90.6 ± 1.49 90.4 ± 1.63 90.8 ± 1.23 96.6 ± 0.78 97.1 ± 0.87 

CP, % DM 21.1 ± 1.33 2.8 ± 0.30 20.3 ± 0.95 23.4 ± 1.01 27.2 ± 1.00 

NDF, % DM 20.6 ± 0.47 81.6 ± 0.62 22.8 ± 0.75 6.4 ± 0.90 - 

ADF, % DM 9.7 ± 0.11 54.9 ± 1.10 12.0 ± 0.51 3.2 ± 0.73 - 

Crude Fibre, % DM - - - - 1.1 ± 0.30 

Ash, % DM 8.0 ± 0.38 6.1 ± 0.85 7.8 ± 0.49 6.2 ± 1.21 8.3 ± 0.34 

NFC, % DM 46.8 ± 1.35 4.2 ± 0.46 45.4 ± 0.90 58.7 ± 1.49 - 

Starch, % DM 32.5 ± 2.25 0.8 ± 0.43 29.3 ± 2.34 1.8 ± 0.57 - 

Fat7, % DM 2.0 ± 0.46 1.3 ± 0.27 2.3 ± 0.37 14.3 ± 0.86 18.3 ± 0.79 

Lactose8, % DM - - - - 46.3 ± 1.41 

Ca, % DM 1.3 ± 0.15 0.3 ± 0.03 1.2 ± 0.16 0.4 ± 0.03 1.0 ± 0.07 

P, % DM 0.7 ± 0.04 0.07 ± 0.02 0.6 ± 0.06 0.6 ± 0.03 0.8 ± 0.05 

Na, % DM 0.4 ± 0.08 0.02 ± 0.01 0.4 ± 0.04 0.5 ± 0.08 0.7 ± 0.08 

ME9, Mcal/kg of 

DM 
3.2 ± 0.00 1.6 ± 0.04 3.1 ± 0.02 3.4 ± 0.03 4.7 ± 0.04 

1Chemical analysis was done by A&L Laboratory Services Inc (London, ON, Canada).  
2Calf starter pellet was supplied by Grand Valley Fortifiers Ltd (Bionic Calf Grower Pellet, Grand 

Valley Fortifiers, Cambridge, ON, Canada), included ingredients; corn chop, soybean meal 48%, wheat 
shorts, ground barley, hard west wheat, high-bypass soybean meal, soya hulls, beat pulp ground 

(Floradale Feed Mill, Floradale, ON, Canada), molasses, calcium carbonate 39%, Pelltech (Borregaard 

LignoTech, Sarpsborg, Norway), salt, kelp meal(Tasco; Acadian Seaplants, Dartmouth, NS, Canada), 

dicalcium phosphate 21%, magnesium potassium sulphate (Dynamate; Mosaic, Lake Forest, Illinois), 

magnesium oxide 56%, dairy micro (Grand Valley Fortifiers, Cambridge, ON, Canada), vitamin E, 

Cel-Max soluble concentrate powder (Pestell Nutrition; New Hamburg, ON, Canada), vitamin ADE 

10/10/10, vitamin B complex calf micro (Grand Valley Fortifiers, Cambridge, ON, Canada), Availa 4 

(Zinpro, Eden Prairie, MN), choline- 70% liquid, Bovatec 20% (Zoetis Inc., Parsippany, NJ), covotek 

575 vanilla (Pancosma; Rolle, Switzerland), selenium yeast 2000 (Angel Yeast Co., Ltd., Yichang, 

Hubei Sheng, China), Xtract instant (Pancosma; Rolle, Switzerland), Sucram 3D (Pancosma; Rolle, 
Switzerland). 
3Straw was chopped wheat straw cut to measure approximately 2.5 cm. 
4 Grain based starter ration was 95% calf starter pellet and 5% chopped wheat straw, mixed on an as 

fed basis. 
5 Milk by-product based feed was supplied by Grand Valley Fortifiers (Grand Valley Fortifiers, 

Cambridge, ON, Canada; Life Launch 4C), included ingredients; roasted soybeans 38%, whey powder 

(Grober Nutrition, Cambridge, ON, Canada), whey permeate (Grober Nutrition, Cambridge, ON, 

Canada), 7/60 coconut fat 1022 (Grober Nutrition, Cambridge, ON, Canada), Life Launch calf micro 

(Grand Valley Fortifiers, Cambridge, ON, Canada), citric acid, covotek 575 vanilla (Pancosma; Rolle, 

Switzerland). 
6Milk replacer was supplied by Grand Valley Fortifiers (Grand Valley Fortifiers, Cambridge, Ontario, 

Canada; BioForce). 
7Fat for the milk replacer was done by an acid hydrolysis test (AOAC, 1995: Method 954.02). 
8Lactose is assumed to be 100-CP-Fat-Ash. 
9Metabolizable Energy (ME) was calculated using NRC (2001) equations. 



 

Table 4.2. Various measures of intakes for 120 dairy calves fed a high or low level of milk replacer and fed a grain-based starter 

ration or a whey-based starter pellet treatment during the preweaning (d 1 to 42), weaning (d 43 to 63) and postweaning phases (d 64 

to 77). 
 

 
Milk Treatments1 Feed Treatments2  P-value3 

 HM LM GF WF SE M F M × F D M × D F × D M × F × D 

Preweaning             

Milk intake, L/d 8.87 5.52 7.24 7.16 0.104 <0.001 0.36 0.30 <0.001 <0.001 0.71 0.71 

Milk replacer intake, kg/d 1.16 0.72 0.94 0.93 0.014 <0.001 0.33 0.26 <0.001 <0.001 0.74 0.83 

Solid feed DMI,4 kg/d 0.05 0.26 0.14 0.16 0.008 <0.001 0.06 0.72 <0.001 <0.001 0.25 0.33 

Solid feed DMI, % of BW 0.08 0.45 0.25 0.28 0.023 <0.001 0.25 0.99 <0.001 <0.001 0.94 0.94 

Total DMI,5 kg/d 1.20 0.96 1.08 1.09 0.023 0.02 0.42 0.26 <0.001 <0.001 0.88 0.70 

ME intake,6 Mcal/d 5.61 4.15 4.85 4.90 0.089 0.008 0.40 0.27 <0.001 <0.001 0.75 0.79 

Free water intake,7 L/d 0.46 0.47 0.40 0.53 0.032 0.10 <0.001 0.69 <0.001 0.07 0.62 0.14 

Weaning             

Milk intake, L/d 6.38 2.79 4.63 4.54 0.081 <0.001 0.16 0.05 <0.001 <0.001 0.03 0.39 

Milk replacer intake, kg/d 0.83 0.36 0.60 0.59 0.011 <0.001 0.16 0.05 <0.001 <0.001 0.03 0.43 

Solid feed DMI, kg/d 0.79 1.78 1.29 1.28 0.064 0.61 0.87 0.66 <0.001 <0.001 0.49 0.84 

Solid feed DMI, % of BW 0.87 2.22 1.57 1.52 0.073 <0.001 0.48 0.34 <0.001 <0.001 0.75 0.99 

Total DMI, kg/d 1.62 2.15 1.90 1.87 0.064 0.47 0.62 0.78 <0.001 <0.001 0.07 0.50 

ME intake, Mcal/d 6.34 7.25 6.82 6.77 0.208 0.94 0.75 0.93 <0.001 <0.001 0.05 0.41 

Free water intake, L/d 2.10 4.15 3.00 3.25 0.144 0.05 0.10 0.77 <0.001 <0.001 0.31 0.35 

Postweaning             

Solid feed DMI, kg/d 3.17 3.75 3.44 3.49 0.093 0.33 0.62 0.53 <0.001 0.02 0.92 0.06 

Solid feed DMI, % of BW 3.01 3.68 3.32 3.38 0.075 <0.001 0.40 0.28 <0.001 <0.001 0.95 0.17 
Total DMI, kg/d 3.17 3.75 3.44 3.49 0.096 0.35 0.62 0.51 <0.001 0.03 0.95 0.09 

ME intake, Mcal/d 9.82 11.66 10.66 10.82 0.306 0.18 0.59 0.62 <0.001 0.03 0.95 0.09 

Free water intake, L/d 10.41 11.85 11.21 11.05 0.351 0.06 0.55 0.23 <0.001 0.21 0.96 0.96 
1 HM = calves were fed 15 L/d (3 L, 5×/d) of milk replacer until gradual weaning d 43 to 63 (n = 60); LM = calves were fed 6 L/d (1.2 L, 5×/d) of milk replacer 

until gradual weaning d 43 to 63 (n = 60).  
2GF = calves were offered a grain based ration (95% calf pellet and 5% chopped wheat straw) from d 5 (n = 60); WF = calves were offered 150 g/d of a milk by-

product (whey) based starter pellet until they consumed the entire 150 g/d on 2 out of 3 consecutive days, then the whey pellet was top dressed onto the grain 

based ration until d 64 when only grain based ration was offered (n = 60).  
3P-values for M = milk treatment, F = feed treatment, D = day of age, and interaction terms. 
4Solid feed intake was measured daily and corrected for the DM of the offered ration and average weekly DM of the refusal samples, assuming all 150g/d of 

whey pellet was consumed feeds when WF treatment calves were being offered both types of feed.  
5Total DMI was the DM of solid feed plus the DM from milk that was consumed.  
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6ME was the metabolizable energy consumed from both solid feed and milk, calculated by using an average ME for each type of feed and subtracting the ME of 

each feed that was refused from the ME of each feed that was  offered to determine the ME from solid feed and adding it to the average ME of milk replacer 

multiplied by the milk intake for each calf.  
7Free water was measured as the amount of free water offered by bucket to the calves daily.  
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Table 4.3. Effect of a high or low level of milk replacer and a grain-based starter ration or a whey-based starter pellet treatment on 

milk drinking behavior for 120 dairy calves during the preweaning and weaning phases1. 

 
Milk 

Treatments2 

Feed 

Treatments3  P-value4 

 HM LM GF WF SE M F M × F D M × D F × D M × F ×D 

Preweaning             

Average intake 

during a feeding 

session, 

mL/session 

2497.3 1182.0 1845.0 1834.2 22.22 <0.001 0.69 0.51 <0.001 <0.001 0.77 0.71 

Average feeding 

session duration, 

min/session 

7.9 4.4 6.2 6.2 0.06 <0.001 0.40 0.46 <0.001 <0.001 0.66 0.58 

Mean drinking 

speed, mL/min 
435.7 451.6 445.7 441.6 10.08 0.03 0.57 0.12 <0.001 0.006 0.23 0.27 

Weaning             

Average intake 

during a feeding 

session, 

mL/session 

1571.3 770.3 1163.4 1178.1 10.92 <0.001 0.23 0.44 <0.001 <0.001 0.93 0.93 

Average feeding 

session duration, 

min/session 

5.0 3.3 4.1 4.2 0.07 <0.001 0.34 0.82 <0.001 <0.001 0.93 0.77 

Mean drinking 

speed, mL/min 
478.2 458.3 467.1 469.5 11.79 0.03 0.80 0.56 <0.001 0.002 0.44 0.64 

1Preweaning phase was from d 2 (enrollment onto AMF system) until the end of d 42, and weaning phase was from d 43 until the end 

of d 63.  
2HM = calves were fed 15 L/d (3 L, 5×/d) of milk replacer until gradual weaning d 43 to 63 (n = 60); LM = calves were fed 6 L/d (1.2 

L, 5×/d) of milk replacer until gradual weaning d 43 to 63 (n = 60).  
3GF = calves were offered a grain based ration (95% calf pellet and 5% chopped wheat straw) from d 5; WF = calves were offered 150 

g/d of a milk by-product (whey) based starter pellet until they consumed the entire 150 g/d on 2 out of 3 consecutive days, then the 

whey pellet was top dressed onto the grain based ration until d 64 when only grain based ration was offered.  
4P-values for M = milk treatment, F = feed treatment, D = day of age, and interaction terms. 
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Table 4.4. Effect of a high or low level of milk replacer and a grain-based starter ration or a whey-based starter pellet treatment on 

milk lying behavior for 120 dairy calves during the preweaning, weaning and postweaning phases1. 

 
Milk Treatments2 Feed Treatments3  P-value4 

 HM LM GF WF SE M F M × F D M × D F × D M × F × D 

Preweaning             

Lying time, min/d 1104.8 1094.4 1102.5 1096.7 4.92 0.13 0.40 0.60 <0.001 0.16 0.33 0.60 

Lying bouts, bouts/d 20.9 18.2 19.6 19.6 0.40 <0.001 0.93 0.57 <0.001 <0.001 0.20 0.28 

Bout length, min/bout 54.7 61.9 58.5 58.2 1.39 <0.001 0.84 0.53 <0.001 0.002 0.28 0.75 

Weaning             

Lying time, min/d 1098.3 1102.8 1100.4 1100.7 4.92 0.51 0.97 0.89 <0.001 <0.001 0.98 0.27 

Lying bouts, bouts/d 18.9 18.3 18.6 18.7 0.55 0.12 0.71 0.55 <0.001 <0.001 0.002 0.01 

Bout length, min/bout 59.5 62.0 61.0 60.5 1.49 0.05 0.72 0.71 <0.001 <0.001 0.002 0.02 

Postweaning,             

Lying time, min/d 1098.1 1101.1 1098.5 1100.7 5.48 0.70 0.77 0.67 0.96 0.63 0.49 0.04 

Lying bouts, bouts/d 17.3 18.7 17.9 18.2 0.50 0.001 0.45 0.80 <0.001 <0.001 0.23 0.13 

Bout length, min/bout 65.1 60.4 63.5 62.0 1.56 0.002 0.31 0.84 <0.001 <0.001 0.01 0.01 
1Preweaning phase was from the start of d 11 when HOBO dataloggers began recording, until the end of d 42, and weaning phase was 

from d 43 until the end of d 63 and postweaning was from d 64 until the end of d 77. 
2HM = calves were fed 15 L/d (3 L, 5×/d) of milk replacer until gradual weaning d 43 to 63 (n = 60); LM = calves were fed 6 L/d (1.2 

L, 5×/d) of milk replacer until gradual weaning d 43 to 63 (n = 60).  
3GF = calves were offered a grain based ration (95% calf pellet and 5% chopped wheat straw) from d 5; WF = calves were offered 150 

g/d of a milk by-product (whey) based starter pellet until they consumed the entire 150 g/d on 2 out of 3 consecutive days, then the 

whey pellet was top dressed onto the grain based ration until d 64 when only grain based ration was offered.  
4P-values for M = milk treatment, F = feed treatment, D = day of age, and interaction terms. 
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Table 4.5. Effect of a high or low level of milk replacer and a grain-based starter ration or a whey-based starter pellet treatment on 

total volatile fatty acid concentration and proportions of individual volatile fatty acids in rumen fluid samples taken on d 36, 57, 70 

and 77 of 120 dairy calves.  

 
Milk 

Treatments1 

Feed 

Treatments2 

 P-value3 

 HM LM GF WF SE M F M × F D M × D F × D M × F × D 

Total VFA, mM 99.8 105.6 104.5 101.5 2.69 0.06 0.35 0.92 <0.001 <0.001 0.44 0.78 

Proportion of individual 

VFA, % of total VFA 
            

Acetic  56.2 52.8 54.7 54.7 0.94 <0.001 0.60 0.03 <0.001 <0.001 0.41 0.24 

Propionic 29.4 32.3 30.8 31.0 1.02 0.0001 0.82 0.14 <0.001 <0.001 0.99 0.58 

Butyric 9.1 9.6 9.1 9.6 0.35 0.33 0.34 0.17 0.01 0.06 0.22 0.80 

Isobutyric 0.9 0.8 0.8 0.8 0.05 0.26 0.78 0.38 <0.001 0.0002 0.56 0.25 

Isovaleric 0.8 0.6 0.7 0.6 0.04 <0.001 0.02 0.84 <0.001 <0.001 0.79 0.08 

Valeric 2.7 3.1 2.7 3.1 0.12 0.03 0.04 0.26 <0.001 <0.001 0.04 0.06 

Caproic 1.0 1.4 1.2 1.2 0.09 0.002 0.85 0.96 <0.001 0.10 0.20 0.88 
1HM = calves were fed 15 L/d (3 L, 5×/d) of milk replacer until gradual weaning d 43 to 63 (n = 60); LM = calves were fed 6 L/d (1.2 

L, 5×/d) of milk replacer until gradual weaning d 43 to 63 (n = 60).  
2GF = calves were offered a grain based ration (95% calf pellet and 5% chopped wheat straw) from d 5; WF = calves were offered 150 

g/d of a milk by-product (whey) based starter pellet until they consumed the entire 150 g/d on 2 out of 3 consecutive days, then the 

whey pellet was top dressed onto the grain based ration until d 64 when only grain based ration was offered.  
3P-values for M = milk treatment, F = feed treatment, D = day of age, and interaction terms.



 

Table 4.6. Effect of a high or low level of milk replacer and a grain-based starter ration or a 

whey-based starter pellet treatment on total volatile fatty acid concentration and proportions of 

individual volatile fatty acids in rumen fluid samples on day 36, 57, 70 and 77.  

 
Milk Treatments1 

Feed Treatments2  P-value3 

 HM LM GF WF SE MT FT 

Day 36        

Total VFA (mM) 58.3 99.9 80.7 77.5 4.71 <0.001 0.61 

Acetic (% in Total 

VFA) 
65.9 54.5 60.9 59.5 1.44 <0.001 0.40 

Propionic 22.0 31.5 26.7 26.8 1.28 <0.001 0.90 

Butyric 7.3 9.4 8.1 8.7 0.56 0.009 0.43 

Isobutyric 1.2 0.8 1.1 1.0 0.06 <0.001 0.28 

Isovaleric 1.5 0.7 1.2 1.1 0.08 <0.001 0.36 

Valeric 1.5 2.7 1.7 2.5 0.17 <0.001 0.002 

Caproic 0.4 0.7 0.5 0.6 0.08 0.03 0.46 

Day 57        

Total VFA (mM) 104.2 111.6 112.8 103.04 3.93 0.15 0.06 

Acetic (% in VFA) 54.6 52.1 54.1 52.6 1.11 0.04 0.21 

Propionic 29.7 32.7 31.2 31.2 1.23 0.02 0.97 

Butyric 10.9 10.5 9.7 11.7 0.97 0.77 0.15 

Isobutyric 0.8 0.7 0.8 0.7 0.06 0.13 0.29 

Isovaleric 0.7 0.4 0.6 0.5 0.05 0.03 0.03 

Valeric 2.7 3.4 2.7 3.4 0.18 <0.001 0.007 

Caproic 0.8 1.7 1.1 1.4 0.21 0.002 0.42 

Day 70        

Total VFA (mM) 123.7 107.6 116.0 115.3 4.11 0.002 0.91 

Acetic (% in VFA) 51.0 51.5 50.9 51.5 1.05 0.64 0.52 

Propionic 33.5 33.3 33.3 33.5 1.22 0.84 0.89 

Butyric 9.4 9.2 9.3 9.3 0.34 0.67 0.87 

Isobutyric 0.6 0.8 0.7 0.8 0.06 0.36 0.21 

Isovaleric 0.4 0.4 0.4 0.4 0.03 0.19 0.06 

Valeric 3.7 3.2 3.5 3.4 0.22 0.10 0.92 

Caproic 1.5 1.7 1.8 1.5 0.14 0.35 0.14 

Day 77        

Total VFA (mM) 113.1 103.4 108.4 108.1 4.97 0.15 0.96 

Acetic (% in VFA) 53.2 52.9 52.8 53.4 1.20 0.79 0.65 

Propionic 32.3 31.9 31.9 32.3 1.34 0.75 0.83 

Butyric 8.8 9.2 9.4 8.7 0.42 0.45 0.26 

Isobutyric 0.8 0.8 0.8 0.8 0.07 0.92 0.73 

Isovaleric 0.6 0.6 0.7 0.6 0.07 0.60 0.47 

Valeric 3.0 3.1 3.0 3.0 0.22 0.62 0.90 

Caproic 1.3 1.5 1.4 1.4 0.15 0.26 0.76 
1HM = calves were fed 15 L/d (3 L, 5×/d) of milk replacer until gradual weaning d 43 to 63 (n = 60); LM 

= calves were fed 6 L/d (1.2 L, 5×/d) of milk replacer until gradual weaning d 43 to 63 (n = 60).  
2GF = calves were offered a grain based ration (95% calf pellet and 5% chopped wheat straw) from d 5; 

WF = calves were offered 150 g/d of a milk by-product (whey) based starter pellet until they consumed 

the entire 150 g/d on 2 out of 3 consecutive days, then the whey pellet was top dressed onto the grain 

based ration until d 64 when only grain based ration was offered.  
3P-values for day-by-day comparisons for M = milk treatment and F = feed treatment.



 

Table 4.7. Effect of a high or low level of milk replacer and a grain-based starter ration or a whey-based starter pellet treatment on 

various measures of growth and efficiency for 120 dairy calves during the preweaning (d 1 to 42), weaning (d 43 to 63), and 

postweaning phases (d 64 to 77).  

 
Milk Treatments1 Feed Treatments2  

P-value3 

 HM LM GF WF SE M F M × F W M × W F × W M× F × W 

Preweaning             

BW, kg 57.3 50.8 54.0 54.2 0.51 <0.001 0.86 0.42 <0.001 <0.001 0.51 0.57 

ADG, kg/d 0.97 0.66 0.82 0.80 0.017 0.23 0.42 0.22 <0.001 <0.001 0.45 0.77 

Middle girth gain, cm/d 0.65 0.50 0.58 0.57 0.014 <0.001 0.70 0.48 0.11 <0.001 0.41 0.72 

Heart girth gain, cm/d 0.52 0.40 0.46 0.46 0.012 <0.001 0.97 0.01 <0.001 0.007 0.41 0.74 

Height gain, cm/d 0.30 0.28 0.30 0.29 0.009 0.04 0.46 0.32 <0.001 0.43 0.25 0.22 

Gain: ME intake4 0.16 0.15 0.16 0.15 0.003 0.73 0.14 0.77 <0.001 <0.001 0.45 0.94 

Weaning             

BW, kg 85.8 77.5 81.6 81.8 0.91 <0.001 0.89 0.31 <0.001 <0.001 0.70 0.66 

ADG, kg/d 0.72 1.04 0.88 0.87 0.040 0.37 0.72 0.83 0.43 <0.001 0.39 0.33 

Middle girth gain, cm/d 0.41 0.79 0.60 0.59 0.028 <0.001 0.77 0.95 0.39 0.01 0.64 0.75 

Heart girth gain, cm/d 0.29 0.41 0.35 0.35 0.019 <0.001 0.96 0.86 0.002 0.09 0.06 0.63 

Height gain, cm/d 0.32 0.29 0.30 0.31 0.017 0.09 0.54 0.33 0.59 0.21 0.11 0.54 

Gain: ME intake 0.12 0.14 0.13 0.13 0.003 0.34 0.89 0.61 <0.001 0.06 0.24 0.62 

Postweaning             

BW, kg 103.6 101.4 102.4 102.3 1.37 0.23 0.80 0.50 <0.001 0.77 0.73 0.60 

ADG, kg/d 1.30 1.47 1.39 1.38 0.033 0.14 0.76 0.60 0.99 0.008 0.49 0.88 

Middle girth gain, cm/d 1.04 0.97 1.04 0.98 0.036 0.14 0.19 0.56 0.0002 0.31 0.23 0.87 

Heart girth gain, cm/d 0.39 0.47 0.43 0.43 0.024 0.02 0.82 0.09 0.68 0.68 0.13 0.84 

Height gain, cm/d 0.27 0.35 0.32 0.30 0.025 0.005 0.47 0.52 0.03 0.16 0.88 0.33 

Gain: ME intake 0.13 0.13 0.13 0.13 0.003 0.16 0.28 0.70 <0.001 0.18 0.52 0.26 
1HM = calves were fed 15 L/d (3 L, 5×/d) of milk replacer until gradual weaning d 43 to 63 (n = 60); LM = calves were fed 6 L/d (1.2 L, 5×/d) of milk replacer 

until gradual weaning d 43 to 63 (n = 60).  
2GF = calves were offered a grain based ration (95% calf pellet and 5% chopped wheat straw) from d 5; WF = calves were offered 150 g/d of a milk by-product 

(whey) based starter pellet until they consumed the entire 150 g/d on 2 out of 3 consecutive days, then the whey pellet was top dressed onto the grain based ration 

until d 64 when only grain based ration was offered.  
3P-values for M = milk treatment, F = feed treatment, W = week of age, and interaction terms. 
4 Gain: ME intake = Calculated by dividing the kg of gain by the Mcal of ME intake. 
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Figure 4.1. Daily (±SE) (a, b) milk intake (L/d) and (c,d) ME intake (Mcal/d) for calves on 1 of 

2 treatments that differed in milk replacer level [HM = calves were fed 15 L/d (3 L, 5×/d) of 

milk replacer until gradual weaning commenced at d 43 (n = 60); LM = calves were fed 6 L/d 

(1.2 L, 5×/d) of milk replacer until gradual weaning commenced at d 43 (n = 60)], and for calves 

on 1 of 2 feed treatments [GF = calves were offered a grain based ration (95% calf pellet and 5% 

chopped wheat straw) from d 5 (n = 60); WF = calves were offered 150 g/d of a milk by-product 

(whey) based starter pellet until they consumed the entire 150 g/d on 2 out of 3  consecutive 

days, then the whey pellet was top dressed onto the grain based ration until d 64 when only grain 

based ration was offered (n = 60)], during the preweaning (d 1-42), weaning (d 43-63), and 

postweaning (d 64-77).Vertical lines represent the beginning and end of the weaning phase. * = 

Phases that a treatment × day interaction was detected (P ≤ 0.05).  
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Figure 4.2. Daily (±SE) (a, b) solid feed intake (kg of DM/d), and (c, d) free water intake (L/d) 

for calves on 1 of 2 treatments that differed in milk replacer level [HM = calves were fed 15 L/d 

(3 L, 5×/d) of milk replacer until gradual weaning commenced at d 43 (n = 60); LM = calves 

were fed 6 L/d (1.2 L, 5×/d) of milk replacer until gradual weaning commenced at d 43 (n = 60)], 

and for calves on 1 of 2 feed treatments [GF = calves were offered a grain based ration (95% calf 

pellet and 5% chopped wheat straw) from d 5 (n = 60); WF = calves were offered 150 g/d of a 

milk by-product (whey) based starter pellet until they consumed the entire 150 g/d on 2 out of 3  

consecutive days, then the whey pellet was top dressed onto the grain based ration until d 64 

when only grain based ration was offered (n = 60)], during the preweaning (d 1-42), weaning (d 

43-63), and postweaning (d 64-77). Vertical lines represent the beginning and end of the weaning 

phase. * = Phases that a treatment effect was detected (P ≤ 0.05).  †=Phases that a tendency for 

treatment effect was determined (0.05 < P ≤ 0.10). ** = Phases that a treatment × day interaction 

was detected (P ≤ 0.05).  
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Figure 4.3. Mean (± SE) (a, b) blood BHB concentrations (mmol/L), (c, d) rumen fluid pH, and 

(e, f) fecal starch (%) for calves on 1 of 2 treatments that differed in milk replacer level [HM = 

calves were fed 15 L/d (3 L, 5×/d) of milk replacer until gradual weaned from d 43 to 63 (n = 

60); LM = calves were fed 6 L/d (1.2 L, 5×/d) of milk replacer until gradual weaned from d 43 to 

63 (n = 60)], and for calves on 1 of 2 feed treatments [GF = calves were offered a grain based 

ration (95% calf pellet and 5% chopped wheat straw) from d 5 (n = 60); WF = calves were 

offered 150 g/d of a milk by-product (whey) based starter pellet until they consumed the entire 

150 g/d on 2 out of 3  consecutive days, then the whey pellet was top dressed onto the grain 

based ration until d 64 when only grain based ration was offered (n = 60)], on d 36, 57, 70 and 

77. * = Significant differences (P ≤0.05) between treatments at individual days. 
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Figure 4.4. Mean (± SE) (a, b) ADG (kg/d), and (c, d) BW (kg), for calves on 1 of 2 treatments 

that differed in milk replacer level [HM = calves were fed 15 L/d (3 L, 5×/d) of milk replacer 

until gradual weaning commenced at d 43 (n = 60); LM = calves were fed 6 L/d (1.2 L, 5×/d) of 

milk replacer until gradual weaning commenced at d 43 (n = 60)], and for calves on 1 of 2 feed 

treatments [GF = calves were offered a grain based ration (95% calf pellet and 5% chopped 

wheat straw) from d 5 (n = 60); WF = calves were offered 150 g/d of a milk by-product (whey) 

based starter pellet until they consumed the entire 150 g/d on 2 out of 3  consecutive days, then 

the whey pellet was top dressed onto the grain based ration until d 64 when only grain based 

ration was offered (n = 60)], during the preweaning (d 1-42), weaning (d 43-63), and 

postweaning (d 64-77). Vertical lines represent the beginning and end of the weaning phase. * = 

Significant differences (P ≤0.05) between treatments at individual weeks.  
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5 CHAPTER 5: GENERAL DISCUSSION 

5.1 Major Findings: 

 Over the past two decades, a significant amount of calf research has been focused on 

investigating both short- and long-term benefits of feeding higher levels of milk to calves. 

During this time, researchers identified the common challenge of a decrease in solid feed 

consumption before and during weaning when calves are fed higher levels of milk, compared to 

conventional low milk feeding programs (Terré et al., 2007; Hill et al., 2010; Miller-Cushon et 

al., 2013a). This delay in solid feed consumption is an extremely important challenge to 

overcome. The weaning process transitions calves onto a fully solid diet, therefore, they must be 

sufficiently adapted to handle the dietary change prior to milk removal. Thus, the overall 

objective of my thesis was to determine the effects of different management and nutritional 

factors on the success of weaning dairy calves off higher levels of milk. This objective was 

addressed in three research projects. In Chapter 2, I provide more insight on the health and 

performance effects on male Holstein calves raised at a commercial facility when imposing a 

delayed moderate increase in the level of milk fed (MM), compared to calves remaining on a 

lower level of milk (LM), while gradually weaning by a two-step (2-step) or a four-step (4-step) 

program. Chapter 3 provides insight on two gradual weaning practices (multi-step (MG) vs. 

continuous (CG)) and how they may impact weaning success. Additionally, in Chapter 3, I 

investigated the impact of how the location of offered solid feed can affect calf feed consumption 

and performance, by offering calves their feed adjacent (ADJ) or opposite (OPP) their milk 

source in individual pens. Finally, in Chapter 4 I provide information on the effects of a milk by-

product-based calf starter feed treatment (WF), compared to a grain-based feed treatment (GF), 
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on feed consumption and performance when calves are fed either of two levels of milk (high 

(HM) vs. low (LM)). 

 In Chapter 2, I demonstrated that feeding the LM treatment to calves resulted in increased 

solid feed DMI during d 22 to 45 after arrival to a calf rearing facility, which was to be expected 

as restricting milk increases solid feed DMI (Terré et al., 2007; Hill et al., 2010; Miller-Cushon 

et al., 2013a). However, calves on the MM treatment caught up in DMI, resulting in similar feed 

consumption levels in the postweaning phase for both milk treatments. This indicates that calves 

fed more milk, are capable of catching up in solid feed intake rapidly during the weaning process 

compared to calves fed restricted levels of milk, in agreement with previous work (Jasper and 

Weary, 2002; Hill et al., 2016). Surprisingly, this was not the case in Chapter 4. In Chapter 4, 

HM calves consumed lower amounts of solid feed DMI for the majority of the trial compared to 

LM treatment calves. As weaning programs can impact DMI, it is possible that the way calves 

were weaned off the higher levels of milk in Chapter 4, with small equal increments over 21 d, 

was not as optimal as either the 2-step or 4-step gradual weaning programs over 16 d employed 

in Chapter 2. Chapter 2 MM treatment calves were offered a maximum 9 L/d, compared to HM 

treatment calves in Chapter 4, who were offered up to 15 L/d. This difference in the maximum 

milk replacer allowance for the milk level treatments between Chapter 2 and 4 may have also 

resulted in Chapter 2 MM calves catching up to LM calves DMI postweaning, while Chapter 4 

HM calves lagged behind LM calves postweaning DMI. Interestingly, in both Chapter 2 and 4 I 

demonstrated similar results for rumen development markers, with all calves regardless of the 

level of milk fed finishing the trials with similar rumen development.  
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In Chapter 2, regardless of the gradual weaning program used, providing calves a 

moderate increase in milk after a 12 d acclimation period to a calf rearing facility, did not 

provide the predicted health and growth benefits. Calves on the MM and LM treatments 

experienced similar, high incidences of morbidity. Although, MM calves had a numerically 

lower number of days scored with respiratory disease, indicating a potential health improvement 

compared to LM treatment calves. A possible limitation that resulted in the lack of health and 

growth differences between MM and LM milk treatments may have been a lack of power. 

Consequently, it is possible that if a larger sample size was studied, small differences between 

treatments may have been detected. However, even with a larger sample size used in Chapter 4, 

the morbidity incidence results also indicated no effect of milk allowance.   

In Chapter 2, calves on the MM treatment had similar BW and body size measurements, 

and a lower ADG during weaning (d 38 to 46), than calves on the LM treatment. In Chapter 4, 

the HM treatment calves had improved growth in the preweaning phase, however, calves fed 

higher levels of milk (HM treatment) had lower ADG in the second (d 50 to 56) and third week 

(d 57 to 63) of the weaning phase, and first week postweaning (d 64 to 70). The ADG results in 

the weaning phase for Chapter 2 and Chapter 4 both indicate calves fed lower levels of milk 

grew better in the weaning phase, likely due to their DMI being greater and those calves being 

better prepared for consuming solid feed, as opposed to milk, for their nutrients. The lack of 

growth benefits for MM treatment calves in Chapter 2 were likely due to the delay in milk 

increase, as well as the moderate increase may not have been sufficient early enough in life to 

result in growth benefits.  
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 Gradual weaning programs can impact solid feed intake, as a reduction in milk allowance 

can stimulate feed consumption (Khan et al., 2007b; Steele et al., 2017). Despite the hypothesis 

of having larger more noticeable reductions in milk stimulating increased feed consumption, 

calves did not show any differences when weaned by the varying weaning programs in Chapter 2 

or 3. In Chapter 2, the 2-step and 4-step treatments resulted in similar DMI in the weaning and 

postweaning phases, as well as similar growth and blood BHB responses. Similarly, in Chapter 

3, calves weaned by the MG (larger, more noticeable milk reductions) and by the CG 

(continuous, small milk reductions) treatments over a 14 d weaning phase had similar feed and 

water intakes, ADG, blood BHB, and behavior outcomes. There is a potential for structural 

growth benefits when weaning with the MG compared to CG treatment, as was seen with greater 

middle girth gain in wk 7, during the weaning phase; however, no other growth measurement 

differences were detected. Despite no benefits detected when comparing gradual weaning 

programs to one another (as in Chapter 2 and Chapter 4), it is important to note some type of 

gradual weaning program is required to optimize calf performance and welfare compared to 

abrupt weaning. Additionally, although only one weaning method was used in Chapter 4, it is 

interesting that using a similar weaning method as in Chapter 3’s CG treatment (small, equal 

increments), but over an additional wk (21 vs. 14 d) still resulted in a growth slump when 

weaning calves off a high level of milk, indicating future work is needed in this area.  

 Solid feed factors may also influence weaning. In Chapter 3 and Chapter 4 I investigated 

manipulating solid feed factors, and both resulted in some benefit on preweaning DMI. In 

Chapter 3, calves on the ADJ treatment, with their solid feed offered in close proximity to the 

location of their milk source, had greater solid feed DMI and milk intake in the preweaning 

phase, and greater water intake in all three phases compared to calves on the OPP treatment. The 
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increased feed and milk consumption in the preweaning phase, likely drove the greater ADG and 

tendency for greater blood BHB concentrations detected for ADJ compared to OPP in the 

preweaning phase. The ADJ calves were observed vocalizing less during behavioral observations 

than OPP calves in the postweaning phase, possibly indicating less stress was experienced by 

ADJ calves (Thomas et al., 2001). In Chapter 4, calves fed the WF treatment tended to have 

greater solid feed DMI in the preweaning phase, while DMI was similar during the weaning and 

postweaning phases compared to GF treatment calves. The WF treatment calves also had greater 

water intake in the preweaning phase and tended to have greater water intake in the weaning 

phase, but postweaning water intakes were similar compared to GF treatment calves. However, 

this increase in DMI and water intake preweaning on the WF treatment did not translate into any 

growth or rumen development advantages over GF treatment calves, likely due to the DMI 

difference being too small to elicit physiological changes.  

5.2 Limitations and Future Research 

 In general, the results of my thesis provide insight on some nutritional and management 

factors that can influence weaning success. However, when interpreting and generalizing these 

results to form practical recommendations, caution must be exercised due to limitations in the 

studies. Additionally, the results of this research provide insight on areas that need additional 

work in the future.  

 In Chapter 2, male calves were studied after arrival to a commercial calf rearing facility 

designed to rear veal calves. Therefore, caution must be used in interpretation and application of 

these results to heifer calves and other rearing facilities or dairy farms. Background history such 

as age, source, travel history, colostrum management, or prior feeding program before arrival to 
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the facility was unknown in that study. All of these factors can influence the body size that 

calves started the trial at, as well as their current and future health, all of which could have 

impacted their response to the milk feeding and weaning treatments applied. Although initial BW 

was measured and utilized when appropriate as a covariate, the age distribution of calves across 

treatments was unknown. This is a particular issue, as calves increase their solid feed 

consumption with age (Jasper and Weary, 2002; Eckert et al., 2015), allowing the possibility of 

one treatment being biased with older calves, skewing the solid feed and consequently growth 

and rumen development results. Future work should be done with enrolled calves being a known 

and consistent age, with a consistent colostrum and management background, as these early life 

practices can influence long-term performance. As serum total protein levels were not measured 

in either Chapter 2 or Chapter 3, it is possible there was also an imbalance in calves with failed 

transfer of passive immunity on certain treatments, which may have impacted their treatment 

responses. This was likely more of an issue with Chapter 2, as in Chapter 3 all of the calves were 

born and reared on the same facility, with a strict colostrum feeding protocol. With the potential 

negative impacts of failed of transfer of passive immunity (FTPI) (Beam et al., 2009; Raboisson 

et al., 2016), it reinforces the point that it should be industry standard to assess levels of FTPI in 

every herd  and all calves arriving at a calf rearing facility, in order for all studies to limit bias of 

having differences in FTPI between treatments.  .  

 In addition to passive immunity status at enrollment, the level of disease calves faced in 

both Chapter 2 and Chapter 4 can be viewed as a limitation of this work. Calves in Chapter 2 had 

an extremely high level of morbidity for NCD and respiratory disease, while calves in Chapter 4 

had very high levels of NCD. These reported morbidity levels in Chapter 2 and 4 are much 

higher than the normally reported levels in the industry (Pardon et al., 2012; Walker et al., 2012; 
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Urie et al., 2018b). As morbidity can negatively impact performance outcomes, such as growth 

(Windeyer et al., 2014), it is possible the lack of growth benefits for the MM treatment in 

Chapter 2, and the WF treatment in Chapter 4, were related to this high morbidity. Future work 

should be done to identify if delaying a milk increase with calves facing lower levels of disease, 

can provide benefits. Interestingly, studies in Chapter 3 and Chapter 4 were conducted at the 

same research facility, however, calves in Chapter 4 had over double the level of cases of NCD 

than those studied in Chapter 3. Colostrum management was the same between the two studies, 

and diagnosis and treatment of NCD were also similar. Another calf trial conducted at the same 

facility tested for fecal pathogens and identified Cryptosporidium parvum was present, and also 

reported a high (83%) incidence of NCD (Medrano-Galarza et al., 2018), which may have been 

the leading cause of NCD experienced by calves in Chapter 3 and 4. However, the reason for 

level of NCD in Chapter 4 being much higher than Chapter 3 is unknown, as colostrum 

management, individual housing system, and pen disinfection protocols were similar. The effect 

of feeding the milk by-product-based feed (WF) to calves, as done in Chapter 4, in a facility with 

lower levels of NCD would be of interest to explore more.   

Delaying the increase in milk fed to the MM calves until d 13 in Chapter 2, opposed to 

offering the increase upon arrival, may have been a contributing factor as to why the calves fed 

more milk replacer did not grow faster and had similar health compared to calves fed lower 

levels. Providing access to high levels of milk from birth can increase growth (Knauer et al., 

2018) and improve health (Jorgensen et al., 2017). Therefore, providing calves a moderate or 

higher level of milk compared to low level immediately after arrival to a calf rearing facility 

remains an area to cover. These calves are susceptible to increased disease challenge as they are 
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commonly transported, stressed, and comingled with others, and they are likely to benefit from 

increased nutrition as soon as they arrive to such a facility. 

 Although gradual weaning has been demonstrated to improve weaning success when 

weaning off high levels of milk (Khan et al., 2007; Hill et al., 2012; Steele et al., 2017), the 

utilized weaning method in Chapter 4 may not have been optimal. The gradual weaning program 

that was used, resulted in some HM treatment calves experiencing the initiation of milk 

reduction, and thus weaning, later than calves fed low levels of milk. This is due to HM calves 

not consuming their maximum allowance each day and weaning in small equal increments over 3 

wk. As a large drop in milk can encourage feed consumption (Khan et al., 2007; Steele et al., 

2017), and weaning duration (Sweeney et al., 2010) and age (Eckert et al., 2015) impacts 

weaning success, it is likely HM calves in Chapter 4 were not on an optimal weaning program to 

stimulate feed intake and support growth during weaning. This weaning method issue with HM 

calves may have impacted the measured outcomes for calves fed either the WF (milk by-product-

based pellet) or GF (grain-based ration) feed treatments and the HM milk treatment in Chapter 4. 

Future work is required that weans calves at a later age, and with a program that stimulates feed 

intake at the start of weaning, when also feeding the milk by-product-based feed (WF) to 

determine if the lack of benefits from the feed treatment was due to the weaning method stunting 

the HM treatment calves, or the feed treatment itself.  

 The lack of differences in the present studies (Chapter 2 and Chapter 3) when testing 

different weaning methods may suggest that the utilized weaning methods resulted in similar 

outcomes under the tested conditions. However, the 2-step and 4-step reduction programs in 

Chapter 2 were off moderate and low levels of milk and may influence weaning differently when 
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calves are weaned off high levels of milk. Additionally, the gradual weaning programs tested in 

Chapter 3 (MG and CG), may not have had a large enough initial drop to stimulate feed 

consumption. Furthermore, these programs in Chapter 2 and 3, may have been too similar by 

design, to result in measurable differences. Additional research is required to accurately provide 

recommendations on how to wean calves off high level and moderate levels of milk; this might 

include an earlier large initial drop, followed by different gradual weaning programs. Also, in my 

thesis studies calves were all housed in individual pens, with auditory and visual contact with 

neighboring calves; however, minimal physical contact occurred between calves. The effects of 

the tested nutritional and management factors studied in my thesis should be investigated in 

group housing systems, as social contact can influence aspects of calf behavior, feed 

consumption, and health (Costa et al., 2016), and the impact group housing has on the effects of 

the investigated factors in my thesis that may influence weaning success is an important area 

lacking research.  

Furthermore, calf behavior, health, feed consumption, and growth all interact with one 

another. It is important to assess all of these factors when making conclusions for weaning 

recommendations, while the method used to measure outcomes is also important to get a clear 

conclusion. All studies I performed for my thesis have limitations in their behavior 

measurements or are completely lacking measuring behavior (Chapter 2). Only in Chapter 3 did I 

measure behavior through behavioral observations, although this was only done for 1 hour twice 

a week following an afternoon milk feeding. In addition, health was not assessed daily on any 

trial, which can fluctuate quickly and disease events may have been missed through the 

assessment methods utilized. Also, measurements of rumen development in all studies were 

either lacking or infrequent, potentially missing daily or weekly effects treatments had on rumen 
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development. An example of the possible issue was spot sampling of rumen fluid in Chapter 4. 

Spot sampling of rumen fluid pH does not allow for the duration under pH 5.8 to be determined, 

and animal to animal variation of rumen pH can be quite large for calves (Laarman and Oba, 

2011). Additionally, VFA concentrations fluctuate greatly with time after starter is fed, and 

although VFAs were spot sampled at a similar time from offering fresh feed, the difference 

between each hour has the potential to impact results (Suarez-Mena et al., 2015), and the timing 

of a solid feed meal for each calf was unknown. Therefore, VFA and rumen fluid pH results in 

Chapter 4 should be interpreted with caution when making conclusions about rumen 

development and rumen health. When developing future studies focused on assessing weaning 

success, measuring multiple indicators of behavior, performance, and rumen development all 

need to be done well to make conclusions and recommendations based on outcomes.  

 In Chapter 3, the effect of location of solid feed in individual pen was investigated, 

however, due to facility design, the location of water was not able to be altered and all calves had 

water opposite of their milk source. Therefore, there is the possibility that ADJ calves may have 

had different water intakes if they had their water and feed side by side, as in the OPP treatment.  

When assessing the impact of novel feeds on dairy calf performance and weaning 

success, consideration should be taken when transitioning calves onto a conventional diet. The 

milk by-product-based feed investigated in Chapter 4, seemed to provide feed intake benefits 

prior to weaning regardless of the level of milk fed. It was previously demonstrated that a short 

term benefit could be achieved by using a similar type of feed, but when supplementing the milk 

by-product-based pellet with grain, calves lose this solid feed intake benefit over calves always 

on a grain based feed (Terré et al., 2016). Feeding only the milk by-product-based starter feed for 
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a longer period of time, at different amounts, and the method of transitioning to or 

supplementing with a grain-based feed are all areas that require further work.  

5.3 Implications 

 The results of my thesis support recommendations for practices dairy producers can 

employ to set calves up for a more successful weaning. Feeding calves high levels of milk early 

in life allows calves to reach their preweaning growth potentials, without sacrificing long-term 

rumen development. Additionally, to encourage greater solid feed consumption and potentially a 

better weaning transition when feeding high levels of milk, solid feed should be placed in close 

proximity to where calves get their milk from. Utilizing a gradual weaning program, by reducing 

milk in multiple large drops, or small and continuous reductions, is necessary to stimulate solid 

feed intake and promote welfare when weaning calves off high levels of milk. Finally, feeding 

calves a milk by-product-based starter feed in the preweaning phase, can also help encourage 

feed consumption early in life, regardless of milk feeding level. Overall, dairy producers should 

consider all aspects of nutritional programs and management when developing optimal calf 

rearing protocols to help ease calves through the stressful weaning transition.
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