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ABSTRACT
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Advisors:
Drs. J.M. Sargeant and S.T. Millman

Free-access acidified milk feeding is increasingly being adopted to feed dairy and
veal calves. Acidification is used to preserve milk and facilitate free-access feeding.
There is, however, little controlled research to support the adoption of free-access
acidified milk feeding over traditional feeding programs. The objectives of this thesis
were to describe the preweaned calf management and feeding practices used on dairy
farms in Ontario, Canada, and to investigate the effects of milk replacer acidification and
free-access feeding on the productivity and welfare of calves. A total of 140 Ontario
dairy producers participated in a cross-sectional study and were surveyed about on-farm
calf management and feeding practices. Results from this study documented that there are
currently a range of management practices and several different feeding programs being
used on farms. Colostrum and milk feeding management are the areas where the most
progress has been made in recent years; however, several other aspects of calf
management and feeding still warrant improvement. A pilot study was conducted to
examine the effects of milk replacer acidification and free-access feeding on the nutrient
intake, growth, rumen papillary development and behaviour of calves. A field study was
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designed to evaluate the effects of a free-access acidified milk replacer feeding program
on the pre and postweaning health and growth of dairy and veal calves. A randomized
controlled study was completed to investigate how milk replacer acidification, under freeaccess feeding conditions, affects the pre and postweaning performance and health of
veal calves. Results from these studies demonstrated that milk replacer acidification
limited calves’ intake of milk replacer by approximately 1 L/d, resulted in more
fragmented feeding behaviour, promoted earlier solid feed intake and tended to support
improved respiratory health, but had little impact on rumen development or long-term
calf performance. Moreover, free-access feeding facilitated larger intakes of milk,
resulted in fewer signs of hunger or frustration, and supported greater preweaning
growth, but delayed the onset of solid feed consumption and appeared to negatively affect
rumen development, compared to restricted feeding. Collectively, these results
demonstrate that free-access acidified milk feeding promotes greater early life
productivity and enhances calf welfare.
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CHAPTER 1: LITERATURE REVIEW
1.1. INTRODUCTION
Dairy production is an important component of the Canadian agriculture and agrifood sector. National summary statistics indicate that milk is currently produced on more
than 12,700 Canadian dairy farms and sold under a quota supply management system
(Government of Canada, 2012). These dairy farms are distributed across Canada, with
approximately 82 % of farms located in Ontario and Quebec (Government of Canada,
2012). Animal inventory numbers estimate that more than 985,000 adult cows and
444,000 replacement heifers reside on Canadian dairy farms (Government of Canada,
2012). In 2011, dairy ranked third overall among agricultural production systems in
Canada, with a total of $5.81 billion in farm cash receipts and $13.7 billion in off-farm
product sales (Canadian Dairy Information Centre, 2012). Thus, it is evident that dairy
production in Canada has given rise to a very successful and expansive dairy industry.
However, for the dairy industry to remain sustainable, a consistent supply of high-quality
replacement heifers needs to be maintained. Replacement heifer management programs
are developed with the goal of heifers producing their first calf by 2 yr of age, so that
they can enter into the lactating herd to facilitate culling of cows with poor milk
production, infertility problems, sickness or injury. Early life nutrition and management
are important factors that can influence the survival and future productivity of
replacement heifers (Bach, 2011; Heinrichs and Heinrichs, 2011; Rincker et al., 2011;
Soberon et al., 2012). Hence, the following literature review will focus on the milk
feeding management of calves. Through this literature review differences in rearing
conditions for calves in natural versus commercial production environments will be
highlighted, milk feeding management practices used on farms will be summarized, and
1

the effects of milk feeding management on the productivity and welfare of calves will be
critically appraised.
1.2. CALVES REARED UNDER NATURAL CONDITIONS
Domestic cattle (Bos taurus and Bos indicus) are descendants of the wild ox or
aurochs (Bos primigenius) (Ajmone-Marsan et al., 2010). The earliest evidence for
domestication of this wild species has been traced back to a small number of aurochs in
the early Pre-Pottery Neolithic B period (8800 to 8300 cal. BC) (Hongo et al., 2009;
Bollongino et al., 2012). Aurochs were once ubiquitous throughout most of the northern
hemisphere; however, as a result of widespread hunting and loss of habitat, animal
numbers declined and the species died out in the early 17th century (Clutton-Brock,
1999). The closest living relatives to aurochs in their natural state are domestic cattle
living under free-range or semi-wild conditions, and with minimal to no human
intervention. Free-range or semi-wild cattle herds have been observed with the objective
to gain greater insight into the behaviour and social relationships of cows in relatively
natural environments. This information on the natural behaviour of cattle can be used to
develop commercial management and housing systems that promote positive affective
experiences and better support the behavioural needs and skill development of cows
(Špinka, 2006; von Keyserlingk et al., 2009).
Cattle have naturally evolved as grazing animals that live in social groups or herds
(Lazo, 1994). The size and social structure of these groups can vary widely. More than 80
% of cattle in the Mapimí Biosphere Reserve in the Chihuahuan Desert of Mexico (n =
~1,000) reportedly live in small social groups of fewer than 10 animals (Hernandez et al.,
1999). In contrast, analysis of home range behaviour of cattle in the Biological Reserve
2

of Doñana in southwestern Spain (n = 247 animals) established that 4 cow herds, ranging
in size from 27 to 81 animals, reside within the park (Lazo, 1994). Cow herds under
natural conditions are usually made up of several adult female cows, their juvenile
offspring, and a few adult male animals; however, males may also live separately in
bachelor groups (Reinhardt and Reinhardt, 1981; Hall, 1986; Lazo, 1994). Herd
membership is relatively stable, with cows exhibiting a strong affinity for their herdmates and rarely interacting with animals from other herds (Reinhardt and Reinhardt,
1981; Lazo, 1994).
Cattle often withdraw from the herd around the time of parturition to seek out an
isolated calving site (Lidfors et al., 1994b; Phillips, 2002). Maternal isolation prior to
calving allows the cow to give birth without disruption from her herd-mates, facilitates
bonding between the dam and her newborn, and minimizes the risk of predation against
the calf. Cattle under natural conditions generally favour calving locations that provide a
dry and soft lying surface, and vegetation or overhead shelter for hiding (Lidfors et al.,
1994b). The maternal bond develops quickly after calving, as the cow licks and nurses
her newborn (Lidfors and Jensen, 1988; Phillips, 2002). The newborn calf usually
remains hidden in vegetation during the first few days of life, while its dam grazes in the
general vicinity of the birthing site or nearby with her herd-mates (Vitale et al., 1986).
After spending several days in isolation, together the cow and calf rejoin their herd. Cows
and their calves are known to develop long-term cohesive relationships, wherein a cow’s
offspring are her preferred partners for grazing and grooming activities (Reinhardt and
Reinhardt, 1981). Siblings and non-related calves of similar ages may also form strong
attachments, characterized by long periods of time spent resting and grazing in close
3

proximity to each another, or engaging in play behaviour (Reinhardt et al., 1978;
Reinhardt and Reinhardt, 1981; Vitale et al., 1986).
Calves kept under natural living conditions have the opportunity to freely nurse
until satiated. It has been estimated using a weigh-suck-weigh technique that HerefordAngus range calves consume between 5 and 10 kg of milk daily (Ansotegui et al., 1991).
In addition, calves generally spend an average of 15 to 65 min each day actively sucking
their dams (Reinhardt and Reinhardt, 1981; Odde et al., 1985; Vitale et al., 1986; Day et
al., 1987). Even though calves are able to nurse throughout the entire day, their sucking
activity tends to peak during the early morning and late afternoon hours (Reinhardt and
Reinhardt, 1981; Odde et al., 1985; Vitale et al., 1986). Calves usually perform 5 or more
nursing bouts daily (Vitale et al., 1986; Day et al., 1987; Lidfors and Jensen, 1988), and
these bouts are most often initiated and terminated by the calf (Vitale et al., 1986; Lidfors
et al., 1994a). Mean nursing bout duration ranges from 7 to 17 min (Odde et al., 1985;
Vitale et al., 1986; Day et al., 1987; Lidfors and Jensen, 1988; Lidfors et al., 1994a).
There are specific aspects of nursing behaviour, most notably bout frequency and
duration, which are influenced by calf age / stage of lactation. Day and colleagues (1987)
reported that calves less than 2 mo. of age performed between 7 to 11 nursing bouts per
day, with each bout lasting approximately 7.5 min in duration; whereas, at 5 mo. of age,
calves engaged in fewer than 5 nursing bouts daily that were each approximately 10 min
long. Calves naturally wean at some point between 7 and 14 mo. of age, with females and
males weaning at an average of 9 and 11 months, respectively (Reinhardt et al., 1978;
Reinhardt and Reinhardt, 1981). The natural weaning transition is initiated by the dam
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and gradually occurs over a period of approximately 2 week (Reinhardt and Reinhardt,
1981).
1.3. CALVES REARED UNDER COMMERCIAL PRODUCTION CONDITIONS
1.3.1. General Overview of Calving and Housing Management
Several large-scale observational studies on the health and management of dairy
and veal calves have been conducted in the United States and parts of Canada (WaltnerToews et al., 1986c; Sargeant et al., 1994; Stull and McDonough, 1994; USDA, 2010;
Vasseur et al., 2010). Taken together, results from these studies provide a broad overview
of how calves are raised on North American dairy and veal farms. Moreover, these results
demonstrate that commercial dairy and veal production conditions differ markedly from
the natural living situation. One major difference is calving management on commercial
dairy farms. On most North American dairy farms, cows are calved indoors in either a
designated maternity pen or directly in the main freestall / tiestall area for the lactating
herd (Waltner-Toews et al., 1986c; USDA, 2010; Vasseur et al., 2010). There are benefits
and disadvantages associated with indoor calving management. For example, cows can
be monitored closely during all stages of labour, and in the event of dystocia or other
complications, farm staff or a veterinarian can intervene and provide assistance to the
cow and calf. Indoor calving also allows farm staff the opportunity to administer perinatal
preventive treatments, perform umbilical disinfection and ensure that the calf consumes
enough colostrum within a timely manner after birth. Nevertheless, there are many
different calving assistance protocols and newborn calf care practices used on North
American dairy farms (Waltner-Toews et al., 1986c; USDA, 2010). The main
disadvantage with using indoor calving facilities is the heightened risk of disease
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transmission to the newborn calf. In particular, inadequate cleaning and hygiene practices
in the calving area can expose calves to greater infection pressure. Moreover, even
though it is considered a high-risk management practice, it has been documented that
more than one-third of dairy producers in the United States and Quebec, Canada, use
their calving facilities to house sick cows (USDA, 2010; Vasseur et al., 2010).
On commercial dairy farms it is routine practice for calves to be separated from
their dam within a few hours of birth. Early separation and removal of newborn calves
from the calving environment are considered important steps in infectious disease control
programs, in an effort to prevent transmission of pathogens from the environment to the
calf (Collins et al., 2010; Sorge et al., 2011). Recent survey estimates indicate that
approximately three-quarters of North American dairy producers separate calves from
their dam within 12 h of birth (USDA, 2010; Vasseur et al., 2010). Calves on some farms
may be allowed to nurse colostrum prior to separation from the dam; however, the
majority of calves born on dairy farms in the United States and Canada are hand-fed
colostrum using a bottle, bucket or esophageal feeder (Trotz-Williams et al., 2008; Beam
et al., 2009; USDA, 2010; Vasseur et al., 2010). In general, it is recommended that calves
not be left with their dam and be given the opportunity to nurse because this practice can
lead to delays in colostrum ingestion, does not allow for colostrum intakes to be
measured, increases the risk of calf exposure to pathogenic material in the environment or
on the cow’s udder, and is a risk factor for failure of passive transfer of immunity,
preweaning morbidity and preweaning mortality (Waltner-Toews et al., 1986a; WaltnerToews et al., 1986b; Besser et al., 1991; Lundborg et al., 2005; Godden, 2008; Beam et
al., 2009). Hand-feeding is widely considered a more appropriate colostrum feeding
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method because this practice allows producers greater control over the timing, quality
and amount of colostrum fed to calves. Therefore, to better protect calves against disease
challenges later in life, it is currently recommended that all calves be hand-fed at least 4
L of good quality colostrum within 12 h of life, with the first meal being fed no more
than 6 h after birth (National Farm Animal Care Council, 2009).
Several different types of calf housing facilities are used on commercial dairy and
veal farms. Calves on approximately three-quarters of dairy farms in North America are
housed in individual pens or outdoor calf hutches during the preweaning period (WaltnerToews et al., 1986c; USDA, 2010; Vasseur et al., 2010). Similarly, most veal calves are
housed for at least part of the production cycle in individual pens or crates, and tethering
may be used to restrict calf movement (Sargeant et al., 1994; Stull and McDonough,
1994; Wilson et al., 1999). Individual housing management has long been promoted as an
effective way to reduce calf morbidity and mortality (Waltner-Toews et al., 1986a;
Waltner-Toews et al., 1986b; Losinger and Heinrichs, 1997; Losinger and Heinrichs,
1997; Svensson et al., 2003). In recent years, however, there has been a considerable
amount of public and scientific criticism directed towards individual housing systems
because of the associated negative impacts on calf welfare (Jensen et al., 1997; Jensen et
al., 1998; De Paula Vieira et al., 2010). The main concerns with individual housing is that
calves are isolated and do not have the opportunity to engage in social interaction with
their herd-mates, and reduced space allowances often restrict calves’ freedom of
movement and their ability to adopt normal resting postures (Stull and McDonough,
1994; Wilson et al., 1999; Chua et al., 2002). Group-housing systems are increasingly
being promoted, as long as producers are committed to closely monitoring the calves and
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the number of animals per group is kept small, as viable and welfare-friendly housing
alternatives for young calves (Jensen et al., 1997; Chua et al., 2002; Babu et al., 2004;
Svensson and Liberg, 2006). The dairy and veal industries have already begun moving
forward with the implementation of group-housing management systems. More than 25
% of dairy farms in the United States are currently using group pens to house their
preweaned calves, and almost all farms manage their weaned heifers in groups (USDA,
2010). In addition, the American Veal Association is actively working towards
transitioning all veal farms in the United States to group-housing facilities by the end of
2017 (American Veal Association, 2007). Thus, even though the housing management
for calves reared under commercial production conditions is very different from the
natural situation, the movement toward group-housing systems allows calves greater
opportunity to engage in social behaviour, more freedom of movement, and improved
calf welfare.
1.3.2. General Overview of Nutritional and Milk Feeding Management
Calves are pre-ruminant animals at birth and need to make the transition to
functioning ruminants before they are switched from their reliance on milk to a forage or
grain-based diet (Davis and Drackley, 1998). Early life nutrition is the single most
important factor that influences this transition and the overall postnatal development of
the digestive system (Baldwin et al., 2004; Drackley, 2008). The main components of
early life nutrition programs are milk, water, and solid feed. It is widely recommended
that calves be offered water and solid feed within 1 to 3 d of life (Davis and Drackley,
1998; Drackley, 2008; Dairy Calf and Heifer Association, 2012). However, on most dairy
farms in the United States, water and solid feed are not introduced until a mean age of 15
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and 9 d, respectively (USDA, 2010). Moreover, it has been estimated that calves on more
than 25 % of dairy farms in Quebec, Canada, are not offered water or solid feed until
calves are at least 1 week of age or older (Vasseur et al., 2010).
Calves receive the majority of their nutrition from milk during the pre-ruminant
phase (Drackley, 2008). Once calves begin to actively consume solid feed at 2 to 3 week
of age, they move into the transitional phase of development. Calves continue to consume
milk throughout this transitional phase, and the onset of solid feed ingestion produces a
number of physiological changes in the calf. Most notably, the reticulo-rumen begins to
ferment solid feed, which stimulates the production of volatile fatty acids (butyric,
propionic, and acetic acids) and the differentiation of rumen epithelial tissues (Sander et
al., 1959; Tamate et al., 1962; Baldwin et al., 2004; Drackley, 2008). Moreover, the
physical bulk of feed in the reticulo-rumen will lead to increases in rumen mass and
promote musculature development (Tamate et al., 1962). Once the rumen papillae are
functional and the digestive system is sufficiently developed to support the digestion of
starches, other carbohydrates and non-milk proteins, calves can be weaned off milk and
they move into the ruminant phase of life (Drackley, 2008).
1.3.3. Milk Products Fed to Calves
Several different types of milk and milk substitute products are routinely fed to
preweaned calves. Saleable whole milk is often cited as the optimum feed choice for
calves, as this is the natural product from the cow, and is readily available on dairy farms
(Davis and Drackley, 1998; Moore et al., 2009). There is, however, an economic cost
associated with feeding saleable whole milk to calves, namely in the form of lost revenue
from milk sales. This is generally less of an issue in Canada, where milk is produced and
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sold under a supply management quota system, and surplus saleable whole milk is often
available on farms. In the United States, it has been estimated that approximately 30 % of
dairy producers feed saleable whole milk to their preweaned heifer calves (USDA, 2010).
Non-saleable whole milk is an inexpensive feed option for calves. Non-saleable
whole milk is a term coined to describe a pooled mixture of surplus colostrum, transition
milk, and milk withheld after drug treatment (Drackley, 2008). Some producers may
view this feedstuff as “free milk” because it cannot be sold for human consumption, and
would otherwise have to be discarded. However, there are inherent risks associated with
feeding non-saleable whole milk to young calves, which may negate some of the
perceived benefit of this feedstuff. The first major risk is that calves are consuming a feed
that likely has high levels of bacterial contamination and antibiotic residues (Selim and
Cullor, 1997; Ruzante et al., 2008; Moore et al., 2009), which can negatively impact the
health and performance of calves (Jamaluddin et al., 1996a; Jamaluddin et al., 1996b;
Walz et al., 1997), and potentially lead to the development of antibiotic resistance
(Langford et al., 2003; Aust et al., In press). Another concern with feeding non-saleable
whole milk is the inconsistency of the milk product. Moore and colleagues (2009)
demonstrated that there can be large day-to-day variability in the total solids percentage
of non-saleable whole milk fed to calves. As such, these differences in nutrient content
make it difficult to ensure that calves are actually receiving the expected total amount of
milk solids per day, which in turn, can negatively affect calf performance (Hill et al.,
2009). Despite these concerns, however, between 30 and 50 % of dairy producers in the
United States and Quebec, Canada, indicate that they feed non-saleable whole milk to
their calves when it is available (USDA, 2010; Vasseur et al., 2010).
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Many commercial milk replacers have been developed and successfully marketed
as milk substitute products for calf feeding. Some of the main benefits of feeding milk
replacer are the reduced risk of disease transmission, overall daily consistency of the feed
consumed by the calves, and the ease of storage (Davis and Drackley, 1998; Drackley,
2008). Milk replacers are a more expensive feedstuff than saleable or non-saleable whole
milk; thus, producers need to weigh the costs and benefits of this feed. There are several
factors, including protein and fat levels, type of protein sources and the inclusion of
medications that producers need to take into consideration when selecting a milk replacer
to feed to their calves (Bovine Alliance on Management & Nutrition, 2008).
Conventional milk replacers generally contain between 20 and 22 % crude protein (CP)
(Davis and Drackley, 1998; Drackley, 2008; USDA, 2010). In recent years, however, a
number of new milk replacer products have been developed to more closely resemble the
composition of whole milk. These products are formulated to contain up to 26 or 28 %
CP, and are used as part of aggressive milk feeding programs that target greater early life
growth rates (Diaz et al., 2001; Bartlett et al., 2006; Drackley, 2008). Protein in milk
replacer is either derived entirely from milk proteins (skim milk, whey, dried whey
product, or casein), or a combination of milk and alternative protein sources (soy, wheat,
or animal plasma proteins) (Davis and Drackley, 1998; Bovine Alliance on Management
& Nutrition, 2008; Drackley, 2008). These proteins must be highly digestible, have a
balanced amino acid profile and show acceptable mixing and solubility properties
(Drackley, 2008). Most milk replacers contain between 10 and 28 % fat (Bovine Alliance
on Management & Nutrition, 2008). In general, milk replacers with lower fat content
promote greater lean tissue deposition under thermo-neutral conditions; whereas, higher
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fat contents are often fed during cold weather to better satisfy calves’ increased
maintenance requirements (Bovine Alliance on Management & Nutrition, 2008;
Drackley, 2008).
Milk replacers may be medicated with a coccidiostat or low levels of antibiotics,
primarily neomycin sulfate and oxytetracycline, in an effort to improve the health and
performance of calves (Quigley et al., 1997; Berge et al., 2005). Waltner-Toews and
colleagues (1986a) reported that feeding medicated milk replacer and solid feed was
associated with reduced odds of Ontario dairy farms being classified as having abovemedian incidence rates for respiratory disease. In 2007, it was estimated that heifer calves
on 70 % of dairy farms in the United States were fed milk replacer prior to weaning
(USDA, 2010). Of the farms feeding milk replacer, approximately 82 % fed a milk
replacer product that was medicated with coccidiostats or antibiotics. However, in 2010,
the U.S. Food and Drug Administration implemented new regulations for the
manufacture and use of medicated milk replacers in the United States (Jones and
Heinrichs, 2009). These regulations mandated a number of changes, including that: i) the
neomycin to oxytetracycline inclusion ratio in medicated milk replacer was to be lowered
from 2:1 to 1:1, ii) the maximum dosage allowance for continuous feeding of medicated
milk replacer to improve weight gain and feed efficiency was to be reduced to 0.05 mg /
kg body weight (BW), and iii) the maximum dosage allowance for short-term feeding (up
to a total of 14 d) to treat and control bacterial enteritis and pneumonia was to be
increased to 4.5 mg / kg BW. Thus, it is anticipated that these new regulations have likely
resulted in widespread changes in how frequently medicated milk replacers are being
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used in calf feeding. Future studies need to formally quantify the effects of these
regulations on calf feeding
1.3.4. Milk Feeding Strategies
Calves on North American dairy and veal farms are generally raised on either a
traditional or an enhanced milk feeding program (Drackley, 2008; Khan et al., 2011).
Traditional milk feeding programs restrict calves’ daily intake of whole milk or milk
replacer to a rate of 8 to 10% of birth BW (approximately 3 to 6 L / d) (Drackley, 2008).
This restricted daily milk allowance is most often distributed across two meals daily, and
fed by either open bucket or nurse bottle. The rationale behind restricting milk intake is to
encourage early solid feed consumption and promote rumen development, so that calves
can be weaned off milk at younger ages (Drackley, 2008; Khan et al., 2011). The average
weaning age for calves on North American dairy farms is currently 8 week, with the
majority of calves being weaned at some point between 6 and 10 week of age (USDA,
2010; Vasseur et al., 2010).
Enhanced milk feeding is a group of new milk feeding programs that have been
developed and implemented based on a shared, common goal: to provide calves with
more nutrition in early life than traditional milk feeding methods (Drackley, 2008;
Anderson, 2011; Khan et al., 2011). This goal can be achieved by increasing the milk
feeding rate, feeding milk replacer with higher protein content, or reconstituting milk
replacer using a larger mixing ratio (Blome et al., 2003; Bartlett et al., 2006). Several
enhanced milk feeding programs have been evaluated and begun to gain industry
acceptance, including intensified nutrition (also referred to as accelerated growth,
biologically appropriate growth or enhanced early nutrition) (Diaz et al., 2001; Bartlett et
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al., 2006; Stamey et al., 2012), ad libitum or free-access milk feeding (Appleby et al.,
2001; Jasper and Weary, 2002; De Paula Vieira et al., 2008), step-down milk feeding
(Khan et al., 2007a,b) and large daily milk allowances (Jensen, 2006; Borderas et al.,
2009). With many of these enhanced milk feeding strategies, there is the opportunity for
calves to be managed in group housing systems and milk to be offered using teat-based
feeding methods, such as computer-controlled automated feeders or mob feeders (Jensen
and Budde, 2006; Jensen, 2006; De Paula Vieira et al., 2008; Borderas et al., 2009).
Calves are known to be highly motivated to gain access to social contact and engage in
sucking behaviour (de Passillé and Rushen, 1997; de Passille, 2001; Holm et al., 2002).
Hence, enhanced milk feeding strategies not only provide calves with the opportunity to
consume greater amounts of milk, but may also promote greater social interaction
between calves in group housing facilities and allow them to better satisfy their sucking
motivation.
1.3.5. Methods to Protect the Bacteriological Quality of Milk Fed to Calves
The bacteriological quality of whole milk and milk replacer fed to calves is
important for calf health, performance, and welfare. Calves that consume milk with
elevated bacterial counts are at greater risk for preweaning morbidity and mortality, and
gain less weight than calves fed a higher-quality milk product (Jamaluddin et al., 1996a;
Jamaluddin et al., 1996b). Unpreserved milk that is exposed to ambient temperatures for
extended periods of time is known to support rapid microbial growth (Stewart et al.,
2005). Hence, some enhanced milk feeding programs in which large amounts of milk are
continuously available to calves at ambient temperature present a high risk for bacterial
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contamination of milk, and as such, strategies to inhibit the growth of bacteria and other
pathogens in the milk need to be implemented.
Acidification is a preservation method that could potentially have an important
role in maintaining the bacteriological quality of milk fed to calves. Adding acid to milk
products reduces the pH, which creates unfavourable conditions for pathogen
proliferation and delays the lag phase of bacterial growth. Organic acids are routinely
added to many different animal feeds, including high-moisture corn and silages, to
prevent spoilage and preserve the nutritional value of these feedstuffs (Bothast et al.,
1975; Britt and Huber, 1976; Argagón, 2007). In addition, several commercial acidified
milk replacer products were developed in the 1980s and evaluated for use in calf feeding
systems (Nocek and Braund, 1986; Woodford et al., 1987; Richard et al., 1988). These
commercial acidified milk replacers contained low concentrations of organic acids and
were formulated to have a pH of approximately 5.5 after reconstitution (Stobo, 1983;
Davis and Drackley, 1998). Calves that were fed these commercial acidified milk
replacers for ad libitum consumption generally had greater dry matter intakes and
improved early life average daily gain (ADG) over calves reared on traditional restricted
milk replacer diets (Nocek and Braund, 1986; Woodford et al., 1987). There was also
evidence suggesting that milk replacer acidification may have enhanced digestion by
facilitating clot formation in the abomasum (Woodford et al., 1987). Even though these
results were quite promising, high feed costs and the associated cost per kilogram of BW
gain dissuaded producers from implementing ad libitum acidified milk replacer feeding
systems (Nocek and Braund, 1986).
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In recent years, however, the evolution of enhanced milk feeding methods and the
new regulations regarding the manufacture and use of medicated milk replacers for calf
feeding have brought about renewed interest in acidified milk feeding practices. Many of
the leading animal nutrition companies, including Grober Nutrition, Nutreco Canada,
Grand Valley Fortifiers and Serval Canada, have already developed and begun marketing
new commercial acidified milk replacers for calves. These new commercial acidified
milk replacers, like those products that were fed to calves during the 1980s, are mildly
acidified to a pH between 5.0 and 6.0 using a blend of organic acids. Some of the new
acidified milk replacer products have been formulated to contain greater amounts of
protein (26 or 28 % CP), whereas, others have a standard protein content (approximately
22 % CP). Even though there are currently several of these acidified milk replacers on the
market, little is known about how widely they are being fed across the dairy and veal
industries, if these products are being fed at enhanced or traditional feeding rates, and
whether calf performance is similar to that of calves fed those earlier acidified milk
replacer products.
Acidified milk can also be prepared directly on farms, with producers adding acid
to whole milk or milk replacer prior to feeding. Formic acid is currently being used on
many dairy and veal farms to preserve milk so that it can be fed at ambient temperature in
a free-access manner, without the risk of calves being exposed to high levels of bacterial
contamination (Anderson, 2006; Anderson, 2008). The currently recommended target pH
for the on-farm method of preparing acidified milk is between 4.0 and 4.5. This pH range
was selected because: i) textbook values indicated that most bacteria and molds are
unable to reproduce at pH levels below 4.5, and ii) anecdotal experience noted that calves
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would often reject milk that had been acidified to less than pH 4.0 (Anderson, 2006;
Anderson, 2008). Moreover, it was suggested from the earlier work with the commercial
acidified milk replacers that a lower pH may be needed to better encourage calves to
consume smaller and more frequent milk meals throughout the day (Woodford et al.,
1987). Hence, it is evident that there is a need for research to determine whether milk
should be acidified to this lower target pH range, or if mild acidification to a pH between
5.0 and 6.0 can effectively preserve the bacteriological quality of milk so that it can
safely be fed to calves under free-access feeding conditions. Future research efforts
should also focus on understanding how free-access feeding of acidified milk affects the
productivity and welfare of calves.
Many different feed additives have been investigated for their effects on the
bacteriological quality of colostrum fed to calves. Sodium benzoate was shown to have
strong preservative qualities and retarded the growth of mold, yeast and coliform bacteria
in colostrum (Muller and Smallcomb, 1977). Several other additives, including sodium
propionate, sodium formate, sodium acetate, sorbital, gluconic acid lactone, benzoic acid,
propionic acid, formaldehyde, and potassium sorbate reduced the risk of coliform
bacterial contamination in colostrum (Lindahl, 1974; Muller and Smallcomb, 1977;
Rindsig et al., 1977; Stewart et al., 2005). Moreover, the addition of formaldehyde,
propionic acid and potassium sorbate to colostrum inhibited the growth of aerobic
bacteria (Rindsig et al., 1977; Stewart et al., 2005). These results are promising and
suggest that at least some of these additives could potentially be effective preservatives
against bacterial growth in milk. However, given that the majority of this research has
been conducted in controlled laboratory environments, further work is needed to test
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calves’ acceptance of these products and to study how they affect calf performance under
field conditions.
Pasteurization is a management practice that has been promoted as a way to
minimize calves’ exposure to pathogenic microorganisms in milk. The two main types of
pasteurization systems used on farms are batch and high-temperature short-time (HTST)
units (Godden, 2007). Batch pasteurizer systems heat milk to a target temperature of 63
°C for a total of 30 min and then milk is rapidly cooled for feeding. In contrast, milk
pasteurized in HTST units is quickly heated to a target temperature of 72 °C for a total of
15 s and then rapidly cooled for feeding. Pasteurization has been shown to effectively
inactivate many important infectious pathogens in colostrum and milk, including
Mycoplasma spp., Mycobacterium avium subsp. paratuberculosis, Salmonella spp.,
Escherichia coli 0157H7, Listeria monocytogenes and Staphylococcus aureus (Butler et
al., 2000; Stabel, 2001; Green et al., 2002; Stabel et al., 2004; Godden et al., 2006).
Moreover, it was demonstrated under field conditions that calves fed pasteurized nonsaleable whole milk have lower risk of preweaning morbidity and mortality, and showed
improved growth over calves fed unpasteurized non-saleable whole milk (Jamaluddin et
al., 1996a; Jamaluddin et al., 1996b) or commercial unmedicated milk replacer (Godden
et al., 2005). A major factor that influences the overall effectiveness of pasteurization is
the post-pasteurization handling of milk products. Producers that are pasteurizing milk to
be fed to calves need to develop appropriate storage protocols and ensure that best
management feeding and equipment sanitation practices are being followed in order to
reduce the risk of milk becoming re-contaminated with bacteria after pasteurization
(Elizondo-Salazar et al., 2010). The adoption of pasteurization systems by the dairy
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industry has been slow. In the United States, it has been estimated that less than 5 % of
dairy farms, most of which have 500 or more cows, pasteurize colostrum or whole milk
for calves (USDA, 2010). In Quebec, Canada, a total of 115 dairy producers were
surveyed and none were using pasteurization systems on their farms (Vasseur et al.,
2010). The major barriers for adoption of pasteurization technology are the high costs
associated with purchasing, installing and maintaining the equipment, and the need for
intensive management to monitor the feeding system (Godden, 2007).
1.4. EFFECTS OF MILK FEEDING MANAGEMENT ON THE CALF FROM
BIRTH TO WEANING
Two major factors that influence calves’ feeding behaviour are their daily milk
allowance and the milk delivery method. Calves reared on traditional restricted milk
feeding programs usually consume two meals of milk daily, wherein each meal is
ingested very rapidly, often within a single nutritive bout (Appleby et al., 2001). Calves
that are fed restricted allotments of milk by open bucket must drink, rather than suck their
milk meals, and usually only spend a total of 2 to 6 min / d ingesting milk (Appleby et al.,
2001; Veissier et al., 2002; Jensen and Budde, 2006). In addition, after each milk meal,
these calves may spend upwards of 30 min engaging in non-nutritive oral activities, such
as licking or sucking on pen fixtures, neighbouring calves or a dry artificial teat (Loberg
and Lidfors, 2001; Veissier et al., 2002; Jensen and Budde, 2006). In contrast, calves fed
their restricted daily milk allowance using a teat-based feeding system are able to suck
their milk meals, spend approximately 10 to 20 min each day ingesting milk, perform less
non-nutritive oral activity, lie down earlier after feeding, and tend to show more nonrapid eye movement sleep than bucket-fed calves (Appleby et al., 2001; Veissier et al.,
2002; Jensen and Budde, 2006; Hänninen et al., 2008). Moreover, it has also been shown
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that calves that suck their milk meals, or are able to suck on a dry teat after feeding, have
greater postprandial concentrations of insulin and cholecystokinin than bucket-fed calves
(de Passillé et al., 1993; Lupoli et al., 2001). This suggests that giving calves the
opportunity to engage in sucking behaviour around the time of milk delivery may
contribute to heightened feelings of satiety.
The feeding behaviour of calves that have access to larger amounts of milk is
markedly different from that of restricted-fed calves. Results from several studies have
documented that when given the opportunity, calves will voluntarily ingest milk at rates
greater than twice that of calves reared under traditional restricted milk feeding
conditions (approximately 8 to 15 L / d versus 3 to 6 L / d) (Appleby et al., 2001; Jasper
and Weary, 2002; Khan et al., 2007b; De Paula Vieira et al., 2008; Borderas et al., 2009).
Calves with an unrestricted supply of milk routinely spend more than 30 min daily
consuming several small, frequent milk meals in a diurnal feeding pattern (Hammell et
al., 1988; Senn et al., 2000; Appleby et al., 2001; Miller-Cushon et al., 2013). For
example, Appleby and colleagues (2001) reported that at 25 d of age, Holstein calves fed
whole milk ad libitum spent a total of 47 min / d sucking their nutritive teat, consumed
approximately 11 L of milk daily, and engaged in an average of 10 milk meals
throughout the day, with the largest meals occurring shortly after fresh milk delivery.
Calves that consume larger amounts of milk also exhibit fewer behavioural signs of
hunger, including a reduced number of unrewarded visits, calf contacts and
displacements at the milk feeder, fewer vocalizations, less non-nutritive sucking activity
following milk ingestion, and greater lying time, as compared to restricted-fed calves
(Thomas et al., 2001; Jensen and Holm, 2003; De Paula Vieira et al., 2008; Borderas et
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al., 2009). Moreover, calves reared in group housing environments and fed high daily
milk allowances reportedly engage in more play running behaviour than restricted-fed
calves (Krachun et al., 2010). Taken together, these findings demonstrate that enhanced
milk feeding better supports the performance of natural feeding behaviour and promotes
greater calf welfare than traditional restricted milk feeding methods.
Early life calf performance is largely influenced by the type of milk feeding
strategy used in the rearing of calves during the preweaning period. Enhanced milk
feeding programs provide calves with access to larger amounts of whole milk or milk
replacer than restricted-fed calves, and these milk replacers often contain more protein or
have been reconstituted at higher solids concentrations than conventional milk replacers
(Blome et al., 2003; Bartlett et al., 2006; Drackley, 2008; Anderson, 2011). These feeding
conditions facilitate greater nutrient intakes by enhanced-fed calves, resulting in greater
preweaning weight gain and structural growth, and improved feed efficiency over calves
reared on traditional restricted milk feeding programs (Diaz et al., 2001; Jasper and
Weary, 2002; Quigley et al., 2006; Khan et al., 2007a; De Paula Vieira et al., 2008;
Borderas et al., 2009; Rincker et al., 2011; Ollivett et al., 2012). Some enhanced-fed
calves may show as much as a two-fold increase in total nutrient intake because they are
able to derive greater nutrition from the milk feeding regime. Drackley (2008) estimated
that while traditional restricted milk feeding programs usually only support between 0.2
to 0.6 kg / d of BW gain during the preweaning period, calves reared on enhanced milk
feeding strategies are able to achieve preweaning ADG of 0.8 kg / d or greater. A concern
with enhanced milk feeding programs, however, is that the associated larger milk intakes
often negatively affect solid feed consumption (Appleby et al., 2001; Jasper and Weary,
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2002; Terré et al., 2006; Khan et al., 2007a,b; Kristensen et al., 2007; Borderas et al.,
2009). Most calves that are exposed to enhanced milk feeding conditions usually
consume little to no solid feed during the first several weeks of life and then begin to
ingest 100 to 200 g / d of feed at approximately 1 mo. of age, with intakes continuing to
increase thereafter (Appleby et al., 2001; Jasper and Weary, 2002; Khan et al., 2007b;
Stamey et al., 2012). In contrast, calves fed restricted amounts of milk will often begin to
consume solid feed 1 to 2 week earlier and at rates greater than twice that of enhancedfed calves. The ingestion of solid feed by calves, regardless of whether they are raised on
an enhanced or traditional restricted milk feeding program, increases dramatically in
response to weaning off milk. In addition, given that enhanced-fed calves lag behind in
solid feed consumption, gradual weaning methods are often recommended as ways to
help stimulate feed intake and ease the weaning transition (Jasper and Weary, 2002; Khan
et al., 2007a,b; Budzynska and Weary, 2008; Jasper et al., 2008; Sweeney et al., 2010; de
Passillé et al., 2011). Calves that are raised on enhanced milk feeding programs and are
weaned too early, abruptly or over a short gradual weaning period can experience a
growth check at weaning and may lose some of the growth advantage of feeding more
milk during the preweaning stage (Sweeney et al., 2010; de Passillé et al., 2011). In
recent years, a significant amount of research effort has been directed towards better
understanding the distress associated with abrupt versus gradual weaning practices, and
different weaning ages and alternative weaning methods have begun to be evaluated
(Khan et al., 2007b; Budzynska and Weary, 2008; Jasper et al., 2008; Roth et al., 2009;
Sweeney et al., 2010; de Passillé et al., 2011). Further work in this area is warranted
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because there are still many questions on how to best wean enhanced-fed calves so that
they can maintain their growth advantages through the weaning transition.
To date, few studies have evaluated how enhanced milk feeding affects the
development of rumen anatomy in calves. Although results from much of this work have
been mixed, it is clear that there are many factors that act together to influence the rumen
development of enhanced-fed calves. Terré and colleagues (2006) reported that calves
raised on an enhanced milk feeding program, during which they were fed a high protein
milk replacer (26.5 % CP and 22.2 % fat) with increased solids concentration and at
higher feeding levels, had lower preweaning solid feed intake and reduced total urinary
purine derivatives excretion over restricted-fed calves. This suggests that the enhancedfed calves had decreased microbial duodenal flow, which likely reflects a reduced
capacity to digest solid feed and delayed rumen function compared to the restricted-fed
calves. It has also been shown that calves fed a high protein milk replacer (28 % CP and
20 % fat) at 10 % of BW had greater solid feed intakes but did not differ for volatile fatty
acids concentrations or rumen pH, as compared to calves fed conventional milk replacer
(20 % CP and 20 % fat) at an equivalent feeding rate (Bridges, 2009). Hence, these
findings seem to suggest that milk replacer protein content may have less of an impact on
the rumen environment than the milk feeding rate.
One would expect that increasing calves’ daily milk allowance would depress
solid feed consumption and negatively affect rumen papillary growth. Kristensen and
colleagues (2007) studied the effects of different milk feeding levels (3.10, 4.84, 6.60 and
8.34 kg / d of milk replacer) on the measures of calf performance and rumen
development. This research group found that although calves reared on higher feeding
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levels had reduced solid feed intakes, the length of rumen papillae at 5 week of age was
not affected by feeding treatment. Khan and colleagues (2007a) examined calves for
differences in rumen development after being raised on either a step-down or traditional
restricted milk feeding program throughout the preweaning period. Calves assigned to the
step-down milk feeding method were fed whole milk at a rate of 20 % of BW from birth
until 23 d of age and then the feeding rate was gradually reduced to 10 % of BW. All
calves were weaned by diluting their milk with water between 45 and 49 d of age. Stepfed calves consumed less solid feed and mixed hay prior to the milk step-down compared
to restricted-fed calves. Conversely, throughout the remainder of the preweaning period
after the milk step-down and during the first 2 week following weaning off milk, the stepfed calves had greater intakes of solid feed and mixed hay than restricted-fed calves.
Samples of rumen contents collected from step-fed calves at weaning and then 2 week
later had greater concentrations of volatile fatty acids and ammonia, and lower pH than
samples from the restricted-fed calves. Moreover, a subset of calves were euthanized at
63 d of age, and it was established that calves reared on the step-down milk feeding
method had more physically developed rumens, characterized by longer and wider rumen
papillae, greater rumen wall thickness, and heavier forestomachs, than restricted-fed
calves. These findings demonstrate that feeding practices that help to stimulate early solid
feed intake, such as gradual weaning, are important for promoting rumen development in
calves fed large amounts of milk, and need to be evaluated further.
The effects of enhanced milk feeding on the general health of calves have been
examined in several small-scale controlled studies and experiments. A number of
research groups have reported that enhanced milk feeding conditions do not affect the
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morbidity or mortality risks, number of morbid days or health scores for preweaned
calves (Jasper and Weary, 2002; Bartlett et al., 2006; Khan et al., 2007a; Borderas et al.,
2009). However, it was recently demonstrated using an experimental challenge model
with Cryptosporidium parvum that calves fed on a higher plane of nutrition are better
able to maintain hydration and recover from the effects of infection than calves reared on
a traditional restricted milk feeding diet (Ollivett et al., 2012). In contrast, Quigley and
colleagues (2006) found that calves consuming greater amounts of milk had more fluid
fecal consistency, experienced more morbid days and required greater veterinary
treatment than calves fed on a restricted milk replacer feeding level. Borderas and
colleagues (2007), however, identified a number of important methodological issues with
the design and execution of this study, and suggested that the study results were
misinterpreted. Their main concern was the management of sick calves, and in particular
the practice of force-feeding sick calves their milk refusals using an esophageal feeder
(Borderas et al., 2007). Loss of appetite is an important component of sickness behaviour,
a coordinated adaptive response that helps animals overcome and recover from infection
(Hart, 1988). Hence, force-feeding is not recommended for sick animals because this
practice can actually impair prognosis and increase their risk of succumbing to infection
(Murray and Murray, 1979). Therefore, the health differences observed by Quigley and
colleagues (2006) may have at least partially been influenced by the feeding management
of sick calves. Borderas and colleagues (2007) also noted that more objective methods
could have been used to diagnosis disease events and that the observers should have been
blinded to treatment assignment to minimize the potential for bias in the study results.
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Collectively, the results from these studies that have examined how the health of
calves raised on enhanced milk feeding programs differs from that of restricted-fed calves
demonstrate that more work is needed on this research topic. It is well-recognized that to
detect treatment differences for health outcome variables, large sample sizes are needed.
All of this research to date, however, has only involved small numbers of calves and it is
unlikely that these studies have sufficient power to test for health differences. Moreover,
none of the authors of this research noted whether a priori sample size calculations or
post-hoc power analyses were completed to confirm that they had enough power to detect
health differences by treatment group. In addition, much of this research has been
conducted at university research facilities, which are inherently different from
commercial dairy and veal farms. Therefore, to gain a better understanding of the health
effects associated with enhanced milk feeding methods, it is recommended that future
researchers consider conducting large-scale observational or randomized controlled
studies under commercial field conditions.
1.5. EFFECTS OF MILK FEEDING MANAGEMENT ON THE CALF AFTER
WEANING
The productivity and welfare of calves after weaning, especially during the
immediate postweaning period are often influenced by the preweaning milk feeding
management of calves. Many of these postweaning effects are, however, dependent on
how smoothly calves transition through weaning and their ability to effectively digest
solid feeds. Calves that are fed large amounts of milk should be gradually weaned off
milk by either reducing their milk availability or diluting their milk with water in the days
leading up to weaning (Khan et al., 2007a,b; Sweeney et al., 2010). Gradual weaning is
useful to help stimulate calves’ intake of solid feed. Sweeney and colleagues (2010)
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reported, however, that even when milk availability was reduced over increasing periods
of time; calves that consumed upwards of 12 L / d of whole milk prior to the onset of
gradual weaning were unable to fully compensate for the reduced nutrient supply by
ingesting more solid feed during the weaning period. Nevertheless, calves that were
gradually weaned over 4, 10 or 22 d had greater solid feed intakes and gained weight
during the first week after weaning was complete; whereas, abruptly weaned calves lost
weight during this time (Sweeney et al., 2010). Similarly, calves that were reared on stepdown milk feeding programs during the preweaning period and fully weaned off milk by
50 d of age consumed more solid feed and gained more weight after the milk step-down
and during the early postweaning period, and maintained their BW advantage beyond 12
week of age, as compared to restricted-fed calves (Khan et al., 2007a,b). In contrast,
Rinker and colleagues (2011) showed that in comparison to restricted-fed calves, those
that were gradually weaned from an enhanced milk feeding diet by 42 d of age had
reduced ADG in the week after weaning, and were only able to sustain their BW
advantage until 8 week of age, but had greater hip width and withers height until 24 and
40 week, respectively. Enhanced milk feeding has also been associated with lower
apparent nutrient digestibility around weaning, as compared to traditional restricted milk
feeding methods (Terré et al., 2007). In the future, to gain a better understanding of how
milk feeding management affects the calf, more researchers need to examine both the pre
and postweaning effects of feeding treatment.
The effects of milk feeding management on the long-term productivity of heifers
have been studied by several research groups. Calves that consume greater energy and
protein from milk between 2 to 8 week of age were shown to have increased mammary
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parenchymal tissue mass and more parenchymal DNA and RNA in the mammary glands
than heifer calves reared on restricted milk feeding programs (Brown et al., 2005).
Increased energy and protein intake from 8 to 14 week of age did not, however, affect the
development of mammary parenchyma, but encouraged greater parenchymal fat
deposition than restricted milk feeding practices. Moreover, it has been documented that
the rate of early life BW gain does not impact the complexity of mammary parenchymal
growth (Daniels et al., 2009). Analysis of milk production records for heifers at the
Cornell Teaching and Research dairy herd and a New York commercial dairy farm
established that every additional kg of preweaning ADG was associated with 970 kg
more milk during first lactation (Soberon et al., 2012). It was estimated that preweaning
ADG accounts for 22 % of the variation in first lactation milk production (Soberon et al.,
2012). In addition, greater early life ADG has also been associated with increased odds of
survival to the second lactation (Bach, 2011). Rincker and colleagues (2011) reported that
heifer calves fed a high protein milk replacer at an increased feeding rate were
approximately 1 mo. younger at the onset of puberty, tended to calve to 2 week earlier
and tended to have greater 305 d energy-corrected milk yield (age-uncorrected, parent
average-corrected) than calves fed restricted amounts of milk replacer. It has also been
shown that calves fed fresh whole milk ad libitum for 30 min twice daily during the
preweaning period were on average 24 d younger at first insemination, tended to calve
approximately 3 week earlier, and produced 10 % more 305 d milk and 7 % more fat
corrected milk during their first lactation than heifers fed an equivalent amount of
conventional milk replacer (Moallem et al., 2010). Furthermore, calves that were allowed
to nurse a cow three times daily for the first 42 d of life conceived on average 32 d
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earlier, calved 31 d earlier, tended to be taller and heavier at calving, and tended to have
greater first lactation milk production than calves fed milk replacer by open bucket (BarPeled et al., 1997). Thus, these data provide evidence that milk feeding management may
have large impacts the future productivity of cattle.
1.6. RATIONALE FOR THESIS
This thesis is focused on free-access acidified milk feeding. This is a novel milk
feeding strategy that in recent years has been adopted by many dairy and veal producers
to rear their preweaned calves. To date, however, there has been very little controlled
research to support the adoption of this novel feeding program over traditional milk
feeding methods. At this time, it is important to gain a better understanding of how this
milk feeding strategy affects aspects of calf productivity and welfare.
1.7. THESIS OBJECTIVES
The first objective of this thesis was to describe the current state of preweaned
calf management and feeding on dairy farms in Ontario, Canada. This objective was
addressed by administering a comprehensive herd-level calf management and feeding
survey to Ontario dairy producers as part of a descriptive observational study.
The second objective of this thesis was to evaluate the effects of milk replacer
acidification on the productivity and welfare of dairy and veal calves. This objective was
addressed by testing specific research questions relating to how the performance, growth,
rumen development, health and behaviour differed for calves fed acidified versus nonacidified milk replacer.
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The third objective of this thesis was to evaluate the effects of free-access milk
replacer feeding on the productivity and welfare of dairy and veal calves. This objective
was addressed by testing specific research questions relating to how the performance,
rumen development, health and behaviour differed for calves reared on a free-access
versus restricted milk replacer feeding strategy.
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CHAPTER 2: A CROSS-SECTIONAL STUDY OF THE MANAGEMENT
AND FEEDING PRACTICES USED TO REAR PREWEANED HEIFER
CALVES ON DAIRY FARMS IN ONTARIO, CANADA 
2.1. ABSTRACT
Early life nutrition and management are important factors that can influence the
survival and future productivity of dairy replacement heifers. The most recent large-scale
observational study on the management of calves in Ontario dairy herds was conducted
more than 25 years ago. Thus, the objectives of the current study were to: i) describe the
management and feeding practices used to rear preweaned heifer calves on Ontario dairy
farms, and ii) evaluate associations between type of milk feeding program and selected
management, health and productivity outcomes. This cross-sectional study was
completed during the summer of 2008. Recruitment materials were distributed to dairy
farms across Ontario. Participation was voluntary. Participants had to consent to a single
farm visit by research team members, an interview about calf management and feeding,
and sampling of farm calves. A herd-level survey instrument was designed to gather
quantitative data on the management and nutrition of preweaned heifer calves raised on
the study farms. The survey was administered through an in-person interview. Blood and
fecal samples, and growth information were collected from a subset of calves on each
farm. Blood samples were analyzed for serum total protein concentration by digital
refractometry. Fecal samples were analyzed for enterotoxigenic Escherichia coli F5,
Cryptosporidium parvum, rotavirus and coronavirus. Descriptive statistics were generated
for survey response variables. Univariable and multivariable analyses were used to
evaluate associations between type of milk feeding program and selected management
response variables, total protein concentration, body weight (BW), hip height and
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shedding of fecal pathogens. A total of 140 Ontario dairy farms were enrolled on the
study. The survey results demonstrated that calves reared on Ontario dairy farms are
currently exposed to a wide range of management practices and feeding programs.
Colostrum and milk feeding management are the areas where the most progress has been
made in recent years, but there are still opportunities for improvement in maternity
hygiene, colostrum harvesting and storage, colostrum quality assessment, umbilical
disinfection, water and solid feed introduction, record-keeping, preweaned calf housing
management, milk feeding allowances and weaning management. Results also showed
that milk feeding practices for calves reared on traditional versus acidified milk feeding
programs are different. Acidified milk feeding programs were associated with greater
BW in the first 28 d of life than the traditionally feeding practices (P = 0.04). Total
protein concentration did not differ for calves on the ACID versus TRAD farms (P =
0.18). Moreover, type of milk feeding program was not associated with hip height (P =
0.62) or fecal pathogen shedding (C. parvum: P = 0.45; rotavirus: P = 0.47; coronavirus:
P = 0.64).
2.2. INTRODUCTION
Replacement heifers are an investment in the future productivity, profitability and
overall success of a dairy herd. There are several key determinants, including maternal
factors, delivery assistance, colostrum intake, milk feeding level, provision and
consumption of solid feed, and disease management, which have been shown to affect the
early life, and the lifetime performance and survival, of dairy cattle (Robison et al., 1988;
Denise et al., 1989; Flower and Weary, 2001; Bach, 2011; Heinrichs and Heinrichs,
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2011; Soberon et al., 2012). In the end, however, the supply of dairy replacement heifers
is largely dependent on the early life management and nutrition of these animals.
A wide range of management practices and feeding programs are currently used
to rear dairy replacement heifers (Fulwider et al., 2008; USDA, 2010; Vasseur et al.,
2010). It is important to identify specific management areas that warrant improvement to
direct future research and extension needs, to establish best management practices, to
develop codes of practice, and to map progress over time. Thus, knowledge about the
current management and feeding practices used on farms is needed. Several surveys on
calf and replacement heifer management have recently been conducted in North America
(Kehoe et al., 2007; Fulwider et al., 2008; Beam et al., 2009; USDA, 2010; Vasseur et al.,
2010). Although the results of these studies provide insight into the management and
nutrition of calves in other regions, the results may not be applicable to the Ontario dairy
industry because of differences in production systems.
The Ontario dairy industry is managed under a supply management quota system
and is the province with the second largest dairy production in Canada. Anecdotal
evidence suggests that the two main nutrition feeding programs used on Ontario dairy
farms for preweaned calves are traditional restricted and free-access milk feeding.
Perhaps as a result of major extension efforts over the past six years, free-access feeding
of acidified milk has recently become popular in Ontario (Anderson, 2008). The most
recent large-scale observational study on the management of calves in Ontario dairy
herds was conducted more than 25 years ago (Waltner-Toews et al., 1986d). Thus, there
is a need for up-to-date information on the management and nutrition of calves on
Ontario dairy farms.
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The primary objective of this study was to describe the current management and
feeding practices used to rear preweaned heifer calves on dairy farms in Ontario. The
secondary objective was to evaluate associations between type of milk feeding program
used on-farm and selected management, health and productivity outcomes.
2.3. MATERIALS AND METHODS
2.3.1. Farm Recruitment and Participation
Farms were recruited for participation in this cross-sectional study from March 10
until June 30, 2008. A letter of invitation to participate in the study was initially sent to
all licensed dairy producers in Ontario. The letter was included as a flyer insert in the
March 2008 issue of the Milk Producer, the official publication of the Dairy Farmers of
Ontario, which is widely read by dairy producers and industry professionals.
Announcements about the study were also published in another provincial dairy farming
magazine (Ontario Dairy Farmer) and an animal health newsletter (CEPTOR). Moreover,
dairy extension specialists and veterinarians involved with the Ontario Association of
Bovine Practitioners were asked to assist with farm recruitment by increasing producer
awareness of the study. The recruitment materials emphasized that the research team was
particularly interested in identifying and recruiting farms that were using a traditional or
acidified milk feeding program.
Participation in this study was fully voluntary. Any Ontario dairy producer that
was willing to participate was instructed to forward their contact information to the
research team by either telephone, facsimile, mail or email. These producers were
contacted by telephone and provided with additional information about the aims,
rationale and potential benefits of the research. Each producer was also informed that
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participation would involve a single visit to their farm by 2 research team members, an
interview about calf management and feeding, and sampling of a subset of farm calves at
the time of the visit for health and growth. All of the farm visits were completed between
May 14 and August 26, 2008. Each visit was arranged approximately 1 week in advance.
During the farm visit, producers for farms enrolled on the CanWest Dairy Herd
Improvement (DHI) milk recording program were asked to complete a release form so
that copies of their 2008 Annual Herd Management and Herd Management Score reports
(CanWest DHI, 2009a,b) could be obtained. Herd-level demographic, production and
management score data were retrieved from these reports. CanWest DHI generates
individual herd management scores for milk value, udder health, age at first calving,
calving interval, longevity, and herd efficiency so that yearly progress can be monitored
and comparisons between herds within the same province can be made (CanWest DHI,
2009b). Milk value describes the average dollar value of milk, fat and protein for actual
production of all cows in the herd using current milk and component values. Udder health
describes the average linear score for somatic cell count in the herd over the target year.
Age at first calving describes the average age of all heifers that started their first lactation
in the herd during the target year. Calving interval describes the average number of
months between calvings for cows in their second or greater lactation during the target
year. Longevity describes the annual average percentage of cows in the herd on test day
that were in their third or greater lactation. Herd efficiency describes the annual average
percentage of cows in the herd on test day that were milking.
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2.3.2. Herd-Level Calf Management and Feeding Survey
A herd-level survey was developed for this research initiative (Appendix 1). The
survey instrument was designed to gather quantitative data on the management and
nutrition of preweaned heifer calves raised on the study farms. A combination of
multiple-choice, checklist, ranking and open-ended questions were included (Dohoo et
al., 2010). The questions were organized under the following topic headings: farm
information, calving management, colostrum feeding practices, milk feeding practices,
general preweaned calf management and health, preweaned calf housing, and postweaned
calf management and health (data not presented here). Many of the questions were
adapted from previously validated herd-level surveys on the management and health of
dairy calves (Trotz-Williams et al., 2008; USDA, 2010). The full survey was reviewed by
3 senior members of the research team; these individuals were selected because of their
extensive expertise in survey design and administration, dairy production systems and
calf health management. Finally, prior to the first farm visit, the survey was pre-tested
and revised with 3 dairy producers (not included as part of the sample population).
The survey was administered through an in-person interview with either the
primary calf caregiver, or another farm staff member who was involved with calf rearing.
The interview was conducted at the beginning of each farm visit by 1 of 2 research
technicians. In an effort to prevent interviewer bias, both of the technicians received
training on survey content and interviewing techniques at the onset of the study. At the
start of the interview, each respondent was instructed that all of the survey questions,
unless otherwise stated, were asking about the management and feeding of preweaned
heifer calves on their farm during the summer months. Preweaned heifer calves were
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defined as calves that were still consuming milk. A consistent order of questions was
maintained during each interview. Interviews were planned to be 45 to 60 min in length.
2.3.3. Health and Growth Sampling
Blood and fecal samples, and growth information were collected from a subset of
calves on each participating farm. It was estimated that at least 372 calves needed to be
sampled to detect meaningful differences in Cryptosporidium parvum shedding (a
surrogate measure for neonatal calf diarrhea complex) between calves reared on
traditional versus acidified milk feeding programs. Cryptosporidium parvum is known to
be a leading causative agent of neonatal calf diarrhea complex in dairy calves in Ontario
(Trotz-Williams et al., 2008). Sample size calculations were based on the following
assumptions: 30 and 10 % of calves reared on traditional and acidified milk feeding
programs, respectively, would test positive for C. parvum, type I error of 5 %, type II
error of 20 %, ratio of 2 to 1 farms (traditional versus acidified), intraclass correlation of
0.3 to adjust for clustering by farm, and an average of 5 calves sampled per farm. A list
of all the preweaned calves and their respective birth dates was assembled by the farm
staff; this list was used as the sampling frame. A blood sample was drawn by jugular
venipuncture (BD Vacutainer Blood Collection Tube, 10 mL, without anticoagulant,
Becton, Dickinson and Company, Franklin Lakes, New Jersey, USA) from every calf that
was greater than 24 h and less than 1 week of age on the day of the farm visit. Fecal
samples were collected per rectum from a random sample of calves between 7 and 28 d
of age, according to a prescribed sampling plan (Table 2.1). The consistency of each fecal
sample was scored by the research technicians using a 4-point scale (1 = normal, firm but
not hard; 2 = soft, does not hold form; 3 = runny, spreads easily; 4 = watery, liquid
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consistency) (Larson et al., 1977). A separate random sample of calves up to than 28 d of
age were selected to be measured for heart girth (to estimate BW using the Coburn Dairy
Calf Tape, The Coburn Company Inc., Whitewater, Wisconsin, USA) and hip height
(Deluxe Livestock Measure, Ketchum Manufacturing Inc., Brockville, Ontario, Canada)
(Table 2.1). Selection of calves for fecal sampling and the collection of growth
measurements were determined by random number draw.
2.3.4. Blood and Fecal Sample Analysis
Blood and fecal samples were transported from the farm to the University of
Guelph in a portable refrigeration unit. All of the blood samples were refrigerated at 4  C
for 12 h and then processed by the research technicians. Serum was separated from the
blood samples using a non-centrifugation harvesting method (Wallace et al., 2006) and
subsequently analyzed for total protein (TP) concentration by digital refractometry
(Digital Refractometer #300027, Sper Scientific, Scottsdale, Arizona, USA). Fecal
samples were frozen at -20  C and then, at a later date, analyzed using Bio-X lateral
immunochromatography test strips (Tetrastrips BIO K 156, Bio-X Diagnostics, Jemelle,
Belgium) for the detection of enterotoxigenic Escherichia coli F5 (ETEC),
Cryptosporidium parvum, rotavirus and coronavirus (Trotz-Williams et al., 2005).
All study procedures were reviewed and approved by the Animal Care Committee
and the Research Ethics Board at the University of Guelph.
2.3.5. Statistical Analysis
Longitude and latitude coordinates were obtained for each study farm. These data
were read into ArcGIS (Esri, Redland California, USA) to generate an Ontario point map
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that showed the geographical distribution of farm locations. Moreover, farm location was
categorized by region (southwestern, eastern, central or northern Ontario) using the first
character of the postal code for each farm.
All of the herd demographic, production, management score, survey response,
health and growth data were entered into an electronic database (Microsoft® Access
2007, Redmond, Washington, USA) and then checked against the data collection forms
for entry errors. All statistical analyses were performed using SAS 9.1 (SAS Institute
Inc., Cary, North Carolina, USA). Herd demographic and production information were
summarized and compared against benchmark values for Ontario and Canadian dairy
farms. These benchmark values were obtained from CanWest DHI (for Ontario and the
Western provinces) and Valacta (for Quebec and the Atlantic provinces). Management
score data were categorized and frequency distributions by percentile ranking were
plotted. Provincial ranking information for each management area was obtained from
CanWest DHI.
Descriptive statistics were generated for each survey response variable. Response
variables were treated as either continuous or categorical data. Continuous data were
presented as medians, along with the minimum and maximum values. Categorical data
were presented as the percentage and number of farms falling within each response
category. All farms were categorized based on using either a traditional or acidified milk
feeding program for preweaned calves. Wilcoxon sum rank test (continuous and ordinal
data), Pearson’s χ2 test (categorical data) and Fisher’s exact test (categorical data with an
expected count of less than 5 in any category) were used to evaluate associations between
type of milk feeding program and selected management response variables (preweaning
51

milk feeding management and factors involved in milk feeding decisions). The
experimental unit of interest for all of these analyses was the herd.
Generalized linear mixed models were constructed to evaluate associations
between type of milk feeding program and the outcome variables of serum TP
concentration, BW, height and shedding of fecal pathogens (Dohoo et al., 2010). Serum
TP concentration, BW and height were treated as continuous outcome variables, and
modeled with a normal distribution and an identity link. Cryptosporidium parvum,
rotavirus and coronavirus shedding were treated as dichotomous outcome variables, and
modeled with a binomial distribution and a logit link. The experimental unit of interest
for each generalized linear mixed model was the individual calf. A random effect was
included in each model to account for within-farm correlation. Type of milk feeding
program was included as an independent variable, regardless of significance, in all of the
models. Breed, sex and calf age were considered for inclusion: univariable screening was
used to identify associations at P < 0.25 for consideration in the full multivariable model.
The full model was reduced using a manual backwards elimination procedure and any
independent variable with P < 0.05 was retained in the final multivariable model.
Confounding was assessed by removing non-significant independent variables from the
model and evaluating the change in model coefficients. Any non-significant independent
variable that caused a change in the feeding program model coefficient of greater than 30
% was retained in the model. Two-way interactions between type of milk feeding
program and significant independent variables (P < 0.05) were evaluated in each model.
For any final model that included a significant two-way interaction term (P < 0.05),
predicted values were generated for the traditional versus acidified milk feeding
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programs and then plotted. All of the final models were evaluated for the assumptions of
homoscedasticity and normality of residuals. Homoscedasticity was assessed by visually
examining a scatter-plot of the residuals against the predicted values. Normality was
assessed using histogram and normal probability plots, as well as checking the residuals
for skewness and kurtosis. Log transformations were used to improve homoscedasticity
and to help normalize the distribution of residuals for the serum TP and BW models.
Back-transformed means and 95 % confidence intervals are presented.
2.4. RESULTS
A total of 142 producers responded to the recruitment efforts for this study. One
dairy producer initially volunteered and then later withdrew their participation for
undisclosed reasons. One producer enrolled in the study, but primarily raised grain-fed
veal calves. As such, this producer was excluded due to the inherent differences between
dairy and veal production. Hence, data from a non-random sample of 140 Ontario dairy
farms were available for analysis.
Figure 2.1 shows the geographical distribution of the farms sampled for this
study. Most of the study farms were located in either southwestern (78/140, 55.7 %) or
eastern Ontario (36/140, 25.7 %). Only a small percentage of the farms were situated in
the south central (16/140, 11.4 %) and northern (10/140, 7.1 %) regions of the province.
Herds participating in this study were predominately of the Holstein breed. The majority
of the study farms were completely comprised of Holstein cattle (93/138, 67.4 %). A few
of the study farms were completely comprised of Jersey (5/138, 3.6 %) or Ayrshire
(1/138, 0.7 %) cattle. The remaining study farms had a mix of Holstein and other breeds,
including Jersey, Ayrshire, Guernsey, Brown Swiss and crossbred animals. A total of 122
53

study farms were enrolled on the CanWest DHI recording program and all of these
producers agreed to release their data. Herd demographic and production information for
these farms were obtained from CanWest DHI and compared against provincial and
national benchmark values. Herds participating in this study were numerically larger in
size, produced more milk, fat and protein, and had lower herd average somatic cell counts
compared to average dairy herds in Ontario and Canada (Table 2.2). Moreover, the
CanWest DHI management score data suggest that the study population contained more
farms that ranked highly for milk value, udder health, age at first calving and calving
interval (Figure 2.2).
Details about the management of cows and newborn calves in the maternity area
are described in Table 2.3. Individual or group calving pens were used on most of the
farms. There were, however, several farms where cows were routinely calved in the main
freestall or tiestall area of the barn, or on pasture in the summer. The maternity areas
were generally bedded with straw, and managed as packs (97/140, 69.3 %). The
frequency in which the maternity area was cleaned varied between farms; responses
ranged from after each calving event to after as many as 160 calvings. Several different
practices were used to clean the designated maternity area; all bedding material was
removed from the maternity pens on approximately half of the study farms, while just the
soiled bedding material was removed on other farms. The maternity area was regularly
cleaned and disinfected on approximately 16 % of the farms. Calves on most of the farms
spent up to 6 h in the maternity environment, and on 17.1 % of the farms they were
allowed to remain in the maternity pen during the early postnatal period after their dams
were moved to the routine location for fresh cows in the tiestall or freestall barn. The
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length of time calves were kept in the maternity area after separation varied by farm,
ranging from less than 1 h to 7 days (med: 15.5 h).
Video surveillance systems were used to monitor the maternity pens on 14.3 %
(20/140) of the study farms. On farms using surveillance technology, the video
recordings were generally checked on an hourly basis (4/20, 20.0 %), multiple times per
night (11/20, 55.0 %), or once per night (5/20, 25.0 %). Most of the respondents indicated
that an individual would make nightly visits to the barn to check on the cows due to calve
(108/140, 77.1 %). Newborn calves were often fed their first feeding of colostrum during
these nighttime checks (69/108, 63.9 %).
Colostrum management for calves born on the study farms is summarized in
Table 2.4. Colostrum was harvested by most farms within the first few hours after calving
or not until the next scheduled milking. Newborn calves on less than 5 % of the farms
were left with their dams and allowed to nurse colostrum, rather than harvesting and
hand-feeding the colostrum. Calves were generally fed their first feeding of colostrum
within 6 h of birth. The majority of calves were fed fresh colostrum from the dam only.
Some calves, however, were fed colostrum replacer, fresh colostrum from another cow,
pooled colostrum, frozen colostrum or colostrum acidified with formic acid. Nurse bottle
was the primary colostrum feeding method used on most of the farms. Only a small
percentage of farm calves were fed colostrum using an esophageal feeder or bucket. At
least half of the respondents estimated that 50 % of the calves on their farms were fed a
minimum of 4 L of colostrum within 6 h of birth. However, there were also some farms
where none of the calves would receive at least 4 L of colostrum in the first 6 h.
Moreover, at least half of the respondents reported that 30 % of the calves on their farms
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were fed a minimum of 8 L of colostrum within 12 h of birth. Only one respondent used
blood tests to monitor transfer of passive immunity in their newborn calves.
Assessments of colostrum quality were routinely completed by staff on many of
the study farms (100/140, 71.4 %). Most respondents (86/100, 86.0 %) reported that
colostrum quality was monitored by visually assessing the colour, consistency or volume
of colostrum produced. A colostrometer was used on a few study farms (7/100, 7.0 %) to
measure colostrum quality. Retrospective colostrum quality assessment reports were also
obtained by some respondents from the sale of colostrum to a manufacturer of colostrum
replacement products (5/100, 5.0 %). Colostrum was normally fed to calves immediately
after harvest on some farms (51/138, 37.0 %); while on other farms, it was often stored
for varying periods until being fed, frozen or discarded (87/138, 63.0 %). The maximum
length of time colostrum was stored was highly variable by farm, ranging from 0.25 h to
10 d (med: 12 h). Colostrum was refrigerated on the majority of study farms (44/87, 50.6
%). Other storage conditions for colostrum included being kept at room temperature
(39/87, 44.8 %), chilled in water (2/87, 2.3) or acidified with formic acid (2/87, 2.3 %).
On most of the farms there was a single individual that was designated as the
primary calf caregiver (124/140, 88.6%). The primary calf caregivers were often males
(male: 82/124, 66.1 %; female: 42/124, 33.9 %) and of varying ages (less than 26 yr:
17/124, 13.6 %; 26 to 35 yr: 38/124; 30.6 %; 36 to 45 yr: 39/124, 31.5 %; 46 to 55 yr:
20/124, 16.1 %; greater than 55 yr: 10/124, 8.1 %). Besides caring, managing and feeding
the calves, these individuals were often responsible for completing other duties on the
farm (managing all aspects of the farm: 84/124, 67.7 %; managing and feeding older
animals: 33/124, 26.6 %; no other duties (7/124, 5.6 %).
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General management conditions for preweaned calves are described in Table 2.5.
The umbilicus of newborn calves was not disinfected on more than half of the farms.
Moreover, perinatal treatments were not administered to calves on the majority of study
farms. Bull and free-martin heifer calves were retained and raised on only a small
percentage of farms, typically reared under the same management conditions as the future
replacement heifer calves (21/23, 91.3 % and 53/55, 96.4 %, respectively). Calves that
did not remain on the farms were most often sent to a sales barn or sold directly to a veal
production operation. Bull calves generally left the farm during the first few weeks of life
(< 7 d: 22/115, 19.1 %; 7 to 13 d: 79/115, 68.7 %; 14 to 20: 12/115, 10.4 %; 21 to 27 d:
1/115, 0.9 %; > 27 d: 1/115, 0.9 %). Similarly, free-martin heifer calves also left the farm
at a young age (< 7 d: 20/84, 23.8%; 7 to 13 d: 53/84, 63.1 %; 14 to 20 d: 7/84, 8.3 %; 21
to 27 d: 2/84, 2.4 %; > 27 d: 2/82, 2.4 %).
Calves were generally introduced to water and solid feed during the first or
second week of life (Table 2.5). There were, however, a number of respondents that
reported not providing calves with water and solid feed until some point between 2 week
and 3 mo. of age. A commercially-available texturized starter feed was fed on most farms
(100/139, 71.9 %); other solid feeds included pelleted (24/139, 17.3 %), flaked (4/137,
2.9 %), or ground (7/139, 5.0 %) feeds, or homemade grain mixtures (4/139, 2.9 %).
Calves were primarily fed solid feed that was medicated with ionophores (127/137, 92.7
%), but not with antibiotics (1/137, 0.7 %). Hay was not offered to calves until after
weaning off milk on approximately half of the study farms.
The types of information recorded about preweaned calves are summarized in
Table 2.6. Calving ease, stillbirth and calf identification were routinely recorded on
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almost all of the farms. Preweaned calf morbidity and mortality were recorded on some
of the farms. However, information on management procedures, growth and
performance, and weaning were only regularly recorded on a small number of study
farms. Handwritten records were maintained on most of the farms; however, computer
recording methods were used on some farms.
Respondents were asked an open-ended question to describe the most important
health problems in preweaned calves on their operations. The most important health
problems listed were neonatal calf diarrhea complex (81/140, 65.0 %), bovine respiratory
disease (40/140, 28.6 %) and navel conditions (4/140, 2.9 %). A small number (5/140,
3.6 %) reported that there were no health problems on their operation. Other conditions
listed included failure to thrive (2/140, 1.4 %), otitis (2/140, 1.4 %) and ringworm (1/140,
0.7 %). It is also noteworthy that the most respondents (99/139, 71.2 %) indicated that
there were no standard operating procedures in place for the care and management of sick
preweaned calves.
A variety of different calf housing systems were utilized (Table 2.7). In particular,
preweaned calves were most frequently housed in hutches, individual pens or group pens.
The same type of housing was generally used throughout the entire year (131/140, 94.2
%). Hutches were most often located outdoors and sometimes moved to a new location
after each use (always moved: 6/43, 14.0 %; sometimes moved: 17/43, 39.5 %; never
moved: 20/43, 46.2 %). Individual and group pens were located within a separate calf
nursery, some type of barn or a shed. The age of these buildings varied (less than 5 yr
old: 15/100, 15.0 %; 5 to 24 yr old: 27/100, 27.0 %; 25 to 49 yr old: 28/100, 28.0 %; 50
to 99 yr old: 13/100, 13.0%; greater than 99 yr old: 17/100, 17.0 %). Calves that were
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housed in group pens were often managed in an all-in / all-out manner (26/59, 44.1 %).
Group sizes ranged from 2 to 12 calves per pen (2 calves: 4/60, 6.7 %; 3 to 6 calves:
36/60, 60 %; 7 to 10 calves: 17/60, 28.3 %; greater than 10 calves: 3/60, 5.0 %).
Preweaned calves were housed in a location where they shared the same airspace as older
animals on 47.1 % (66 /140) of farms (weaned calves less than 4 mo. of age: 50/66, 75.8
%; heifers from 4 mo. to breeding age: 34/66, 51.5 %; bred heifers: 14/66, 21.2 %; adult
cattle: 33/66, 50.0 %). Some of these calves also had physical contact with these older
animals (17/66, 25.8 %). The frequency in which the bedding material in the preweaned
calf housing area was changed varied between farms. Moreover, after each use, the
hutches or pens generally remained empty for only a short period of time.
Several different milk products and milk feeding programs were implemented;
42.9 % (60/140) fed whole milk, 15.7 % (22/140) fed milk replacer, 1.4 % (2/140) fed a
mixture of whole milk and milk replacer, 19.3 % (27/140) fed acidified whole milk, 19.3
% (27/140) fed acidified milk replacer, and 0.7 % (1/140) fed a mixture of acidified
whole milk and milk replacer. In addition, there was one farm that switched between
feeding calves either whole milk preserved with hydrogen peroxide or milk replacer
acidified with formic acid. The same type of milk product was not used throughout the
entire year for calf feeding on most farms (106/140, 75.7 %) Milk quota management was
cited as the most common reason for farms changing the type of milk product fed. For
example, milk replacer was more often used to feed calves during the fall volume
incentive program. Other reasons for using a different type of milk product for calf
feeding included the availability of non-saleable milk, winter feeding needs, number of
calves being fed milk, and perceived poor calf performance.
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Saleable whole milk was the milk product most commonly consumed by calves.
The median age at which calves were offered their first feeding of saleable whole milk
was 3.0 d (min: 1.5 d, max: 11.0 d). Approximately half of the respondents (33/62, 53.2
%) stated that if available, non-saleable whole milk was fed to calves. Moreover, several
respondents (18/62, 29.0 %) indicated that milk from select cows, including those with
elevated high SCCs or test positive for Staphylococcus aureus intramammary infection,
was routinely saved and fed to the calves. Pasteurized whole milk was not fed on any of
the farms. Calves were generally fed whole milk at a warm (≥ 20 o C) temperature (60/62,
96.3 %), and always within 1 h of being harvested (56/62, 90.3 %). For those six farms
where whole milk was not fed immediately after being harvested, the maximum length of
time milk was stored until being fed or discarded ranged from 2.0 to 12.0 h (med: 11.0 h).
Whole milk was stored by these farms at either room temperature (3/6, 50.0%) or under
refrigeration (3/6, 50.0 %).
Several milk replacer products were used for calf feeding. Accelerated growth
milk replacers were fed on several farms (8/24, 33.3 %). None of the farms were feeding
milk replacers medicated with ionophores or antibiotics. The median age at which calves
were offered their first feeding of milk replacer was 4.0 d (min: 1.0 d, max: 14.0 d). Milk
replacer was routinely mixed using the water temperatures as directed on the feed tag by
most of these farms (20/24, 83.3 %). Hence, milk replacer was normally fed warm
(23/24, 95.8 %), and always mixed fresh at each feeding (24/24, 100 %).
Acidified milk feeding is a relatively new type of calf feeding strategy in Ontario.
The length of time since the study farms had begun feeding acidified milk to their calves
ranged from 1 mo. to 3.3 yr (≤ 3 mo: 5/56, 8.9 %; > 3 to 6 mo: 10/56, 17.9 %; > 6 to 12
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mo: 5/56, 8.9 %; > 12 to 18 mo: 12/56, 21.4 %; > 18 to 24 mo: 8/56, 14.3 %; > 24 mo:
16/56, 28.6 %). Respondents cited that the main reason for adopting an acidified milk
feeding program was calf health (28/56, 50.0 %), calf growth (8/56, 14.3 %), calf welfare
(2/56, 3.6 %), labor resources (11/56, 19.6 %), or by recommendation (7/56, 12.5 %).
The majority of respondents stated that the farm would continue feeding acidified milk
throughout the entire year (55/56, 98.2 %). Details about how acidified milk was
prepared on the farms are presented in Table 2.8. Formic acid was the most widely used
acidifying agent. A diluted form of the acidifying agent was used by most farms to
prepare batches of acidified milk. Rather than purchasing pre-diluted acid, the farm staff
were often responsible for diluting the acidifying agent (42/47, 84.0 %). The majority of
the respondents demonstrated that they were familiar with the current recommendations
for the target pH of acidified milk to be fed to calves. The pH of acidified milk was
monitored frequently using either litmus paper or a pH meter. However, the pH of
acidified milk was not measured on more than 10 % of farms. Acidified milk was
generally agitated manually to prevent milk protein separation. Acidified milk was most
often offered to the calves immediately after being mixed, which would have allowed for
little contact time between the acid and milk. Alternatively, a contact time of at least 8 to
24 h before feeding was permitted on some of the farms. The median age when calves
were offered their first feeding of acidified milk was 3.0 d (min: 1.0 d, max: 6.0 d).
Acidified milk was commonly fed warm by some of the farms (24/56, 42.9 %), and cool
by other farms (32/56, 57.1 %).
All of the study farms were categorized for using either a traditional (TRAD) or
an acidified (ACID) milk feeding program. The TRAD farms included those in which
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calves were fed whole milk, milk replacer or a mixture of whole milk and milk replacer.
The ACID farms included those in which calves were fed acidified whole milk, acidified
milk replacer, a mixture of acidified whole milk and milk replacer, or milk preserved
with hydrogen peroxide. Milk feeding management for farms participating in this study is
summarized in Table 2.9. Free-access milk feeding was more commonly practiced among
the ACID farms than the TRAD farms. On those farms where calves did not have freeaccess to milk, there was considerable variation between farms in the amount of milk fed
daily to the calves. Calves were offered more milk during the winter months on many of
the study farms. Buckets or nurse bottles were used for feeding milk to the calves on the
majority of TRAD farms, whereas, teat-based feeding systems were generally used by the
ACID farms. Calves were gradually weaned off milk on most of the TRAD farms versus
abrupt weaning. In contrast, gradual weaning methods were used on approximately half
of the ACID farms. Weaning decisions were often based on a number of factors,
including calf age, BW and feed consumption, as well as milk and space availability for
calves. Body condition and weight tended to be more frequently used as weaning criteria
on the ACID farms over the TRAD farms. Feed consumption, however, for calves reared
on the ACID farms was less frequently taken into consideration prior to the initiation of
weaning, as compared to TRAD farms. Calves on ACID farms were weaned off milk at
significantly earlier ages; however, there was large variability between the ACID and
TRAD farms for weaning age. Labor requirements for the ACID and TRAD farms were
numerically but not statistically significantly different. There was, however, large
variability in the labour estimates.
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Table 2.10 describes the perceived level of importance for factors in relation to
milk feeding decisions. Calf health and growth performance were the most highly ranked
factors by the survey respondents. Disease transmission and labor associated with a milk
feeding system were considered medium to very highly important. The TRAD
respondents tended to assign greater importance to the risk of disease transmission than
ACID respondents. Moreover, more of the TRAD respondents tended to place less
importance on the labour resources needed to implement a milk feeding program than the
ACID respondents. Cost was generally perceived as the least important factor in
decisions about milk feeding systems for calves. Interestingly, the TRAD respondents
tended to rank costs associated with milk feeding more highly than the ACID
respondents. Respondents were given the opportunity to list other factors that affected
milk feeding decisions, and these included calf behaviour and welfare, hygiene,
consistency of the milk product, and convenience of feeding system.
A total of 285 calves (172 TRAD and 111 ACID) from 114 study farms were
assessed for serum TP concentration. The median age at which calves were sampled was
4 d (min = 1 d, max = 7 d). Of the farms in which there were calves within the sampling
age range for blood sampling, the median number of calves that were sampled per farm
was 2 (min = 1 calf, max = 9 calves). Calves from the TRAD and ACID farms did not
differ for serum TP concentration (LSM, 95 % confidence interval: 5.8 g / dL, 5.7 g / dL
to 5.9 g / dL versus 5.6 g / dL, 5.5 g / dL to 5.8 g / dL, respectively, P = 0.18).
A total of 662 calves (403 TRAD and 259 ACID) from 138 study farms were
measured for BW and hip height. Median age at which the growth measurements were
collected was 9 d (min = 0 d, max = 28 d). Of the farms in which there were calves
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within the sampling age range for collection of growth measurements, the median
number of calves that were measured per farm was 4 (min = 1 calf, max = 14 calves). In
the multivariable model for BW, calf age and breed (Jersey as the referent category) were
positively associated with BW. Moreover, there was an interaction between milk feeding
program and calf age (P = 0.04). ACID milk feeding programs was associated with
greater BW in the first 28 d of life than TRAD feeding (Figure 2.3). In the multivariable
model for height, calf age, breed (Jersey as the referent category) and sex (heifer as the
referent category) were positively associated with hip height. Calves reared on TRAD
milk feeding programs did not differ in hip height from ACID calves (LSM, 95 %
confidence interval: 80.6 cm, 79.2 cm to 81.9 cm versus 80.7 cm, 79.3 cm to 82.1 cm,
respectively, P = 0.62).
A total of 377 calves (231 TRAD and 146 ACID) from 138 farms were randomly
selected for fecal sampling. Median age at sample collection was 16 d (min = 7 d, max =
28 d). Of the farms in which there were calves within the fecal sampling age range, the
median number of calves that were fecal sampled per farm was 3 (min = 1 calf, max = 8
calves). The prevalence of fecal pathogen shedding for calves reared on the TRAD and
ACID farms is presented in Table 2.11. None of the fecal samples tested positive for
ETEC. The calf-level prevalence of C parvum, rotavirus and coronavirus shedding by
calves on the TRAD and ACID farms were not different.
2.5. DISCUSSION
The results of this study demonstrate that calves reared on Ontario dairy farms are
exposed to a wide range of management conditions and feeding programs. Moreover,
these data provide evidence that since the early 1980s, a number of new management
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practices and feeding strategies have been adopted on Ontario dairy farms; whereas, other
aspects of preweaned calf management and nutrition have remained relatively unchanged
(Waltner-Toews et al., 1986a; Waltner-Toews et al., 1986b; Waltner-Toews et al., 1986c;
Waltner-Toews et al., 1986d). To be specific, colostrum and milk feeding management
appear to be the areas where the greatest steps toward improvement have been observed.
However, despite these advances, further improvements in all areas of calf management
and feeding are still warranted.
Maternity environments should be designed and managed in a manner that
supports the maternal behaviour of prepartum cows, while at the same time, limits
newborn calves’ exposure to infectious disease-causing pathogens (Mee, 2008). In the
current study, individual and group calving pens were the most commonly used types of
calving facilities. A recent review of published literature concluded that individual and
group maternity pens are suitable calving environments, provided they are well-managed
and cleaned regularly (Mee, 2008). Moreover, appropriate facilities should be designed to
allow cows the freedom to move, space to lie down and rest, as well as opportunity to
adopt comfortable lying postures and engage in isolation seeking behaviour (Lidfors et
al., 1994; National Farm Animal Care Council, 2009). Although there are several
advantages associated with individual and group calving pens, these types of calving
environments may result in increased pathogen challenge. Furthermore, the movement of
prepartum animals to a new location and mixing with unfamiliar animals can lead to
social stress or alter behaviour during parturition (Mench et al., 1990; Proudfoot et al.,
2013). Future research needs to examine the impacts of social factors in relation to the
calving environment. In addition, although it was not quantified in this study, it has been
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reported in other parts of North America that calving pens are often being used on farms
as special needs facilities for sick animals (Vasseur et al., 2010; Fogsgaard et al., 2012),
and the effects of this practice on cow and calf health and behaviour needs to be formally
evaluated.
Approximately 12 % of farms participating in the current study routinely had
cows calving directly in the main freestall or tiestall housing area of the barn. More than
25 years ago, it was reported that 22 % of heifer calves on Holstein dairy farms in
southwestern Ontario were born in either freestalls or stanchions (Waltner-Toews et al.,
1986d). Results from a recent survey estimate that greater than 50 % of dairy farms in
Quebec, Canada do not use calving pens (Vasseur et al., 2010). The lack of a designated
calving pen, and more specifically, the practice of tethering cows during calving, which
restricts movement and could prevent the animals from adopting comfortable lying
positions for delivery, negatively affects the welfare of the prepartum cow and her
newborn calf (Vasseur et al., 2010; Miedema et al., 2011; Jensen, 2012). Curtis and
colleagues (1988) also have demonstrated that calves born in stanchions or loose housing
are significantly more likely to develop calfhood diarrhea than calves born in maternity
pens. Hence, extension education efforts need to continue to focus on discouraging the
practice of calving cows in the main freestall or tiestall area of the barn, while promoting
the use of designated calving pens.
Maternity area hygiene care is a major concern because calves are born with an
immature immune system and are dependent on the transfer of maternal
immunoglobulins from colostrum, thereby making them highly susceptible to disease
challenges in early life (Davis and Drackley, 1998; McGuirk, 2008). However, fewer
66

than 25 % of the study farms reported cleaning the maternity area between each calving
event, and more than half of the farms estimated that at least 5 calvings occurred before a
complete clean-out of the maternity pens was scheduled. The thoroughness of cleaning
methods also varied between farms, and only a small percentage of farms indicated the
maternity pens were disinfected as part of the cleaning routine. Removal of bedding
material from the maternity area between calvings has been reported to reduce the herdlevel incidence rate of calf diarrhea complex (Frank and Kaneene, 1993). In addition, risk
factor analysis also has documented that in comparison to simply removing soiled
bedding material from the calving pen, removal of all bedding material, washing and
disinfecting the maternity area are associated with a lower herd-level risk of C. parvum
infection (Mohammed et al., 1999). Thus, given that poor maternity hygiene can
negatively impact calf health, improved cleaning and hygiene practices need to be
adopted in the calving area of many study farms.
The majority of respondents reported that newborn calves were separated from
the dams and removed from the maternity area within 6 h of birth. However, on some
farms, it was noted that once the cow-calf pairs were separated, the dams were moved to
elsewhere in the barn, while calves were left by themselves in the maternity area for an
extended period of time. Producers should avoid delaying the removal of newborn calves
from the maternity area because this is a high-risk environment for the transmission of
infectious diseases, such as Johne's disease (Benedictus et al., 2008). Johne's disease
control programs routinely mandate early separation and removal of the cow-calf pair
from the maternity environment as a management practice to help reduce transmission of
Mycobacterium avium subsp. paratuberculosis (MAP) to the newborn calf (Collins et al.,
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2010). For example, the most common recommendation for Canadian dairy producers
enrolled in a voluntary Johne's disease risk assessment-based control program was
removal of the newborn calf from the environment with the dam immediately following
birth (Sorge et al., 2011). This management change, along with a number of other
recommendations yielded lower risk assessment scores and decreased within-herd
prevalence of MAP (Sorge et al., 2011). Although early removal effectively reduces the
risk of disease transmission, delaying separation of the cow-calf pair allows for greater
expression of maternal behaviour, including licking the calf, establishing the maternal
bond and suckling (von Keyserlingk and Weary, 2007), as well as improved development
of social behaviour for the calf (Flower and Weary, 2001). Despite these benefits,
however, cows and calves exhibit stronger behavioural responses when separation is
delayed (Weary and Chua, 2000; Flower and Weary, 2001). Therefore, there is a tradeoff between early separation and removal of the cow-calf pair versus allowing the cow
and calf to remain in contact with one another for a longer period of time. Given that
hygiene in the maternity area is known to be inadequate on many Ontario dairy farms,
and that cows and calves experience greater distress with later separation, the authors’
recommend that calves be removed from the maternity area immediately following birth.
The overall aim of a colostrum management program is for calves to absorb
sufficient maternal immunoglobulins to protect against disease challenges in early life
and to minimize the risk of calfhood mortality (Wells et al., 1996; Davis and Drackley,
1998; Donovan et al., 1998). In the early 1980s, on the majority of southwestern Ontario
dairy farms, calves were allowed to nurse colostrum directly from the dam, and the first
feeding of colostrum was typically consumed more than 2 h after birth (Waltner-Toews et
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al., 1986d). The results of the current study document that there is still a small percentage
of dairy farmers in Ontario that delay harvesting and feeding colostrum to their newborn
calves, or that rely on the calves to nurse their dams to obtain sufficient colostral
immunoglobulins. The success of colostrum management is largely impacted by the
timing in which colostrum is collected from cows and fed to newborn calves. It is welldocumented that delays in the collection of colostrum should be avoided because after the
calving event, colostral immunoglobulin G concentrations will rapidly diminish with time
(Moore et al., 2005; Morin et al., 2010). Similarly, the efficiency of immunoglobulin
absorption across the calf’s intestinal epithelium is greatest immediately following birth,
begins to decline by 6 h, and is closed by 24 h (Michanek et al., 1989). To increase the
likelihood of obtaining high quality colostrum and achieving efficient colostral
immunoglobulin absorption, colostrum should always be harvested from the cow and fed
to the calf within 1 to 2 h, and no later than 6 h after calving (Godden, 2008).
Furthermore, in the Canadian Code of Practice for the Care and Handling of Dairy Cattle,
it is now a requirement that calves be hand-fed at least 4 L of good quality colostrum in
the first 12 h of life, and the first meal must be fed no more than 6 h after birth (National
Farm Animal Care Council, 2009). Calves that are hand-fed their first feeding of
colostrum early have 2.5-times lower odds of failure of passive transfer than those calves
that are fed colostrum more than 4 h after birth or are allowed to nurse their dam (Beam
et al., 2009). Therefore, even though some of the farms participating in the current study
were harvesting and hand-feeding colostrum immediately or within a few hours of
calving, there are still opportunities for improvement for other farms to implement better
colostrum management practices.
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Colostrum quality needs to be more of a primary concern among Ontario dairy
producers. In the current study, only a few producers were checking colostrum quality
using a colostrometer. The majority of producers that were assessing colostrum quality
were visually inspecting the appearance, including colour and consistency, and volume of
colostrum produced. Furthermore, only one producer routinely monitored the success of
passive transfer of immunity. The lack of colostrum quality assessment is problematic,
especially since the immunoglobulin content of colostrum between individual cows is
highly variable (Kehoe et al., 2007; Gulliksen et al., 2008; Morrill et al., 2012). There are
a host of factors that influence colostrum quality, including breed, parity, season,
prepartum vaccination, dry period length, etc. (reviewed by Godden, 2008). It is
noteworthy, however, given that it was the main method of colostrum quality assessment
used by farms in the current study, that the visual appearance is not predictive of
colostrum quality (Grusenmeyer et al., 2005; Moore et al., 2005; Morin et al., 2010).
There are validated on-farm methods, such as the colostrometer, refractometery and
Midland Quick test for monitoring the immunoglobulin content of colostrum (Morin et
al., 2001; Bielmann et al., 2010). The Canadian Code of Practice for the Care and
Handling of Dairy Cattle recommends that farms check colostrum quality using a
validated assessment tool (National Farm Animal Care Council, 2009). Future education
and extension initiatives need to focus on emphasizing to producers the importance and
benefits of appropriate on-farm colostrum quality monitoring programs, and to
understand the factors affecting producer decision-making on this practice. Furthermore,
the evaluation of newborn calves for success of passive transfer of immunity, in order to
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monitor colostrum management programs, is a practice that should be more widely
adopted.
Bacterial contamination of colostrum exposes calves to pathogenic bacteria,
which can interfere with the absorption of colostral immunoglobulins and negatively
impact calf health (James et al., 1981; Godden, 2008). Colostrum stored at ambient
temperature results in rapid aerobic and coliform bacterial growth; whereas, refrigeration
delays bacterial contamination and proliferation (Stewart et al., 2005). If not fed
immediately, colostrum should be frozen or refrigerated within 1 h of being harvested
from the cow (Godden, 2008). A number of study participants were not heeding this
recommendation, which underscores that more appropriate on-farm methods for
colostrum storage need to be implemented.
Several general calf management practices were identified in the current study as
areas in need of improvement. For example, less than 40 % of the study farms disinfected
the newborn calf’s umbilicus. These findings are consistent with the level of umbilical
treatment offered to heifer calves on southwestern Ontario dairy farms during the early
1980s (Waltner-Toews et al., 1986d). In contrast, it has been documented that more than
60 % of Quebec dairy farms routinely disinfect newborn calves’ navels (Vasseur et al.,
2010). The Canadian Code of Practice for the Care and Handling of Dairy Cattle states
that disinfection of the newborn calf’s navel, with repeated treatment if necessary, is a
recommended best practice (National Farm Animal Care Council, 2009). Good umbilical
hygiene care has been shown to support improved calf health. Calves treated at birth with
a navel dip product had significantly lower odds of omphalitis than if umbilical
disinfection was not applied (Grover and Godden, 2011). Thus, umbilical disinfection
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should be more widely practiced on Ontario dairy farms, especially for those farms where
the hygiene in the maternity environment is lacking.
On more than 25 % of the study farms, calves were not offered water during the
first 2 week of life. Moreover, solid feed was not available to calves on 8.5 % of the
study farms until after 2 week of age. Calves need to consume water and solid feed in
early life to help initiate reticulo-rumen fermentation, and stimulate the growth and
development of the rumen epithelium (Davis and Drackley, 1998; Baldwin et al., 2004).
Water intake is also important for the maintenance of hydration status, especially during
periods of heat stress. Industry production standards recommend that water and solid feed
be continuously available to dairy calves by 3 d of age (Dairy Calf and Heifer
Association, 2012). This recommendation was not met on the majority of study farms;
calves on some farms were not offered water and solid feed until after 1 mo. of age. It is
noteworthy, however, that over the past 25 years, more Ontario dairy farmers have begun
introducing these feedstuffs to calves at younger ages (Waltner-Toews et al., 1986d).
Nevertheless, too many farmers continue to delay offering water and solid feed to calves,
which can slow their transition from the pre-ruminant stage to fully functioning
ruminants and in turn, negatively affect growth performance and calf welfare around the
time of weaning (Gottardo et al., 2002). In addition, it has been reported that on farms
where there is a delay in offering solid feed to calves, there are greater odds of being
classified with high calfhood mortality than low mortality (Torsein et al., 2011).
The results of the current study show that there was an overall lack of recordkeeping on preweaned calves. Records on calving ease, stillbirth and calf identification
were routinely maintained on most of the study farms; the collection of this information
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is a requirement with participation in the CanWest DHI program. Many of the farms did
not, however, actively collect data on management procedures performed, disease
occurrence, health treatments administered, growth measurements, weaning information
or death events. Furthermore, for those farms that were routinely collecting calf data, the
information was often recorded using handwritten systems. Some of the drawbacks of
handwritten recording methods include the potential for logs or notebooks to be
misplaced, need for storage space and an organizational system to maintain the records
over time, and limited ability to summarize and analyze the data. Producers that maintain
handwritten recording systems may not be keeping pace with new technologies and onfarm computerized record-keeping that allow for more efficient collection, storage,
integration and analysis of farm data (Lissemore, 1989; Tomaszewski, 1993). Actively
recording calf morbidity, mortality and production data is useful for tracking individual
animal performance, monitoring herd-level trends, assisting with management decisions,
and improving the overall success and profitability of calf management programs (Bach
and Ahedo, 2008). Moreover, maintaining records of animal identification, calf health
and farm practices are requirements of most animal welfare assessment programs
(National Dairy FARM Program, 2010; Animal Welfare Approved, 2012). In addition,
keeping accurate and detailed animal health records is included as a recommended best
practice in the Canadian Code of Practice for the Care and Handling of Dairy Cattle
(National Farm Animal Care Council, 2009). Thus, it is evident that Ontario dairy
producers need to adopt better systems for recording and analysis of preweaned calf data.
A number of different types of calf housing systems were used on the study
farms. Many calves were housed individually in pens or outdoor hutches; whereas, others
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were managed in small groups of up to 12 preweaned calves. Individual calf housing, and
in particular the use of outdoor hutches, has traditionally been promoted as a way to limit
physical contact between preweaned calves and minimize the risk of transmission of
infectious pathogens (Quigley et al., 1994; Davis and Drackley, 1998). Moreover,
individual housing also has been shown to be negatively associated with preweaning calf
morbidity and mortality (Waltner-Toews et al., 1986b; Waltner-Toews et al., 1986c). In
contrast, although group housing allows for increased likelihood of disease transmission,
this type of housing system provides calves with greater space for movement and
opportunities to engage in social interactions with pen-mates. Calves that are grouped or
pair housed during the preweaning period, in comparison to individually-housed calves,
consume more solid feed before and after weaning, vocalize less around the time of
weaning, and show improved feeding behaviour and BW gain after weaning (Warnick et
al., 1977; Tapki, 2007; De Paula Vieira et al., 2010). Hence, with the exception of the
farm that tethered calves to a wall, the different types of housing systems used by the
study farms provided calves with suitable housing conditions.
There were a number of specific issues relating to calf housing that raise some
concerns. Firstly, on many of the study farms, hutches were not moved to a new location
after each use, and hutches or pens did not remain empty for a period of time before
introducing a new calf. These management practices should be adopted to reduce
pathogen accumulation over time and minimize disease transmission (Maddox-Hyttel et
al., 2006). Secondly, the individual and group pens that were used to house calves were
often located in old buildings. If not renovated and managed appropriately, these
buildings may have drafty conditions, inadequate ventilation and poor air hygiene, which
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can negatively impact respiratory health (Lundborg et al., 2005; Lago et al., 2006).
Thirdly, calves reared on many of the study farms shared the same airspace or had
physical contact with older cattle. This type of situation should be avoided because
results from a large-scale observational study established that calves housed together with
older cattle are at increased risk of developing bovine respiratory disease (Gulliksen et
al., 2009). Finally, calf housing facilities were not cleaned and bedding material was not
changed frequently enough on some farms. Daily removal of soiled or all bedding
material from calf hutches or pens, along with adding fresh bedding reduces the risk of C.
parvum infection (Mohammed et al., 1999). Improved hygiene in the calf housing
environment is needed to limit calves' exposure to potentially disease-causing pathogens.
Moreover, it has been demonstrated that calves have a preference for dry surfaces, and
will avoid lying on wet bedding material (Camiloti et al., 2012).
Milk feeding management on the study farms differed markedly in comparison to
other parts of Canada and the United States. In the current study, the main types of milk
product fed to the preweaned calves included saleable whole milk, milk replacer and
acidified whole milk / milk replacer. The distribution for farms feeding each type of milk
product may not be representative of the Ontario dairy industry. The recruitment
materials specifically targeted farms that were feeding acidified milk, which probably
resulted in an overrepresentation of ACID farms in the sample. Nonetheless, it is evident
that with at least 40 % of the study farms feeding saleable whole milk, this is the most
common type of milk product fed on Ontario dairy farms. Moreover, many of the study
farms readily fed non-saleable whole milk if it was available. Feeding non-saleable whole
milk, or milk from cows with elevated SCC or test positive for Staphylococcus aureus
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intramammary infection, are generally considered high risk management practices that
may negatively affect calf health (Jamaluddin et al., 1996; McGuirk, 2008). In contrast,
commercial milk replacers are fed to calves on more than 70 % of United States dairy
farms (USDA, 2010). Many of the larger United States dairy farms will also feed
unpasteurized or pasteurized non-saleable whole milk (USDA, 2010). Differences in the
types of milk product fed by Ontario and the United States dairy farms are largely
dictated by milk quota management decisions versus the price of saleable whole milk,
respectively.
Most of the ACID farms had calves consuming acidified milk in a free-access
manner, whereas, the TRAD farms generally fed restricted quantities of milk. For those
farms where calves were restricted in milk intake, there was wide variation in the amount
of milk fed to calves daily and most did not feed calves more milk during the winter
months. The Canadian Code of Practice for the Care and Handling of Dairy Cattle
recommends that preweaned calves be offered milk at a minimum feeding rate of 20 % of
BW / d (approximately 8 L / d for Holstein calves), and additional milk should be offered
when the environmental temperature drops below 10 °C (National Farm Animal Care
Council, 2009). Many respondents indicated that calves were fed higher levels of milk,
while others severely restricted calves’ daily intake of milk. There are many benefits to
feeding calves larger amounts of milk, including that this practice better reflects natural
feeding conditions, allows calves the opportunity to consume more nutrients, and results
in fewer behavioural signs of hunger and more BW gain (Quigley et al., 2006; Khan et
al., 2007; De Paula Vieira et al., 2008; Jasper et al., 2008; Borderas et al., 2009). Another
main advantage associated with feeding greater quantities of milk is that these feeding
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programs are most often designed so calves suck from a teat versus drink from a pail for
their daily milk allowance. Sucking is an important feeding behaviour for calves (de
Passillé and Rushen, 1997; de Passillé and Rushen, 2006). The main function of sucking
behaviour is to obtain nourishment from milk, however, it also helps to extend feeding
time, facilitate rest and sleep, and stimulate the secretion of digestive hormones (De
Passillé et al., 1993; Veissier et al., 2002; Hänninen et al., 2008).
Weaning calves off milk is a stressful period, especially for those animals fed
larger amounts of milk (Jasper et al., 2008; Weary et al., 2008). Calves fed large amounts
of milk will often experience a postweaning growth lag because they are unable to ingest
enough solid feed during the weaning and early postweaning periods to fully compensate
for the reduced nutrient supply from milk (Sweeney et al., 2010; de Passillé et al., 2011).
In the current study, ACID farmers tended to wean calves earlier and were not taking
feed intake into consideration with their weaning decisions, which may be a welfare
issue. Hence, improved weaning protocols need to be designed, evaluated and
implemented for transitioning calves fed large daily milk allowances to a fully solid feed
diet.
There were several limitations associated with the design and execution of this
observational study. One limitation was that the methods used to recruit farms may have
introduced selection bias. Farm recruitment was organized so that dairy producers were
made aware of the study and then they had to contact the research team to confirm their
willingness to participate. In 2008, there were 4,352 dairy farms licensed to produce milk
in Ontario (Dairy Farmers of Ontario, 2012); however, only 140 dairy producers
volunteered to participate in this research, resulting in a response rate of 3.2 %.
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Therefore, given that such a large proportion of producers did not respond to the
recruitment efforts, the participating farms may not have been truly representative of the
Ontario dairy industry and this may limit the internal validity and generalizability of the
results (Dohoo et al., 2010). In an attempt to assess how this selection bias may have
impacted the study results, summary information on demographic, production and
management factors were collected for the participating farms and then compared against
provincial and national benchmark values. The majority of study farms were located in
either the southwestern or eastern regions of the province, which is similar to the
geographical distribution of dairy farms throughout Ontario (Dairy Farmers of Ontario,
2012). Farms participating in this study were generally larger in herd size, produced more
milk, fat and protein, and had lower herd average somatic cell counts than average dairy
farms in Ontario and Canada. However, herd age, percentage of cows in at least their 3rd
lactation, and removal rate for the study farms were similar to the Ontario and Canadian
benchmark values. The CanWest DHI management score data indicate that although the
study population comprised a range of different farms, ranking from low to superior in
several management areas, it appears as if more of the better managed farms were willing
to participate in this research. Taken together, these summary data suggest that the calf
management and feeding practices described in this study may better reflect differences
in producer attitudes and rearing conditions for calves raised on larger and more
progressive Ontario dairy farms, as compared to smaller or less well-managed farms.
Other limitations of this research include the use of a cross-sectional study design
and the potential for information bias. For example, cross-sectional studies are generally
recognized as being very straightforward and easy to implement, relatively inexpensive to
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conduct, and having a high level of relevance to real-world conditions (Dohoo et al.,
2010). On the other hand, cross-sectional studies are non-directional and designed to
measure the prevalence of exposures and dependent variables at a single point in time,
which can lead to problems with reverse-causation (Dohoo et al., 2010). These studies
cannot be used to make causal inferences; but rather, are better suited for evaluating
associations between exposures and response variables of interest. Despite these
weaknesses, the authors’ chose to use the cross-sectional study design largely because of
the availability of limited time, labour and financial resources, and the ability to collect
descriptive data in an efficient manner. Ideally, a cohort or randomized controlled field
study, which would have allowed the research team to follow calves for an extended
period of time, facilitated the collection of other growth and health measurements, and
provided stronger support for causation, would have been a more appropriate study
design.
2.6. CONCLUSION
Since the early 1980s, there has been progress in some areas of preweaned calf
management and nutrition on Ontario dairy farms; whereas, other aspects have not
changed. The progress that has been made in the management and feeding of preweaned
calves is encouraging. However, the results of this study have established that there are
still opportunities for improvement in maternity hygiene, colostrum harvesting and
storage, colostrum quality assessment, umbilical disinfection, water and solid feed
introduction, record-keeping, preweaned calf housing management, milk feeding
allowances and weaning management. Moreover, the results demonstrate that milk
feeding practices for calves reared on traditional versus acidified milk feeding programs
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are different. Furthermore, calves reared on acidified milk feeding programs achieved
greater BW in the first 28 d of life than the traditionally-fed calves.
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TABLES AND FIGURES
Table 2.1. Sampling plan for the collection of blood and fecal samples, and growth
measurements from preweaned calves on Ontario dairy farms.
No. of Calves1

Outcome

Age Range

Blood sampling
Fecal sampling3

≥ 24 h and ≤ 7 d
≥ 7 d and ≤ 28 d

% of Calves Sampled2

N/A
100 %
≥ 8 calves
50 %
7 calves
60 %
6 calves
70 %
5 calves
80 %
≤ 4 calves
100 %
Growth measurements3,4
≤ 28 d
N/A
50 %
1
Total number of calves on the farm within the sampling age range on the day of the farm visit.
2
Proprotion of calves sampled varied by the number of calves eligible for sampling, thereby
ensuring that calves from smaller sized farms were sampled.
3
Random number draw was used to select calves for fecal sampling and growth measurements.
4
Weight and hip height measurements were collected.
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Table 2.2. Herd demographic information and production characteristics for 122 dairy
farms (of 140 total farms studied) compared to the CanWest Dairy Herd Improvement
(DHI) 2008 benchmark values for Ontario and Canadian farms.
Factor

Study Farms1

Ontario Farms2

No. of farms
122
3,196
Herd demographic information
Herd size4, no.
103.4 ± 82.0
72
Herds with greater than 50 cows, %
80.5
60.0
Herd cow age4, yr
4.3 ± 0.6
4.5
4
Cows in lactation 3 or greater , %
36.6 ± 8.2
38.0
Removal rate4, %
37.0 ± 9.9
38.0
Heifer inventory4,5, no.
91 ± 68
54
Production summary
Milk production4, kg
9,105 ± 1,275
8,407
Fat production4, kg
347 ± 43
322
4
Protein production , kg
294 ± 37
272
SCC4, 100,000 cells/mL
2.2 ± 0.7
2.8
1
Study farms that were enrolled on the CanWest DHI recording program.
2
Benchmark values (provincial averages) were obtained from CanWest DHI.
3
Benchmark values (national averages) were obtained from CanWest DHI and Valacta.
4
Mean ± SD presented.
5
Heifer inventory data were only recorded by CanWest DHI on 115 study farms.
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Canadian Farms3
10,115
70
56.0
4.6
39.0
35.0
49
8,456
324
274
2.6

Table 2.3. Herd-level maternity management on 140 dairy farms in Ontario during the
summer of 2008.
Management Practice

Study Farms, % (n)

Location where calves are normally born
Individual calving pen
Group calving pen
Dry cow pen
Main freestall or tiestall area
Pasture
Multiple calving locations
Type of bedding material used in the designated maternity area
Straw
Wood shavings
Sand
Pasture
Multiple types of bedding material used
Designated maternity area cleaned between each calving
Yes
No
No. of calvings between complete clean-out of the designated maternity area
Fewer than 5 calvings
5 to 9 calvings
10 to 29 calvings
30 to 49 calvings
50 to 99 calvings
More than 99 calvings
Cleaning of the designated maternity area
Removal of all bedding material
Removal of all bedding material and then rinse with water
Removal of all bedding material and then disinfected
Removal of only soiled bedding material
Not routinely cleaned
Time newborn calves spend in the designated maternity area
≤1h
> 1 to 6 h
> 6 to 12 h
> 12 to 24 h
> 24 h
Time newborn calves spend with the dam until separated
≤1h
> 1 to 6 h
> 6 to 12 h
> 12 to 24 h
> 24 h
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35.7 (50)
26.4 (37)
11.4 (16)
12.1 (17)
7.9 (11)
6.4 (9)
72.9 (102)
8.6 (12)
1.4 (2)
7.9 (11)
9.3 (13)
23.6 (30)
76.4 (97)
45.0 (63)
10.7 (15)
23.6 (33)
10.0 (14)
7.1 (10)
3.6 (5)
50.7 (71)
2.1 (3)
16.4 (23)
21.4 (30)
9.3 (13)
22.8 (31)
39.0 (53)
11.8 (16)
16.9 (23)
9.6 (13)
25.7 (36)
40.7 (57)
15.7 (22)
12.9 (18)
5.0 (7)

Table 2.4. Herd-level colostrum management on 140 dairy farms in Ontario during the summer of 2008.
Management Practice

Study Farms, % (n)

Colostrum normally harvested
Within 2 hours of calving
At some time before the next scheduled milking
At the next scheduled milking
Not collected and calves are allowed to nurse their dams
Timing of the first feeding of colostrum
≤1h
> 1 to 6 h
> 6 to 12 h
Calves fed the following types of colostrum1, %
Commercial colostrum replacer
Fresh colostrum from dam only
Fresh colostrum from another cow
Pooled colostrum
Frozen colostrum
Colostrum acidified with formic acid
Calves fed the majority of their first feeding of colostrum by the
following routes, %
Nurse bottle
Esophageal feeder
Bucket feeding
Nursing
Amount of colostrum fed to the calves within 6 h of birth, L
Amount of colostrum fed to the calves from 6 to 12 h of birth, L
Calves fed at least 4 L of colostrum within 6 h of birth, %
Calves fed at least 8 L of colostrum within 12 h of birth, %
Scour vaccines were administered to farm cows
Yes
No
1
Colostrum fed to the calves at any feeding.

% Calves on Farm, med (min, max)

45.0 (63)
15.0 (21)
37.9 (53)
2.1 (3)
25.7 (36)
70.0 (98)
4.3 (6)
0.0 (0.0, 100.0)
95.0 (0.0, 100.0)
5.0 (0.0, 100.0)
0.0 (0.0, 100.0)
2.0 (0.0, 90.0)
0 (0.0, 100.0)

83.5 (0.0, 100.0)
5.0 (0.0, 100.0)
0.0 (0.0, 95.0)
0.0 (0.0, 100.0)
3.0 (1.4, 6.0)
2.4 (0.0, 5.0)
50.0 (0.0, 100.0)
30.0 (0.0, 100.0)
27.9 (39)
72.1 (100)
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Table 2.5. Herd-level general management of preweaned calves on 140 dairy farms in
Ontario during the summer of 2008.
Management Practice

Study Farms, % (n)

Calf umbilicus routinely disinfected with iodine
Yes
No
Perinatal treatments administered to the calves
No treatments
Vitamin E / Selenium
Vitamins A, D and E
Oral antibody
Iron
Bull calves retained and raised on the farm
Yes
No
Free-martin heifers calves retained and raised on the farm
Yes
No
Age when calves normally introduced to water
Fewer than 3 d
3 to 6 d
7 to 13 d
14 to 20 d
21 to 27 d
More than 27 d
Water offered to the calves for ad libitum consumption
Yes
No
Age when calves normally introduced to solid feed1
Fewer than 3 d
3 to 6 d
7 to 13 d
14 to 20 d
21 to 27 d
More than 27 d
Solid feed offered to the calves for ad libitum consumption
Yes
No
Age when calves normally introduced to hay
Fewer than 7 d
7 to 27 d
28 d to weaning off milk
After weaning off milk
Never offered
1
Solid feed = starter ration or grain.
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39.3 (55)
60.7 (85)
53.6 (75)
17.9 (25)
11.4 (16)
29.3 (41)
1.4 (2)
16.4 (23)
83.6 (117)
39.3 (55)
60.7 (85)
32.1 (45)
27.9 (39)
13.6 (19)
5.0 (7)
5.7 (8)
15.7 (22)
89.3 (125)
10.7 (15)
35.0 (49)
36.4 (51)
20.0 (28)
2.1 (3)
2.1 (3)
4.3 (6)
92.9 (130)
7.1 (10)
18.7 (26)
15.1 (21)
15.8 (22)
46.8 (65)
3.6 (5)

Table 2.6. Types of information routinely recorded for preweaned calves on 140 dairy farms in Ontario during the summer of 2008.
Management Practice

Study Farms, % (n)

Calving ease
Yes
No
Records of stillbirth
Yes
No
Calf identification
Yes
No
Management procedures (ie. dehorning, hoof-trimming, etc)
Yes
No
Disease events for preweaned calves
Yes
No
Health treatments administered to preweaned calves
Yes
No
Preweaned calf mortality
Yes
No
Growth and performance data for preweaned calves
Yes
No
Weaning information
Yes
No
1
Both = handwritten and computer records.
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Recording Method, % (n)
Handwritten

Computer

Both1

91.4 (128)
8.6 (12)

50.8 (65)

26.6 (34)

22.7 (29)

95.0 (133)
5.0 (7)

55.6 (74)

26.3 (35)

18.0 (24)

98.6 (138)
1.4 (2)

47.1 (65)

21.0 (29)

31.9 (44)

24.3 (34)
75.7 (106)

64.7 (22)

29.4 (10)

5.9 (2)

45.6 (68)
51.4 (72)

67.6 (46)

23.5 (16)

8.8 (6)

57.1 (80)
42.9 (60)

68.7 (55)

21.3 (17)

10.0 (8)

87.9 (123)
12.1 (17)

52.8 (65)

30.1 (37)

17.1 (21)

2.9 (4)
97.1 (136)

50.0 (2)

25.0 (1)

25.0 (1)

11.4 (16)
88.6 (124)

70.6 (12)

29.4 (5)

0 (0)

Table 2.7. Herd-level housing management for preweaned calves on 140 dairy farms in
Ontario during the summer of 2008.
Management Practice

Study Farms, % (n)

Preweaned calf housing
Hutches
Individual pens
Group pens
Individual and group pens
Tethered to a wall
Location of preweaned calf housing
Outdoors
Separate calf nursery
Naturally ventilated barn
Mechanically ventilated barn
Naturally and mechanically ventilated barn
Bank barn
Shed
Type of bedding material used in the preweaned calf housing area
Straw
Wood shavings
Sand
Straw and wood shavings
Straw and sand
Bedding material in the preweaned calf housing area changed
Between each calf use
Daily
Weekly
Bi-weekly
Monthly
Bi-monthly
Few times per yr
Cleaning of the preweaned calf housing area
Add more bedding material
Removal of soiled bedding material only
Removal of all bedding material
Removal of all bedding material and washed with water
Removal of all bedding material and disinfected
Length of time the hutches or pens remain empty after each use
0d
1 to 6 d
7 to 13 d
14 to 20 d
21 to 27 d
> 27 d
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31.4 (44)
25.0 (35)
35.0 (49)
7.9 (11)
0.7 (1)
29.3 (41)
13.6 (19)
21.4 (30)
10.7 (15)
10.0 (14)
13.6 (19)
1.4 (2)
58.6 (82)
17.1 (24)
0.7 (1)
17.1 (24)
2.9 (4)
39.1 (54)
4.4 (6)
8.0 (11)
6.5 (9)
21.0 (29)
7.3 (10)
13.8 (19)
5.8 (8)
2.9 (4)
47.5 (66)
15.1 (21)
28.8 (40)
34.3 (48)
17.9 (25)
23.6 (33)
14.3 (20)
2.9 (4)
7.1 (10)

Table 2.8. Preparation of acidified milk on 56 dairy farms in Ontario during the summer
of 2008.
Management Practice

Study Farms, % (n)

New batches of acidified milk prepared
Multiple times per day
Daily
Every 2 d
Every 3 d
Acidifying (or preservation) agent used to prepare acidified milk
Formic acid
Agri-Acid1
Hydrogen peroxide
Commercially available acidified milk replacer
Acidifying agent diluted before being used to acidify milk
Yes
No
N/A (commercially available acidified milk replacer used)
Target pH for the acidified milk
Within currently recommended target pH range of 4.0 to 4.5
Below currently recommended target pH range of 4.0 to 4.5
Above currently recommended target pH range of 4.0 to 4.5
Did not know
pH of the acidified milk measured using
Litmus paper
pH meter
Never measured
Frequency of measuring the pH of acidified milk
When new batches are prepared
At least once daily
At least once weekly
At least once monthly
Not routinely measured
Never measured
System for agitating the acidified milk
Fed immediately
Manual
Automated
Acidified milk normally agitated
≤6h
> 6 to 12 h
> 12 h
Contact period for the acid and milk before the acidified milk is fed
Fed immediately after mixed
At least 8 h after mixed
At least 24 h after mixed
1
Agri-Acid is a commercially-available acidifying agent that contains a blend of phosphoric,
formic and lactic acids.
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19.6 (11)
42.9 (24)
25.0 (14)
12.5 (7)
76.8 (43)
12.5 (7)
1.8 (1)
8.9 (5)
89.3 (50)
1.8 (1)
8.9 (5)
73.2 (41)
7.1 (4)
14.3 (8)
5.4 (3)
66.1 (37)
19.6 (11)
14.3 (8)
30.4 (17)
12.5 (7)
19.6 (11)
12.5 (7)
10.7 (6)
14.3 (8)
7.1 (4)
82.1 (46)
10.7 (6)
28.6 (16)
33.9 (19)
37.5 (21)
57.1 (32)
26.8 (15)
7.1 (4)

Table 2.9. Herd-level milk feeding management for calves reared on traditional (TRAD) or acidified (ACID) milk feeding programs
on 140 dairy farms in Ontario during the summer of 2008.
Management Practice

Type of Outcome Variable
Categorical, % (n = farms)
Continuous, med (min, max)
TRAD (n = 84) ACID (n = 56) TRAD (n = 84) ACID (n = 56)

Calves have free-access to milk
Yes
3.6 (3)
89.3 (50)
No
96.4 (81)
10.7 (6)
1
Amount of milk offered to calves, L / d
Week 1
6.0 (2.8, 12.0)
6.8 (6.0, 10.0)
Week 2
6.0 (2.8, 12.0)
6.8 (6.0, 10.0)
Week 3
6.0 (3.8, 16.0)
7.5 (6.0, 10.0)
Week 4
6.0 (3.0, 16.0)
7.5 (6.0, 10.0)
Week 5
6.0 (2.0, 16.0)
7.5 (6.0, 10.0)
Week 6
6.0 (1.0, 16.0)
6.0 (4.0, 9.0)
Calves offered more milk during the winter months1
Yes
45.7 (37)
33.3 (2)
No
54.3 (44)
66.7 (4)
Milk feeding method supports
Drinking
78.6 (66)
1.8 (1)
Sucking
21.4 (18)
98.2 (55)
Type of weaning methods
Abrupt weaning off milk
28.6 (24)
48.2 (27)
Gradual weaning off milk
71.4 (60)
51.8 (29)
Weaning criteria - age of calf
84.5 (71)
75.0 (42)
Weaning criteria - body condition or weight
36.9 (31)
51.8 (29)
Weaning criteria - feed consumption
57.1 (48)
35.7 (20)
Age when calves weaned off milk, week
8.0 (5.0, 24.0)
8.0 (4.0, 12.0)
Labor requirements, min / calf / day
8.6 (1.5, 128.6)
6.0 (1.0, 34.3)
1
Only includes those farms in which calves did not have free-access to milk (TRAD: n = 81 farms; ACID: n = 6 farms).

†Wilcoxon sum rank test, • Pearson’s χ2 test, ▫ Fisher’s exact test
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P-value

< 0.0001 ▫
0.06 †
†
0.14
†
0.20
†
0.21
0.34 †
0.54 †
0.69 ▫
< 0.0001 ▫
0.02 •
0.16 •
0.08 •
0.01 •
†
0.03
0.15 †

Table 2.10. Respondents’ perceptions on the importance of factors in relation to
decisions about milk feeding for calves.
Factor

Study Farms, % (n)
TRAD (n = 84)
ACID (n = 56)

Calf health
Very high
High
Medium
Low
Very low
Growth performance
Very high
High
Medium
Low
Very low
Disease transmission
Very high
High
Medium
Low
Very low
Labor
Very high
High
Medium
Low
Very low
Cost
Very high
High
Medium
Low
Very low

† Wilcoxon sum rank test
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P-value †

94.0 (79)
6.0 (5)
0
0
0

98.2 (55)
1.8 (1)
0
0
0

0.24

69.1 (58)
22.6 (19)
6.0 (5)
2.4 (2)
0

53.6 (30)
30.4 (17)
12.5 (7)
3.6 (2)
0

0.05

47.6 (40)
25.0 (21)
20.2 (17)
2.4 (2)
4.8 (4)

35.7 (20)
21.4 (12)
35.7 (20)
5.4 (3)
1.8 (1)

0.10

34.5 (29)
21.4 (18)
29.8 (25)
6.0 (5)
8.3 (7)

46.4 (26)
23.2 (13)
23.2 (13)
3.6 (2)
3.6 (2)

0.08

19.1 (16)
23.8 (20)
33.3 (28)
20.2 (17)
3.6 (3)

12.5 (7)
19.6 (11)
33.9 (19)
21.4 (12)
12.5 (7)

0.09

Table 2.11. Calf-level prevalence of fecal pathogen shedding for calves reared on
traditional (TRAD) or acidified (ACID) milk feeding programs.
Outcome
Shedding of C. parvum
Shedding of rotavirus
Shedding of coronavirus

Prevalence, % (n)
TRAD (n = 230 calves)
ACID (n = 145 calves)
27.8 (64)
31.7 (46)
9.1 (21)
11.7 (17)
5.2 (12)
4.1 (6)
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P-value
0.45
0.47
0.64

Figure 2.1. Distribution of the dairy farms studied in Ontario, Canada during the summer
of 2008.
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Figure 2.2. Frequency distribution of CanWest DHI management scores by each 10 %
percentile category for milk value, udder health, age at first calving, calving interval, herd
longevity and herd efficiency. By definition, 10 % of Ontario herds fall within each
percentile category, and higher percentiles are always superior.
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Figure 2.3. Predicted BW for Holstein calves reared on traditional (TRAD) or acidified
(ACID) milk feeding programs. This figure was generated based on the final generalized
linear mixed model for BW.
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CHAPTER 3: EFFECTS OF FEEDING LEVEL AND MILK REPLACER
ACIDIFICATION ON MEASURES OF CALF PERFORMANCE
AND RUMEN PAPILLARY GROWTH 
3.1. ABSTRACT
The objective of this study was to examine how feeding level and milk replacer
acidification affected calf performance and rumen papillary development. Sixteen
Holstein male calves were purchased at birth and transported to a research facility. Calves
were randomly assigned to 1 of 4 milk feeding programs: 1) free-access (ad libitum)
feeding of acidified milk replacer (22% CP and 17% fat; FA), 2) restricted (6 L / d)
feeding of acidified milk replacer (RA), 3) free-access feeding of non-acidified milk
replacer (FN) and 4) restricted feeding of non-acidified milk replacer (RN). Milk
replacer, solid feed and water intakes were measured daily, and body weight was
determined weekly. Calves were weaned off milk replacer at 42 d of age following a 5 d
gradual weaning period. One calf from each feeding program was euthanized at 28, 42,
56 and 70 d of age, and submitted for routine necropsy. Rumen tissue samples were
collected and papillae length, width and density, and rumen wall thickness were
measured. Survival analysis was used to examine the effects of feeding level and milk
replacer acidification on the time to onset of solid feed consumption. Generalized linear
mixed models were constructed to evaluate the effects of feeding level and milk replacer
acidification on each of the performance outcome variables. Rumen papillary growth
measurements were summarized by feeding treatment and sampling period. Results from
this study demonstrated that calves will voluntarily consume more milk replacer than
what is offered with traditional milk feeding strategies (median intake for the FA, FN,
RA and RN calves = 9.7, 11.0, 6.0 and 6.0 L / d, respectively). Acidification did not
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significantly affect milk replacer consumption for the FA and FN calves (P = 0.65), or
the RA and RN calves (P = 0.65). Calves with free-access to milk replacer began
consuming solid feed later than the restricted-fed calves (median time to onset of solid
feed consumption for the FA, FN, RA and RN calves = 22.0, 39.0, 12.5 and 17.0 d,
respectively; hazard ratio = 12.3, P = 0.005). Milk replacer acidification tended to be
associated with earlier onset of solid feed consumption (hazard ratio = 3.7, P = 0.05).
Calves with free-access to milk replacer consumed less solid feed during the preweaning
(P = 0.004) and gradual weaning periods (P = 0.01) than the restricted-fed calves. Milk
replacer acidification did not affect daily solid feed intake (preweaning: P = 0.84 and
weaning: P = 0.21). Free-access feeding supported greater preweaning average daily gain
(ADG; P = 0.036), but did not affect weaning ADG (P = 0.57) compared to restricted
feeding. Milk replacer acidification did not impact preweaning (P = 0.88) or weaning
ADG (P = 0.57). Restricted-fed calves had numerically longer and wider rumen papillae
than calves with free-access to milk replacer. Acidification appeared to have little impact
on any of the rumen papillary growth measurements.
3.2. INTRODUCTION
Traditional milk feeding programs restrict calves’ intake of milk to a rate of 8 to
10% of birth BW (4 to 6 L / d of milk; Drackley, 2008). In recent years, however, there
has been renewed interest in early calf nutrition and thus alternative milk feeding
strategies have been investigated. A system of implementing free-access acidified milk
feeding for calves has recently been proposed and adopted on many Ontario dairy farms
(Anderson, 2006, 2008). Briefly, formic acid is used to preserve whole milk or milk
replacer so that large batches of acidified milk can be prepared, stored at ambient

104

temperature and fed to calves for unrestricted consumption. It is currently recommended
that acidified milk be prepared using a target pH between 4.0 and 4.5 (Anderson, 2006;
2008). This target pH range was selected because anecdotal experience and textbook
values for the survival of microorganisms in media under varying conditions indicate that
acidification to pH levels less than 4.5 should create unfavourable conditions for the
growth of bacteria and molds. There is, however, a need for laboratory and field
investigations to determine that acidification to the recommended target pH is effective at
maintaining the bacteriological quality of milk used in free-access feeding systems.
Although acidified milk feeding is a relatively new management practice in
Canada, it has been widely used for calf rearing in Europe since the mid-1970s (Stobo,
1983), and gained popularity in the United States during the 1980s (Davis and Drackley,
1998). Several commercial acidified milk replacers have been developed for ad libitum
feeding. These products contain low concentrations of organic acids and generally have a
pH between 5.0 and 6.0 after reconstitution (Stobo, 1983; Davis and Drackley, 1998).
Woodford and colleagues (1987) demonstrated that calves fed ad libitum acidified milk
replacer had significantly lower abomasal and fecal pH compared to control animals,
which may aid digestive processes. It has also been shown that when acidified milk
replacer is fed for ad libitum intake, calves will consume more milk replacer than what is
offered with traditional restricted milk feeding regimes (Nocek and Braund, 1986;
Richard et al., 1988), which in turn, supports greater preweaning weight gain and
improved feed conversion (Nocek and Braund, 1986; Woodford et al., 1987). Despite
these advantages in growth and performance, however, calves that consume ad libitum
acidified milk replacer generally have depressed solid feed intake compared to restricted105

fed calves (Nocek and Braund, 1986; Richard et al., 1988). Results from several studies
have also documented a negative relationship between feeding large amounts of milk and
the ingestion of solid feedstuffs (Appleby et al., 2001; Jasper and Weary, 2002; Borderas
et al., 2009).
Pre-ruminant calves need to consume solid feed to initiate rumen development
(Davis and Drackley, 1998; Drackley, 2008). Solid feeds are fermented in the reticulorumen and short chain volatile fatty acids are produced, which stimulates the
differentiation of rumen epithelial tissues and papillary growth (Sander et al., 1959;
Tamate et al., 1962; Baldwin et al., 2004). Few researchers, however, have formally
evaluated the effects of milk feeding level on rumen development in calves. Kristensen
and colleagues (2007) showed that rumen papillae length (PL) was not affected by
increased milk allowance. In contrast, calves reared on a step-down milk feeding
program, where they were fed whole milk at a rate of 20% of BW until 23 d of age and
then were gradually transitioned to a feeding rate of 10% of BW for the remainder of the
milk feeding period, were found to have increased rumen PL and papillae width (PW)
over restricted-fed calves (Khan et al., 2007a). To date, no research has been conducted
to help understand how dietary acidification affects the development of rumen papillae.
The primary objective of this study was to examine the effects of feeding level
and milk replacer acidification to a target pH between 4.0 and 4.5, as well as the
interaction between these factors on intakes of milk replacer, solid feed and water,
growth performance and development of rumen anatomy in calves. The secondary
objective of this study was to compare samples of acidified and non-acidified milk
replacer for aerobic and coliform bacterial growth. The working hypothesis underlying
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this study was that free-access feeding would result in increased milk replacer
consumption and support improved BW gain, but would negatively affect solid feed
intake and delay rumen papillae development. It was also hypothesized that acidification
to a target pH between 4.0 and 4.5 would reduce bacterial growth in milk replacer, but
would have no effect on the calves’ intakes, growth or rumen papillary growth.
3.3. MATERIALS AND METHODS
3.3.1. Animals, Housing and Management
Sixteen male Holstein calves were purchased from two commercial dairy farms in
eastern Ontario, Canada. All calves received colostrum and were uniquely identified with
Canadian Cattle Identification Agency tags at their farm of birth. Information about the
types of colostrum products fed, colostrum quality assessment and colostrum feeding
method were not available. Each calf was examined at the time of purchase by a research
technician; any calf exhibiting overt clinical illness or requiring medication during the
early postnatal period, remained at the farm of birth and was not enrolled in the study.
The calves were transported within 24 h of birth from the source farm to the
University of Guelph Kemptville Campus Dairy Education and Research Center
(Kemptville, Ontario, Canada). At arrival, each calf was weighed using a calibrated
livestock scale and the umbilicus was disinfected with 7% tincture of iodine. Every calf
received 2 mL of E-Master Sterile Injectable Solution with D-Alpha-Tocopherol,
Vitamin A and Vitamin D (Vétoquinol Canada Inc., Lavaltrie, Quebec, Canada) and 1
mL of Dystosel Vitamin E-Selenium Injection (Pfizer Animal Health, Kirkland, Quebec,
Canada). These injections were administered intramuscularly in the neck. A blood sample
was collected by jugular venipuncture and allowed to clot. The blood sample was
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centrifuged; serum was harvested and analyzed for serum total protein (TP) concentration
by refractometry (Digital Refractometer #300027, Sper Scientific, Scottsdale, Arizona,
USA). Calves were neither castrated nor dehorned during this study.
Calves were housed in individual pens in a naturally-ventilated barn. The pens
were constructed from solid plastic dividers and galvanized spindle front gates with
double pail holders for the solid feed and water buckets (Comfy Calf Suites, Canarm
BSM Agri Products, Arthur, Ontario, Canada). Each pen was 1.22 m wide, 1.30 m high
and 1.83 m long. Calves in neighbouring pens did not have physical contact with each
other. The pens were located on concrete flooring and bedded with a deep pack of straw
and wood shavings. Fresh bedding material was added to the pens as needed, but at a
minimum of once per week. All bedding material was removed from the pens every 2
week; pen surfaces were washed and disinfected, and fresh bedding packs were
assembled. The minimum and maximum ambient temperatures were recorded daily
throughout the study using a calibrated thermo-hygrometer (Digital Relative Humidity /
Temperature Meter with Minimum / Maximum Memory, Fisher Scientific Company,
Ottawa, Ontario, Canada). This study was conducted between January 28 and June 4,
2008, and during this time period, the daily minimum and maximum temperatures in the
barn ranged from -24.2 C to 13.9 C (mean ± SD: -1.2 C ± 9.0) and -7.4 C to 23.1 C
(mean ± SD: 7.8 C ± 8.8), respectively. No supplemental heat was provided to the
calves.
The management conditions calves were exposed to were representative of
commercial dairy operations in Ontario, and were in accordance with the guidelines of
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the Canadian Council on Animal Care (CCAC, 2009). In addition, all study procedures
were reviewed and approved by the University of Guelph Animal Care Committee.
3.3.2. Experimental Design and Treatments
The following feeding programs were tested in this randomized controlled trial: 1)
free-access (ad libitum) feeding of acidified milk replacer (22% CP and 17% fat; FA), 2)
restricted (6 L / d) feeding of acidified milk replacer (RA), 3) free-access feeding of nonacidified milk replacer (FN) and 4) restricted feeding of non-acidified milk replacer
(RN). The feeding treatments were arranged in a 2 x 2 factorial design so that the
independent effects of feeding level and milk replacer acidification could be tested, as
well as the interaction between these factors. As calves arrived at the research station,
they were blocked by source farm and then randomly allocated to 1 of the 4 milk feeding
treatments. Research technicians were not blind to treatment assignment.
Calves were fed a non-medicated commercial milk replacer (Grober High
Performance Calf Milk Replacer, Cambridge, Ontario, Canada) that contained 22% crude
protein and 17% fat; protein was from all milk sources. A mixing rate of 150 g/L was
used for preparing the milk replacer. Briefly, 150 g of powder was mixed with 0.25 L of
hot water, then 0.75 L of cold water was added and the mixture was stirred vigorously.
Freshly prepared milk replacer was fed immediately to the calves assigned to the FN and
RN treatments.
Pre-diluted formic acid (The Acidified Milk Solution, 9.8% formic acid, NOD
Apiary Products Ltd., Frankford, Ontario, Canada) was used as a preservative to acidify
the milk replacer to a target pH between 4.0 and 4.5. The pH and temperature of the milk
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replacer were measured using a waterproof combination tester (HI 98129 Combo pH,
EC/TDS and temperature tester, Hanna Instruments, Laval, Quebec, Canada). Formic
acid was added to the milk replacer once it had cooled to a temperature of less than 20


C, and the mixture was stirred vigorously using a paint mixer attached to an electric

drill. The paint mixer and drill were also connected to a timer and programmed to slowly
agitate the acidified milk replacer for 15 min at 12:00, 18:00 and 24:00 h each day. The
acidified milk replacer was prepared in batches and stored in enclosed plastic bins until
being fed. After acidification, the acidified milk replacer was allowed to sit for a period
of at least 5 h before being fed the FA and RA calves. New batches of acidified milk
replacer were prepared at a minimum of every 48 h.
Milk replacer was offered to the calves by a teat and bucket feeding system. A
nutritive artificial teat (Peach Teat, Skellerup Industries, Christchurch, New Zealand) was
fastened to the rear wall of each pen at a height of 0.80 m; all calves had continuous
access to their teat. The nutritive teat was attached to a plastic tube fitted with a weighted
one-way valve. The plastic tube connected the teat to a 20 L polyethylene bucket with a
lid. To prevent the milk replacer from freezing, the feeding buckets were kept within a
heated section of the barn, which was located directly behind the rear wall of the calf
pens. Each calf also had continuous access to a dry artificial teat that was fastened to the
front gate of the pen at a height of 0.90 m. All feeding equipment (teats, plastic tubes,
buckets) was washed in detergent every morning. There were two sets of feeding
equipment used for this study to avoid delays in milk delivery.
The FN and FA calves were able to consume ad libitum non-acidified and
acidified milk replacer, respectively. The volume of milk replacer in the feeding buckets
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of the FN and FA calves was monitored throughout the day, and additional milk replacer
was added as needed. The milk replacer orts for the FN and FA calves were weighed and
discarded each morning (08:00 h). The RN and RA calves were offered 3 L of nonacidified and acidified milk replacer, respectively, at the morning and afternoon feedings
(08:00 and 16:00 h). At each feeding, the milk replacer orts for the RN and RA calves
from the previous feeding were weighed and discarded. Three times daily (10:00, 13:00
and 16:00 h) each feeding bucket was agitated by hand for 10 s. Calves were gradually
weaned from milk replacer over a 5 d period. The amount of water added to the milk
replacer powder was increased by 20 % / d, beginning at 38 d of age, thereby facilitating
weaning off milk replacer at 6 week of age.
3.3.3. Milk Replacer Sampling and Bacteriological Analysis
Sampling of non-acidified and acidified milk replacer was completed weekly.
Samples were collected directly from the feeding buckets for the calves assigned to the
FN and FA treatments. Samples of milk replacer were collected at 08:00, 09:00, 11:00,
13:00 and 15:00 h every Friday over a 10 week period, using standard flip-top vials (45
mL Lock Seal Vial, Capitol Vial Inc., Auburn, Alabama, USA). In addition, samples of
the milk replacer orts were collected each Saturday morning at 08:00 h. Milk replacer
was briefly agitated before each sample was collected. The feeding buckets for the calves
assigned to the RN and RA treatments were not sampled because these calves generally
consumed their entire allowance of milk replacer immediately after it was offered.
Samples of milk replacer were frozen at -20 C until bacteriology was completed.
Samples were thawed to room temperature and then serial dilutions were prepared using
1 mL of milk replacer. Sterile water was used as the diluent. Diluted samples of milk
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replacer were plated using the 3M Petrifilm Coliform Count Plates (CCP; 3M Canada,
London, Ontario, Canada) and 3M Petrifilm Aerobic Count Plates (ACP; 3M Canada,
London, Ontario, Canada). The Petrifilm CCP and ACP are ready-to-use culture medium
systems for the enumeration of coliform and aerobic bacteria. The plates were inoculated
according to the manufacturer instructions and incubated (Thelco Incubator, CAT No.
31483, Precision Scientific / GCA Corporation, Chicago, Illinois, USA) at 32 C for a
total of 48 h. The CCP and ACP were enumerated after 24 ± 1 h and 48 ± 1 h of
incubation, respectively.
3.3.4. Performance and Health Measurements
Solid feed (Purina Fastart Calf Startena*Ex Dec Multi-Particle, Calf Starter
Complete, 18% crude protein, 2% fat, 0.0050% decoquinate, Agribrands Purina, Canada
Ltd., Woodstock, Ontario, Canada) and water were available ad libitum to the calves,
beginning on 1 and 7 d of age, respectively. Individual solid feed and water intakes were
determined daily. Body weight was measured weekly for each calf. Research technicians
monitored calves daily for changes in appetite, fecal consistency, dehydration, nasal and
ocular discharge, cough, general behaviour and demeanour. Rectal temperature was
measured for each calf that showed clinical signs of disease. Fecal consistency was
assessed using a four-point scale (1 = normal, firm stool, 2 = soft, does not hold form, 3 =
runny, spreads easily and 4 = liquid, devoid of solid matter) (Larson et al., 1977), and a
fecal score of 4 was classified as diarrhea. Calves with neonatal calf diarrhea complex
were offered oral electrolyte solution (Calf-Lyte II, Vétoquinol, Lavaltrie, Quebec,
Canada) as fluid replacement therapy. In addition, any calf with diarrhea that presented
with blood in its feces or with an elevated rectal temperature was also treated with
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ceftiofur sodium sterile powder for injection (Excenel, Pfizer Animal Health, Kirkland,
Quebec, Canada) or neomycin sulfate boluses (Scour-plug, boluses for calf scourspneumonia, 357 mg of neomycin sulfate per bolus, Can-Vet Animal Health Supplies Ltd.,
Guelph, Ontario, Canada). Respiratory disease was defined by fever, increased
respiratory rate and one other clinical sign of disease, including reduced appetite, nasal or
ocular discharge, cough or depression. The first-line therapy for respiratory disease was
treatment with a short-acting antibiotic (Trivetrin Injection, trimethoprim sulfa, ScheringPlough Animal Health, Pointe Claire, Quebec, Canada or Excenel, ceftiofur sodium
sterile powder for injection, Pfizer Animal Health, Kirkland, Quebec, Canada). If clinical
signs of disease persisted after the initial regimen of systemic antibiotic treatment, longacting oxytetracycline (Bio-Mycin 200, oxytetracycline injection, Boehringer Ingelheim
Vetmedica, Burlington, Ontario, Canada) was administered to the calf.
3.3.5. Rumen Tissue Sampling and Measurements
One calf from each feeding treatment was randomly assigned to be euthanized at
28, 42, 56 and 70 d of age. All of the calves were euthanized between 0830 and 1045 h
by a licensed veterinarian. An overdose of pentobarbital sodium (Euthanyl Forte 540
mg/mL, Bimeda-MTC Animal Health Inc., Cambridge, Ontario, Canada, 10 mL per 50
kg of BW) was administered by jugular venipuncture to induce loss of consciousness.
Following respiratory and cardiac arrest, the calves were immediately submitted to the
Animal Health Laboratory, Kemptville Campus, University of Guelph (Kemptville,
Ontario, Canada) for necropsy and rumen tissue sampling. Autolysis at necropsy and
sampling was minimal for all of the calves.
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The thoracic and abdominal cavity of each calf was opened according to standard
necropsy procedures. The reticulo-rumen was harvested and the exterior was rinsed with
water. The reticulo-rumen was dissected and samples of rumen tissue were collected, as
described by Lesmeister et al. (2004). Briefly, five 1-cm2 tissue samples were collected
from the right and left sides of the caudal dorsal sac, cranial ventral sac and the ventral
portion of the caudal ventral blind sac of the rumen. The interior of the reticulo-rumen
was photographed immediately before and after the tissue sample collection. A
systematic gross inspection of all thoracic and abdominal tissues, as well as the left
femorotibial and left carpal joints, the umbilicus, round ligaments of the bladder and skin
was completed. Samples of digesta from the rumen, abomasum and small intestine were
collected and visually examined. The pH of the rumen and abomasal contents was tested
using litmus paper. Any abnormal findings were documented and lesions were sampled
for histopathology. The pathologist and all other laboratory staff were blinded to
treatment assignment throughout the study.
Immediately after collection, tissue samples from each area of the rumen were
pooled and fixed in 10% neutral buffered formalin (3.9 to 9.8% formaldehyde, Fisher
Scientific Company, Ottawa, Ontario, Canada). Rumen samples remained in the fixative
solution for 7 d before the papillae measurements were collected. The PL (distance from
the base to the tip of the papilla) and PW (distance across the widest part of the papilla)
were determined for four randomly selected papillae per tissue sample. In addition, for
each tissue sample, papillae density (PD; number of papillae per 1-cm2) and rumen wall
thickness (RWT; distance across the rumen wall) were measured. To estimate the average
absorptive surface area for each treatment, a surface area ratio (SAR) was calculated
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using the methodology described by Hill et al. (2005). Briefly, SAR was calculated by
multiplying the average surface area of papillae by the average PD.
3.3.6. Statistical Analysis
All statistical analyses were performed using SAS 9.1 (SAS Institute Inc., Cary,
North Carolina, USA). Summary statistics and frequency tables were initially generated
to compare the treatment groups for source farm, birth BW and serum TP concentration;
Student’s t-tests, Pearson’s χ2 test and Fisher’s exact test (expected count of less than 5 in
any category) were used to assess for statistically significant differences at baseline.
Median daily intake of milk replacer was determined for each treatment group and
then plotted against calf age. The effects of milk replacer acidification on daily milk
replacer intake were evaluated separately for calves fed free-access versus restricted milk
replacer using generalized linear mixed models (Dohoo et al., 2010). Daily milk replacer
intake during the preweaning (0 to 37 d) and weaning (38 to 42 d) periods for the FA and
FN calves were treated as continuous outcome variables. These data were modeled with a
normal distribution and an identity link, and included a repeated measures statement to
account for within-calf correlation. Daily milk replacer intake during the preweaning and
weaning periods for the RA and Ra\A\N calves were treated as dichotomous outcome
variables (calves consumed their entire daily milk replacer allowance or not). These data
were modeled with a binomial distribution and a logit link, and included a repeated
measures statement to account for within-calf correlation.
The effects of feeding level and milk replacer acidification on solid feed
consumption were examined using 2 different outcome variables: time to onset of solid
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feed consumption and daily solid feed intake. Time to onset of solid feed consumption
was defined as the number of days until the calf consumed a minimum of 100 g of solid
feed for 2 d consecutively. These data were treated as a time to event outcome variable
and analyzed using survival analysis. Kaplan-Meier survival estimates were generated for
each treatment group and the log-rank χ2 test was used to determine if the survival curves
were different (Dohoo et al., 2010). A Cox proportional hazards regression model was
constructed to evaluate the effects of feeding level and milk replacer acidification on the
time to onset of solid feed consumption (Dohoo et al., 2010). Any calf that euthanized
prior to satisfying the time to onset of solid feed consumption criteria was treated as a
censored observation in these analyses.
Generalized linear mixed models were constructed to evaluate the effects of
feeding level and milk replacer acidification on daily solid feed intake, daily water intake
and ADG during the preweaning and weaning periods (Dohoo et al., 2010). All of these
outcome variables were treated as continuous data. Daily solid feed intake controlled for
the effects of time to onset of solid feed consumption. Each of these outcome variables
was modeled with a normal distribution and an identity link, and included a repeated
measures statement to account for within-calf correlation. Daily solid feed intake, daily
water intake and ADG during the postweaning (after 42 d) period were summarized by
milk replacer feeding treatment and then presented descriptively as means and SD.
Inferential statistics were not completed on any of the postweaning data because of
considerations relating to small sample sizes.
Rumen PL, PW, PD, RWT and SAR were summarized by milk replacer feeding
treatment and sampling period. These data were presented descriptively as means and
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SD. No inferential statistics were performed on any of the rumen papillary measurements
because of the small sample size at each sampling period.
Milk replacer aerobic bacterial counts were expressed on the log10 scale and
treated as continuous data. A generalized linear mixed model was constructed to evaluate
the effects of milk replacer acidification to a target pH between 4.0 and 4.5 on aerobic
bacterial growth (Dohoo et al., 2010). Aerobic bacterial counts were modeled with a
normal distribution and an identity link, and included a repeated measures statement to
account for correlation within the multiple samples collected from the same feeding
bucket over the sampling day. Total time the milk replacer was exposed to ambient
conditions (milk replacer fed to the calf until sample was collected) was controlled for as
a fixed effect in this analysis.
Milk replacer acidification was included as an independent variable, regardless of
significance, in the generalized linear mixed models for daily milk replacer intake and
aerobic bacterial growth. Feeding level and milk replacer acidification were included as
independent variables, regardless of significance, in the preweaning and weaning
generalized linear mixed models for daily solid feed intake, daily water intake and ADG.
The independent effects of feeding level and milk replacer acidification were tested
separately from the interaction between these two variables. The Tukey adjustment was
specified to account for multiple comparisons. Source farm was controlled for in all
models as a fixed effect. Significance was declared at P < 0.05. The log-cumulative
hazards plot for time to onset of solid feed consumption was visually inspected to verify
the assumption of proportional hazards. Each final model was evaluated for the
assumptions of homoscedasticity and normality of residuals. Homoscedasticity was
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assessed by visually examining a scatter-plot of the residuals against the predicted values.
Normality was assessed using histogram and normal probability plots, as well as
checking the residuals for skewness and kurtosis. Square-root transformations were
applied to improve homoscedasticity and to help normalize the distribution of the
residuals for the daily solid feed intake and daily water intake models. Back-transformed
means and 95 % confidence intervals are presented for these transformed outcome
variables. The fit of each generalized linear mixed model was examined by identifying
the correlation structure that resulted in the smallest value for the Akaike information
criterion. A first-order autoregressive correlation structure was specified for the daily
water intake and ADG models. A first-order autoregressive heterogenous correlation
structure was specified for the daily solid feed intake model. A toeplitz correlation
structure was specified for the milk replacer intake and aerobic bacteria growth models.
3.4. RESULTS
Randomization resulted in 2 calves from each source farm being assigned to each
of the feeding treatments. There was a significant source farm effect on birth BW, in that
calves from farm A were heavier at birth, relative to calves born at farm B (mean ± SD:
52.4 ± 2.8 kg vs. 43.3 ± 2.9 kg, respectively, P < 0.001). There was no association
between birth BW and treatment assignment (mean ± SD: FA = 50.0 ± 3.8 kg; FN = 46.0
± 4.2 kg; RA = 48.0 ± 6.5 kg; RN = 47.3 ± 8.0 kg, P = 0.59). Calves did not differ for
serum TP concentration by source farm (mean ± SD: farm A = 5.3 ± 0.8 g / dL; farm B =
5.4 ± 0.6 g / dL, P = 0.67) or treatment group (mean ± SD: FA = 5.3 ± 0.5 g / dL; FN =
5.1 ± 0.9 g / dL; RA = 5.3 ± 0.4 g / dL; RN = 5.8 ± 0.9 g / dL, P = 0.44). All of these
relationships provide strong evidence that calves were similar for baseline characteristics.
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Daily milk replacer intakes for each treatment group are shown in Figure 3.1. The
median daily intake of milk replacer for the FA, FN, RA and RN calves during the
preweaning period was 9.7, 11.0, 6.0 and 6.0 L / d, respectively. The median daily intake
of diluted milk replacer for the FA, FN, RA and RN calves during the 5 d gradual
weaning period was 16.3, 15.3, 6.0 and 6.0 L / d, respectively. Acidification did not
significantly affect milk replacer consumption for the FA and FN calves (mean, 95%
confidence interval: 9.2, 6.8 to 11.5 L / d and 9.7, 7.4 to 12.1 L / d, respectively, P =
0.65), or the odds of RA and RN calves consuming their entire daily milk allowance (OR,
95% confidence interval: 1.1, 0.1 to 9.5, P = 0.93).
Median time to onset of solid feed consumption for the FA, FN, RA and RN
calves was 22.0, 39.0, 12.5 and 17.0 d, respectively. One FN calf was handled as a
censored observation because it failed to satisfy the criteria for solid feed consumption
before being euthanized at 28 d of age. The log-rank test was used to establish that the
estimates for onset of solid feed consumption were significantly different by treatment (χ2
= 13.5, P = 0.004). A Cox proportional hazards model was constructed to examine the
effects of feeding level and milk replacer acidification on time to solid feed consumption,
while controlling for the effects of source farm. The daily probability of satisfying the
solid feed consumption criteria was 12.3 times greater for restricted-fed calves, as
compared to calves with free-access to milk replacer (hazard ratio, 95% confidence
interval: 12.3, 2.2 to 69.3, P = 0.005). Acidification of milk replacer tended to be
associated with earlier onset of solid feed consumption (hazard ratio, 95% confidence
interval: 3.7, 1.0 to 13.6, P = 0.05). There was no interaction between free-access feeding
and milk replacer acidification on time to solid feed consumption (P = 0.53). Mean daily
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solid feed intakes for the preweaning and 5 d gradual weaning periods are presented by
treatment group in Table 3.1. Time to onset of solid feed consumption was controlled for
in these analyses. Calves with free-access to milk replacer consumed less solid feed
during the preweaning and gradual weaning periods than the restricted-fed calves (Table
3.1). Milk replacer acidification did not affect solid feed consumption (Table 3.1). There
was no interaction between feeding level and milk replacer acidification on daily solid
feed intake (Table 3.1). Mean (±SD) daily solid feed intakes during the postweaning
period were FA = 1.44 kg (± 0.25); FN = 1.33 kg (± 0.34); RA = 1.62 kg (± 0.20); RN =
1.73 kg (± 0.28).
Differences in daily water intake between the treatment groups are reported in
Table 3.1. An interaction between feeding level and milk replacer acidification affected
preweaning water consumption; FA calves tended to have greater preweaning water
intake over the FN and RA calves (P = 0.090 and P = 0.083, respectively), RN calves had
greater preweaning water intake over the FN and RA calves (P = 0.035 and P = 0.032,
respectively), FA and RN calves did not differ for preweaning water intake (P = 0.939),
and FN and RA calves did not differ for preweaning water intake (P =0.999). Feeding
level and milk replacer acidification did not significantly affect daily water intake over
the 5 d weaning period (Table 3.1). Mean (±SD) water intakes during the postweaning
period were FA = 6.30 L / d (±1.30); FN = 5.35 L / d (±1.62); RA = 6.62 L / d (±1.92);
RN = 9.47 L / d (±3.22).
Free-access milk replacer feeding supported greater preweaning ADG than
restricted feeding practices (Table 3.1). Despite these advantages in growth during the
preweaning period, calves assigned to the free-access and restricted feeding levels did not
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differ for ADG over the weaning period (Table 3.1). Consumption of acidified milk
replacer did not impact ADG (Table 3.1). There was no interaction between the effects of
feeding level and milk replacer acidification on preweaning or weaning ADG (Table 3.1).
Mean (±SD) ADG during the postweaning period were FA = 0.86 kg / d (±1.1); FN =
0.67 kg / d (±0.72); RA = 0.97 kg / d (±0.57); RN = 1.69 kg / d (±0.77).
The research technicians identified and treated six calves for neonatal calf
diarrhea complex (2 FA, 2 FN, 1 RA, 1 RN) and three calves for respiratory disease (1
FN and 2 RN). The mean age at onset of diarrhea and respiratory disease was 7.2 ± 1.5
and 11.7 ± 1.2 d, respectively. The average time to resolution of diarrhea, defined as the
number of d until the calf presented with a fecal score < 4 for 2 d consecutively, was 4.2
± 2.5 d. The average time to resolution of respiratory disease, defined as the number of d
until fever and other clinical signs were no longer present, was 9.7 ± 8.1 d.
Euthanasia and submission of 5 calves (1 FA, 1 FN, 2 RA and 1 RN) was delayed
by 1 d to accommodate the hours of operation for the Animal Health Laboratory. Body
condition was classified as good for each calf at the time of submission. The joints,
umbilicus, round ligaments of the bladder and skin were grossly normal for all calves.
Rumen contents were generally described as a wet slurry or semi-solid mixture of grain
and straw bedding material. The pH of the rumen contents across sampling periods were
similar by milk feeding treatment (mean ± SD: FA = 7.8 ± 1.8; FN = 6.8 ± 1.3; RA = 7.3
± 1.7; RN = 7.0 ± 0). Abomasal contents were described as a very liquid to watery slurry
or sloppy mixture of digesta. The pH of the abomasal contents across sampling periods
were similar by milk feeding treatment (mean ± SD: FA = 3.5 ± 0.6; FN = 3.3 ± 0.6; RA
= 3.3 ± 1.0; RN = 3.3 ± 0.6). Abomasal ulceration was not observed in any of the calves.
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Small intestine contents were characterized as semi-fluid to pasty, often containing
varying amounts of undigested grain. One FA calf was diagnosed with mild, localized
chronic hyperplastic bronchitis and bronchiolitis. Two FN calves were identified during
necropsy as suffering from severe, localized chronic suppurative bronchopneumonia with
bronchiolitis obliterans and bronchial lymphadenitis. One RN calf had severe, localized
chronic anteroventral suppurative bronchopneumonia. All of the FN calves, along with
one calf from each of the other treatment groups, presented with mild to moderate, nonspecific mesenteric lymph node hyperplasia. Also, one of the FA, RA and RN calves
showed signs of very mild, acute suppurative ileitis.
Rumen papillary measurements are summarized by milk replacer feeding
treatment and sampling period in Table 3.2. These descriptive data demonstrate that there
was large variability within and between feeding treatments and sampling periods.
Restricted-fed calves numerically had longer and wider rumen papillae, and larger SAR
estimates than calves with free-access to milk replacer. Milk replacer acidification
appears to have little impact on any of the rumen papillary measurements.
Milk bacteriological analysis was completed on 221 samples of milk replacer. All
samples were classified as having no coliform growth after 24 h of incubation. The mean
aerobic bacterial counts after 48 h of incubation were significantly lower for the samples
of acidified milk replacer compared with that of the non-acidified milk replacer (mean,
95% confidence interval: acidified = log10 2.0, log10 1.9 to log10 2.1 cfu / mL; nonacidified = log10 2.6, log10 2.5 to log10 2.7 cfu / mL, P < 0.001). Exposure time did not
affect bacterial growth and there was no interaction between milk replacer acidification
and time.
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3.5. DISCUSSION
The results of this study clearly demonstrate that calves will consume more milk
replacer than what is offered with traditional feeding strategies. Several other research
groups have also shown that when given the opportunity, calves voluntarily consume
large quantities (8 to 15 L/d) of whole milk or milk replacer (Appleby et al., 2001; Jasper
and Weary, 2002; Khan et al., 2007b; De Paula Vieira et al., 2008; Borderas et al., 2009).
Taken together, these data indicate that traditional feeding practices restrict calves’ intake
of milk replacer by approximately one half of normal consumption under free-access
conditions, which in turn may result in calves experiencing hunger and sub-optimal
welfare. Moreover, traditional feeding programs may also limit nutrient intake to the
point that calves are barely able to sustain growth, especially during periods of cold stress
(Drackley, 2008). In comparison, free-access milk feeding supports the performance of
more natural feeding behaviour, in which calves have greater control over their daily milk
replacer intake and meal patterning (Appleby et al., 2001; Jasper and Weary, 2002; von
Keyserlingk et al., 2009). Thus, it is evident that from a behaviour and welfare
perspective, there is a strong argument for free-access feeding of milk replacer to calves.
Although calves with free-access to milk replacer have improved nutrient intake
and feeding behaviour, maintaining the quality of milk replacer throughout the entire day,
can be a challenge with this type of feeding system, especially during warm weather. In
the bacteriological goals for milk intended for calf consumption by McGuirk (2008), it is
recommended that samples of whole milk or milk replacer should have no coliform
growth and a total bacterial count of less than 10,000 cfu / mL. Of all the milk replacer
samples collected during this study, no coliform contamination was detected and only
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one non-acidified sample exceeded the recommended goal for aerobic bacteria growth.
The bacteriological results indicated that milk replacer acidified to a target pH between
4.0 and 4.5 was associated with lower bacterial growth, suggesting that the addition of
formic acid had bacteriostatic activity against aerobic bacteria in milk replacer. The
aerobic bacteria counts reported here are quite low, and it is anticipated that if the study
had been conducted during July and August, there would have been much higher levels
of aerobic bacterial growth and also possibly coliform contamination. Therefore, it is
recommended that further research be conducted to determine whether acidification to a
target pH between 4.0 and 4.5 is effective at preserving milk replacer during conditions
that support rapid bacterial growth, such as hot and humid weather. There is also a need
for research on the taste of acidified milk replacer and the acceptance of this feedstuff by
calves. Taste threshold tests show calves are sensitive to changes in acidity and are able
to discriminate between an acetic acid solution and water when pH is 4.8 or less
(Goatcher and Church, 1970). In this study, however, acidification of milk replacer to a
target pH between 4.0 and 4.5 did not significantly affect the daily intake of milk replacer
by calves. Furthermore, it has been shown that there was no difference in intake when
calves were offered milk replacer acidified to pH 5.8 versus non-acidified milk replacer
(Fallon and Harte, 1988). Thus, based on these initial data, it appears that calves do not
perceive acidified milk replacer as aversive to the extent of feed refusal, but other
behavioural responses still need to be investigated.
In this study, free-access milk feeding was associated with delayed onset of solid
feed consumption and reduced solid feed intakes during the preweaning and gradual
weaning periods. This negative relationship between milk feeding level and solid feed
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consumption is consistent with the findings of other research groups (Appleby et al.,
2001; Jasper and Weary, 2002; Khan et al., 2007b; Kristensen et al., 2007; Nielsen et al.,
2008; Borderas et al., 2009). It is hypothesized that the restricted-fed calves had
improved preweaning solid feed consumption because they were trying to compensate for
the limited nutrient availability from their milk replacer feeding regime. These restrictedfed animals appeared to consume more solid feed during and after weaning, suggesting
better transition to the solid feed diet than calves assigned to the free-access milk replacer
treatments. Borderas and colleagues (2009) previously demonstrated that calves fed large
amounts of milk had depressed postweaning feed intakes and accordingly, recommended
that alternative weaning strategies need to be identified for calves with higher milk
feeding allowances. Calves reared on step-down milk feeding programs, however, show
improved solid feed intakes and continued body weight gain (Khan et al., 2007a,b) ,
which suggests that this may be a more appropriate method of transitioning calves
through weaning.
Calves fed acidified milk replacer tended to satisfy the criteria for onset of solid
feed consumption earlier, and consumed more solid feed during the preweaning period
than the calves offered non-acidified milk replacer. These improvements in solid feed
intake were unexpected, have not been reported elsewhere in the literature and may
simply be a spurious result (type l error). Alternatively, one can hypothesize that the
ingestion of acidified milk replacer would have resulted in greater gastric acidity, leading
to irritation and discomfort in the upper digestive tract. Bovine saliva contains high
concentrations of bicarbonate and phosphate buffers, which function to neutralize acids in
the digestive tract, and salivation is stimulated by the ingestion of feed (Bartley, 1975).
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Hence, the calves fed acidified milk replacer may have been able to associate salivation
with amelioration of digestive discomfort, and accordingly increased their intake of solid
feed. Additional research is needed to confirm these results, to formally test this
hypothesis and to better understand the proximate mechanisms underlying the earlier and
improved solid feed consumption by calves fed acidified milk replacer.
Daily water consumption by calves was highly variable throughout this study, and
strongly influenced by treatment assignment, calf age and ambient temperature. The FA
and RN calves generally showed greater average preweaning daily water intakes over the
FN and RA calves. It is unclear why the FA and RN calves consumed such larger
quantities of water over the FN and RA calves. Water intake is known to be strongly
correlated with feed consumption (Kertz et al., 1984). Thus, the differences in water
intake between the RN and FN calves may be associated with the amount of solid feed
these animals were consuming.
Results from this study show that free-access feeding of milk replacer was
associated with greater preweaning weight gain. Previous research results have
demonstrated feeding strategies that offer calves access to large or unrestricted amounts
of milk lead to improved growth (Appleby et al., 2001; Jasper and Weary, 2002; Khan et
al., 2007b; De Paula Vieira et al., 2008; Borderas et al., 2009). The early advantages in
BW gain reported here can likely be attributed to the greater milk replacer intake by the
free-access calves. The restricted-fed calves attempted to compensate for their lower milk
replacer allowance by increasing the intake of solid feed, but were unable consume
enough additional solid feed to support preweaning weight gains comparable to that of
the calves with free-access to milk replacer. The early differences in growth between the
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free-access and restricted-fed calves were not sustained once weaning was initiated and
the calves were transitioned to a solid feed diet. Also, there was considerable variation
between individual calves for BW gain during the weaning and early postweaning
periods, which suggests that improved weaning strategies need to be investigated.
Acidification of milk replacer to a target pH between 4.0 and 4.5 did not affect growth
performance of calves in this study. Fallon and Harte (1988), however, found that calves
fed milk replacer acidified to pH 5.8 had significantly greater live-weight gain as
compared with calves consuming non-acidified milk replacer, and it was argued that the
addition of organic acids to milk replacer enhanced digestion and allowed the calves to
use the feedstuff more efficiently.
Euthanasia and necropsy of the calves in this study provided a body of
meaningful, although largely descriptive information about the digestive anatomy,
physiology and health of calves reared on different milk replacer feeding programs. The
results showed the pH of the rumen and abomasal contents across sampling periods were
similar by feeding treatment assignment. To the best of the authors’ knowledge, only one
other research group has examined the effect of milk replacer acidification on the pH
profile of abomasal contents (Woodford et al., 1987). These researchers concluded that
offering calves ad libitum milk replacer acidified to pH 5.27 resulted in lower abomasal
pH and significantly less time above the critical abomasal pH of 4.0, as compared to
twice daily feeding of regular milk replacer. It is anticipated that this earlier work better
reflects the effects of an ad libitum acidified milk replacer feeding regime on abomasal
acidity of calves because pH was monitored over a 24 h period, whereas, in the current
study, abomasal pH was only measured once at the time of necropsy. Gross inspection of
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the thoracic and abdominal tissues, as well as the associated histopathology, revealed that
several calves had conditions consistent with disease challenge, including active cases of
bronchopneumonia and non-specific mesenteric lymph node hyperplasia. It is noteworthy
that 3 of the 4 calves diagnosed with respiratory conditions and 5 of the 7 calves that
presented with lymph node hyperplasia were fed non-acidified milk replacer. These
findings offer greater insight into the health status of the calves and suggest that feeding
non-acidified milk replacer, especially in a free-access manner, may pose greater risk of
disease challenge. However, given that the sample size was too small to evaluate health
differences, it is recommended that more research be conducted with a larger sample of
calves to evaluate the effects of free-access feeding of non-acidified milk replacer on calf
health.
Calves assigned the free-access feeding treatments had numerically lower PL and
PW than the restricted-fed calves, which in turn, correlated with less absorptive surface
area although the small sample size precluded statistical comparisons. Feeding level
appears to have a larger impact on the differentiation of the rumen epithelial tissues than
milk replacer acidification to a target pH between 4.0 and 4.5. The observed differences
in rumen development seem to be associated with the differences in solid feed
consumption by calves (Tamate et al., 1962). Calves with free-access to milk replacer
began consuming solid feed later and had lower solid feed intakes than the calves fed
restricted quantities of milk replacer. The results presented here appear to differ from
previous research in which rumen PL at 5 week of age was not affected by the calves’
daily milk replacer allowance (Kristensen et al., 2007). These researchers tested milk
replacer feeding allowances of 3.10, 4.84, 6.60 or 8.34 L /d, which are levels
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considerably lower than what calves would consumed under free-access conditions based
on the current study results. Thus, one could argue that all four milk replacer allowances
resulted in hunger and calves responded by consuming more concentrate, which
stimulated greater rumen papillary growth. In a second study, the effects of a step-down
feeding program, in which calves are fed milk at a rate of 20% of BW for 23 d and then
transitioned to a feeding rate of 10% of BW until weaning at 49 d of age, on the measures
of rumen development were evaluated (Khan et al., 2007a). Calves reared on the stepdown milk feeding method had more physically developed rumens than restricted-fed
animals, suggesting that that reduction in milk intake beginning at 23 d of age facilitates
an improved transition by calves onto solid feed. Hence, it is evident that for free-access
milk replacer feeding to be a more effective calf management practice, further research is
needed to identify ways to encourage early solid feed consumption by calves and to
determine an optimum weaning protocol.
3.6. CONCLUSIONS
The results of this study demonstrate that calves will voluntarily consume more
milk replacer than what is offered with traditional milk feeding strategies. Thus, feeding
programs that support ad libitum or higher milk allowances may better reflect calves’
natural feeding patterns, negate feelings of hunger and improve calf welfare. Although
free-access milk replacer feeding resulted in improved preweaning growth performance,
this practice tended to delay the onset of solid feed consumption, decreased preweaning
and weaning solid feed intakes and may have slowed rumen papillary growth, which
could negatively impact the welfare of calves around the time of weaning. Moreover,
acidification of milk replacer to a target pH between 4.0 and 4.5 significantly reduced the
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risk of aerobic bacterial contamination and encouraged improved early solid feed
consumption, but did not affect the intake of milk replacer.
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TABLES AND FIGURES
Table 3.1. Effects of feeding level and milk replacer acidification on solid feed intake, water intake and ADG during the preweaning
and weaning periods1,2.
Outcome
Daily solid feed intake, 6 kg / d
Preweaning
Gradual weaning
Daily water intake, L / d
Preweaning
Gradual weaning
ADG, kg / d
Preweaning
Gradual weaning

Treatment3
FA

FN

RA

RN

a4

P-value
b5
a*b

0.19 (0.09, 0.33)
0.39 (0.05, 1.06)

0.13 (0.01, 0.61)

0.50 (0.39, 0.61)
1.28 (0.53, 2.35)

0.52 (0.40, 66)
0.89 (0.29, 1.81)

0.004
0.010

0.84
0.21

0.67
0.86

0.94 (0.59, 1.37)
1.35 (0.49, 2.63)

0.39 (0.18, 0.68)
0.46 (0.05, 1.29)

0.38 (0.17, 0.67)
0.88 (0.24, 1.94)

1.09 (0.71, 1.55)
1.70 (0.73, 3.08)

0.72
0.37

0.72
0.82

0.002
0.064

0.87 (0.55, 1.18)
1.10 (0.19, 1.99)

1.06 (0.75, 1.37)
0.58 (-0.32, 1.48)

0.71 (0.40, 1.02)
0.53 (-0.37, 1.43)

0.56 (0.25, 0.87)
0.58 (-0.32, 1.48)

0.036
0.49

0.88
0.57

0.26
0.49

1

Preweaning period = 0 to 37 d; weaning period = 38 to 42 d
There were 4 calves per feeding treatment from 0 to 27 d; 1 calf per treatment was euthanized at 28 d and 42 d.
3
Least square means and 95% confidence intervals for the following feeding treatments: FA = free-access feeding of acidified milk replacer; FN =
free-access feeding of non-acidified milk replacer; RA = restricted feeding of acidified milk replacer; RN = restricted feeding of non-acidified
milk replacer
4
a = effect of feeding level
5
b = effect of acidification of milk replacer
6
Adjusted for time until onset of solid feed consumption criteria was satisfied. Only 1 FN calf satisfied the onset of solid feed consumption criteria
before d 38, so preweaning solid intake could not be estimated for this treatment group.
2
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Table 3.2. Mean (± SD) rumen papillae length, width and density, rumen wall thickness
and surface area ration by milk replacer feeding treatment and sampling period1.
Outcome
Papillae length, mm
28 d of age
42 d of age
56 d of age
70 d of age
Papillae width, mm
28 d of age
42 d of age
56 d of age
70 d of age
Papillae density, #/cm2
28 d of age
42 d of age
56 d of age
70 d of age
Rumen wall thickness, mm
28 d of age
42 d of age
56 d of age
70 d of age
Surface area ratio
28 d of age
42 d of age
56 d of age
70 d of age

Treatment2
FA

FN

RA

RN

0.8 (± 0.5)
0.6 (± 0.5)
1.3 (± 1.1)
3.1 (± 1.5)

0.7 (± 0.4)
0.9 (± 0.5)
2.3 (± 1.5)
2.6 (± 0.8)

1.2 (± 0.4)
2.1 (± 0.7)
3.7 (± 1.5)
4.8 (±2.0)

1.0 (± 0.5)
1.0 (± 0.6)
2.9 (± 1.2)
4.5 (± 2.1)

0.5 (± 0.2)
0.4 (± 0.2)
0.7 (± 0.5)
1.4 (± 0.4)

0.4 (± 0.1)
0.5 (± 0.2)
1.0 (± 0.5)
1.6 (± 0.5)

0.6 (± 0.2)
1.0 (± 0.2)
1.4 (± 0.3)
1.7 (± 0.5)

0.6 (± 0.2)
0.5 (± 0.2)
1.2 (±0.3)
1.6 (± 0.5)

430 (± 92)
376 (± 72)
215 (± 54)
181 (± 37)

406 (± 58)
301 (± 63)
190 (± 61)
164 (± 29)

401 (± 92)
311 (± 56)
165 (± 37)
111 (± 46)

355 (± 64)
386 (± 87)
202 (± 43)
160 (± 36)

1.4 (± 0.2)
1.6 (± 0.2)
1.8 (± 0.2)
2.1 (± 0.2)

1.4 (± 0.2)
1.6 (± 0.3)
2.0 (± 0.2)
1.8 (± 0.2)

1.6 (± 1.6)
1.9 (± 0.2)
1.9 (± 0.2)
2.0 (± 0.2)

1.8 (± 0.3)
1.6 (± 0.3)
1.9 (± 0.1)
1.9 (± 0.1)

8.8 (± 8.2)
5.1 (± 5.6)
10.0 (± 8.9)
28.9 (± 14.3)

5.4 (± 3.9)
6.1 (± 5.1)
14.9 (± 10.0)
26.8 (± 13.2)

11.4 (± 8.0)
24.0 (± 10.2)
29.8 (± 12.9)
29.6 (± 14.6)

9.0 (± 6.4)
8.9 (± 7.9)
25.7 (± 12.5)
38.5 (± 19.7)

1

There were 4 calves per feeding treatment enrolled on the study, and at each sampling period
(28, 42, 56 ad 70 d), 1 calf per feeding treatment was euthanized and samples of rumen tissue
were collected
2
Feeding treatments: FA = free-access feeding of acidified milk replacer; FN = free-access
feeding of non-acidified milk replacer; RA = restricted feeding of acidified milk replacer; RN =
restricted feeding of non-acidified milk replacer
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25

Free-access feeding of non-acidified milk replacer (FN)
Free-access feeding of acidified milk replacer (FA)
Restricted feeding of non-acidified milk replacer (RN)
Restricted feeding of acidified milk replacer (RA)

Milk Replacer Intake (L/d)

20

15

10

5
Gradual
wean began
0
1

7

14

21

28

35

Age (d)
Figure 3.1. Daily milk replacer intake (L / d; median) for each treatment group. Calves
assigned to the FA and FN treatments were offered ad libitum acidified and non-acidified
milk replacer, respectively. Calves assigned to the RA and RN treatments were offered 6
L / d of acidified and non-acidified milk replacer, respectively. All calves were gradually
weaned by diluting the milk replacer by 20% over a 5 d period, beginning at 38 d of age.
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CHAPTER 4: THE EFFECTS OF MILK REPLACER ACIDIFICATION AND
FREE-ACCESS FEEDING ON THE FEEDING, ORAL AND LYING
BEHAVIOUR OF CALVES 
4.1. ABSTRACT
The objective of this study was to evaluate how milk replacer acidification and freeaccess feeding impacts the feeding, oral and lying behaviour of calves during the first
week of life. Sixteen Holstein male calves were purchased at birth and transported to a
research facility. Calves were randomly assigned to 1 of 4 milk feeding programs: 1)
free-access (ad libitum) feeding of acidified milk replacer (22% CP and 17% fat; FA), 2)
restricted (6 L / d) feeding of acidified milk replacer (RA), 3) free-access feeding of nonacidified milk replacer (FN) and 4) restricted feeding of non-acidified milk replacer
(RN). Video recordings of each calf at 1, 2 and 6 d were analyzed continuously for all
occurrences of behaviour. Feeding behaviour observations were organized into sucking
bouts and then feeding behaviour outcome variables were calculated. Generalized linear
mixed models were constructed to examine the effects of acidification and feeding level
on each behavioural outcome variable. Acidification (P = 0.462) and free-access feeding
(P = 0.997) did not affect lying duration. Calves assigned to the acidified feeding
treatment tended to perform more grooming behaviour than those fed non-acidified milk
replacer (FA, FN, RA and RN calves = 0.9, 0.5, 0.8 and 0.6 h / d, respectively, P =
0.058), which may have helped buffer gastric acidity. Free-access feeding did not impact
grooming duration (P = 0.828). Calves consuming acidified milk replacer showed more
fragmented feeding patterns, characterized by more pausing within a sucking bout (FA,
FN, RA and RN calves = 12.4, 4.4, 13.7 and 11.9, respectively, P < 0.01) and longer
sucking bout duration (FA, FN, RA and RN calves = 8.7, 5.2, 9.3 and 8.1 min,
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respectively, P = 0.044), as compared to calves fed non-acidified milk replacer.
Restricted-fed calves tended to have longer sucking bouts (P = 0.092) and performed
more within-bout sucks (FA, FN, RA and RN calves = 10.7, 5.8, 13.5 and 14.1,
respectively, P = 0.038) and pauses (P < 0.01) than free-access calves. These results
demonstrate that even though acidification may have reduced the palatability of milk
replacer, calves still continued to consume this feedstuff. Moreover, it appears as if
restricted feeding at the level used in this study was associated with hunger or frustration.
Hence, it is evident that free-access acidified milk feeding promotes more natural feeding
behaviour and greater calf welfare than restricted milk feeding practices.
4.2. INTRODUCTION
Calves have traditionally been fed whole milk or milk replacer at a restricted
feeding rate of 8 to 10 % of birth body weight (Drackley, 2008). The rationale behind
restricting calves’ daily intake of milk is to encourage improved solid feed consumption
during the first weeks of life, promote rumen development and facilitate early weaning
off milk (Drackley, 2008; Khan et al., 2011). Throughout the past decade, however, there
has been a considerable amount of time and effort directed towards questioning, rethinking and evaluating the milk feeding management of preweaned dairy calves (ADSA,
2008; Khan et al., 2011). As a result of these activities, researchers and producers have
begun to challenge traditional restricted feeding practices, and there is now growing
interest in feeding strategies that allow calves to consume larger amounts of milk
(Drackley, 2008; Khan et al., 2011).
Free-access milk feeding systems are increasingly being adopted for use on many
dairy and veal farms (Anderson, 2011; Khan et al., 2011; CHAPTER 2). A primary
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benefit of free-access feeding and other nutritional programs that support greater milk
intake is the improved growth performance, whereby calves routinely gain upwards of
1.0 kg BW / d during the preweaning period (Diaz et al., 2001; Khan et al., 2007a,b;
Borderas et al., 2009). Another advantage is the reduction in behavioural signs of hunger,
including fewer unrewarded visits and competitive interactions at the feeding station, less
non-nutritive sucking after milk ingestion, and more lying time, than traditional feeding
practices (Jensen and Holm, 2003; De Paula Vieira et al., 2008; Borderas et al., 2009).
Moreover, offering calves larger quantities of milk promotes a more natural type of
feeding behaviour, wherein each calf has greater control over its milk intake, feeding
times and meal patterns as compared to calves reared under traditional feeding conditions
(Appleby et al., 2001; Jensen, 2009; Khan et al., 2011). Calves that are given access to a
nutritive artificial teat and an unrestricted supply of milk will voluntarily consume milk at
rates greater than twice that of traditionally-fed calves (Appleby et al., 2001; Jasper and
Weary, 2002; CHAPTER 3), and distribute their daily milk intake across several small,
frequent meals in a diurnal feeding pattern (Hammell et al., 1988; Senn et al., 2000;
Appleby et al., 2001; Miller-Cushon et al., 2013). In contrast, traditionally-fed calves
usually receive their restricted daily allotments of milk as two large meals and each meal
is consumed very rapidly, often in a single nutritive bout within minutes of milk delivery
(Appleby et al., 2001).
Although it is evident that free-access feeding offers calves benefits in terms of
calf behaviour and welfare, there are practical challenges associated with implementing
this type of feeding system. The main challenge with free-access feeding is that milk kept
at ambient temperature can support rapid microbial growth (Stewart et al., 2005). Feeding
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milk with high levels of bacterial contamination is known to elevate the risk of
preweaning calf morbidity and mortality, and negatively affect growth performance
(Jamaluddin et al., 1996a; Jamaluddin et al., 1996b). Therefore, for free-access feeding to
be considered a viable feeding alternative for preweaned calves, milk must be either
refrigerated, mixed fresh each time the calf is at the feeder or preserved in some manner.
Acidification is a preservation method that is currently being used to inhibit microbial
growth in milk for free-access feeding (Anderson, 2006; Anderson, 2008). Acidifying
milk replacer with formic acid to a target pH between 4.0 and 4.5 has been shown to
effectively preserve the bacteriological quality of milk so that it can be safely fed to
calves under free-access conditions (CHAPTER 3 and CHAPTER 6).
To date, little is known about how milk replacer acidification affects calf
behaviour. Cattle are able to discriminate between acidic solutions and water at pH 4.8,
and will exhibit rejection responses at pH levels below 3.6 (Goatcher and Church, 1970).
Acidification to a target pH between 4.0 and 4.5 has been shown to limit calves’
voluntary intake of milk replacer by approximately 1 L / d (CHAPTER 6). Hence, it is
plausible that acidification with formic acid may alter the palatability and acceptability
of milk replacer by calves. There is also evidence that calves fed acidified milk replacer
ad libitum have lower abomasal and fecal pH than calves fed restricted amounts of nonacidified milk replacer (Woodford et al., 1987). Moreover, it has been reported that diets
which promote lower gastric pH tend to be associated with inflammation and ulceration
of the stomach mucosal epithelium in horses (Nicol et al., 2002), as well as the
performance of unwanted oral behaviour, such as wood chewing, coprophagia and cribbiting (Willard et al., 1977; Nicol et al., 2002). Thus, ingestion of acidified milk replacer
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may influence digestive function and lead to calves exhibiting signs of gastrointestinal
discomfort or engaging in redirected oral behaviour.
The objective of the current study was to evaluate how milk replacer acidification
(non-acidified versus acidified) and feeding level (free-access versus restricted) impacts
the feeding, oral and lying behaviour of calves during the first week of life. The working
hypothesis underlying this study was that acidification would negatively affect the
palatability of milk replacer and increase gastric acidity, which would result in calves
having more interrupted sucking behaviour, altered feeding patterns and greater
redirected oral behaviour. It was also hypothesized that free-access feeding would better
satisfy hunger, promote more natural feeding patterns, resulting in less non-nutritive oral
activity, and greater lying behaviour than restricted feeding conditions.
4.3. MATERIALS AND METHODS
4.3.1. Animals, Housing and Management
Sixteen male Holstein calves were purchased at birth from 2 commercial dairy
farms in eastern Ontario, Canada. Calves were transported within 24 h of birth from the
source farm to the University of Guelph Kemptville Campus Dairy Education and
Research Centre (Kemptville, Ontario, Canada). Calves were housed in individual pens
(1.22 m wide and 1.83 m long; Figure 4.1) on a straw and shavings pack. Solid pen
partitions prevented visual contact between calves, but they were within auditory range of
one another. The management conditions were representative of commercial dairy
operations in Ontario, and in accordance with the guidelines of the Canadian Council on
Animal Care (CCAC, 2009). All study procedures were reviewed and approved by the
University of Guelph Animal Care Committee.
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4.3.2. Experimental Design and Feeding Treatments
A 2 x 2 factorial design was used to test the following milk feeding programs:
free-access (ad libitum) feeding of acidified milk replacer (FA), free-access feeding of
non-acidified milk replacer (FN), restricted (6 L / d) feeding of acidified milk replacer
(RA), and restricted feeding of non-acidified milk replacer (RN). This experimental
design allowed for testing of the independent effects of acidification and feeding level, as
well as the interaction between these factors. Calves were blocked by source farm and
randomly allocated to feeding treatment as they arrived at the research facility. The
randomization sequence was determined using a random number generator software
program. Calves did not differ by treatment group for birth weight or serum total protein
concentration (CHAPTER 3). Research technicians that were responsible for the care and
management of the calves were not blind to treatment assignment.
Calves were fed a non-medicated commercial milk replacer (Grober High
Performance Calf Milk Replacer, Cambridge, Ontario, Canada) that contained 22 %
crude protein and 17 % fat. A mixing ratio of 150 g/L was used for preparing milk
replacer. Calves assigned to the FN and RN feeding treatments were fed freshly prepared
milk replacer. Calves assigned to the FA and RA feeding treatments were fed milk
replacer that had been acidified with pre-diluted formic acid (The Acidified Milk
Solution, 9.8% formic acid, NOD Apiary Products Ltd., Frankford, Ontario, Canada) to a
target pH between 4.0 and 4.5. The pH of the acidified milk replacer was checked at least
twice daily using a waterproof combination tester (HI 98129 Combo pH, EC/TDS and
temperature tester, Hanna Instruments, Laval, Quebec, Canada).
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Milk replacer was offered to the calves by a teat and bucket feeding system. A
nutritive artificial teat (Peach Teat, Skellerup Industries, Christchurch, New Zealand) was
fastened to the rear wall of each pen at a height of 0.80 m; each calf had continuous
access to its teat. The nutritive teat was attached to a plastic tube fitted with a weighted
one-way valve. The plastic tube connected the teat to a 20 L polyethylene bucket with a
lid. To prevent the milk replacer from freezing in winter months, the feeding buckets
were kept at ambient temperature within a heated section of the barn, which was located
directly behind the rear wall of the calf pens. All feeding equipment (teats, plastic tubes,
buckets) was washed daily. Each calf also had continuous access to a dry (non-nutritive)
teat (modified Replacement Teat, Nasco Farm and Ranch, Newmarket, Ontario, Canada)
that was fastened to the front gate of the pen at a height of 0.90 m.
The FA and FN calves were offered ad libitum acidified and non-acidified milk
replacer, respectively. The RA and RN calves were offered 3 L of acidified and nonacidified milk replacer, respectively, at the morning (08:00 h) and afternoon feedings
(16:00 h). Milk replacer intake since the previous feeding was measured for all calves at
every feeding. Calves that did not voluntarily consume milk replacer between feedings
were offered 2 L of milk replacer by nurse bottle; calves were not force-fed milk replacer
at any time. The median daily intake of milk replacer for the FA, FN, RA and RN calves
during the preweaning period was 9.7, 11.0, 6.0 and 6.0 L / d, respectively (CHAPTER
3). Ad libitum starter feed (Purina Fastart Calf Startena*Ex Dec Multi-Particle, Calf
Starter Complete, 18% crude protein, 2% fat, 0.0050% decoquinate, Agribrands Purina,
Canada Ltd., Woodstock, Ontario, Canada) was offered to the calves in individual
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buckets. Additional details about the animals, housing, management and feeding
treatments are available elsewhere (CHAPTER 3).
4.3.3. Collection of Behavioural Data
Behaviour was recorded continuously during the first week of life using video
recordings. Video cameras (Panasonic WV-CP244 Colour CCTV Cameras, Heads WVLZA61/2, Panasonic Canada Inc., Mississauga, Ontario, Canada) were mounted directly
above each individual pen and positioned to provide an unobstructed overhead view of
the focal calf and its pen surroundings (Figure 4.1). Video signals were fed into a
multiplexer unit (Panasonic WJ-FS409, Panasonic Canada Inc., Mississauga, Ontario,
Canada) and then recorded in 24 h time mode at 20 frames / s using a time-lapse VHS
recording system (Panasonic AG-RT650, Panasonic Canada Inc., Mississauga, Ontario,
Canada). Natural and fluorescent lighting were used from 07:00 to 17:00 h and a string of
red lights was used to facilitate recording during the nighttime hours.
The analogue video recordings were converted to digital format to enable data
collection using the Observer 5.0 software (Noldus Information Technology,
Wageningen, Netherlands). Calves were observed individually for three 24 h time
periods, beginning at 13:00 h, on 1, 2 and 6 d after enrollment. Video recordings were
analyzed continuously for all occurrences of behaviour (Martin and Bateson, 1993).
Table 4.1 provides the ethogram, defining the behaviours collected. Data collection was
completed by 3 observers that were trained on the ethogram by simultaneously watching
periods of video for agreement.
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4.3.4. Feeding Behaviour Analysis and Calculations
Feeding behaviour of calves fed milk by artificial teats was organized into
sucking bouts, consisting of periods of nutritive teat engaged behaviour, butting events,
and non-sucking pauses (Hammell et al., 1988; Appleby et al., 2001). Feeding behaviour
analysis was performed to differentiate between short pauses within a sucking bout
versus breaks separating different sucking bouts. A sucking bout criterion was calculated
for each calf by modeling the frequency distribution of log10-transformed time intervals
between nutritive teat engaged visits across the 3 d of observation (DeVries et al., 2003).
These log10-transformed time intervals were described as having a bimodal normal
distribution: one distribution for within-bout intervals and a second distribution for
between-bout intervals. A mixture of two normal distributions was fitted to these data
using the MIX 3.1.3 software (Macdonald and Green, 1988), and then the sucking bout
criterion was determined as the time point in which the distribution curve for the withinbout intervals intersected the distribution curve for the between-bout intervals (DeVries
et al., 2003). Time intervals between nutritive teat engaged visits that were less than the
sucking bout criterion were defined as short within-bout pauses; time intervals greater
than the sucking bout criterion were classified as breaks between sucking bouts. This
information was then used to calculate the feeding behaviour outcome variables
described in Table 4.2.
4.3.5. Statistical Analysis
All statistical analyses were performed using SAS 9.2 (SAS Institute Inc., Cary,
North Carolina, USA). The primary experimental unit in all analyses was the individual
calf. A generalized linear model was used to test for differences by feeding treatment for
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sucking bout criterion (Dohoo et al., 2010). Repeated measures analyses were used for all
other behavioural outcome variables because each calf was observed for a total of 3 d.
Generalized linear mixed models were constructed to examine the effects of acidification
and feeding level on the duration of lying, active, grooming, pen oral manipulation, dry
teat directed and solid feed directed behaviour (Dohoo et al., 2010). Generalized linear
mixed models were also constructed to examine the effects of acidification and feeding
level on the following feeding behaviour outcome variables: total nutritive teat engaged
duration, total sucking bout duration, frequency of sucking bouts, mean sucking bout
duration, frequency of within-bout sucks, mean duration of within-bouts sucks, frequency
of within-bout pauses, mean duration of within-bout pauses, total nutritive teat directed
duration and frequency of nutritive teat butting. All of these data were treated as
continuous measurements. Each outcome variable, with the exception of frequency of
nutritive teat butting, was modeled with a normal distribution and an identity link, and
included a repeated measures statement to account for within-calf correlation between
observation days. Frequency of nutritive teat butting was modeled with a negative
binomial distribution and a log link, and included a repeated measures statement to
account for within-calf correlation between observation days.
Milk replacer acidification and feeding level were included in each model as fixed
independent variables, regardless of significance. Interaction between acidification and
feeding level was tested in each model. Observation day was controlled for as a fixed
categorical effect. All observations from any day where a calf was bottle-fed milk were
excluded from the feeding behaviour analyses. Significance and tendency were declared
at P < 0.05 and P < 0.10, respectively.
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Each final model was evaluated for the assumptions of homoscedasticity and
normality of residuals. Homoscedasticity was assessed by visually examining a scatterplot of the residuals against the predicted values. Normality was assessed using histogram
and normal probability plots, as well as checking the residuals for skewness and kurtosis.
To improve homoscedasticity and normalize the distribution of the residuals, square root
transformations were applied to the following outcome variables: pen oral manipulation
duration, dry teat directed behaviour, solid feed directed behaviour, frequency of withinbout pauses and total nutritive teat directed duration. To improve homoscedasticity and
normalize the distribution of the residuals, natural logarithm transformations were
applied to the following outcome variables: frequency of within-bout sucks, mean
duration of within-bouts sucks and mean duration of within-bout pauses. Backtransformed means and 95 % confidence intervals are presented for each transformed
outcome variable.
The fit of each generalized linear mixed model was examined by identifying the
correlation structure that resulted in the smallest Akaike information criterion. A firstorder autoregressive correlation structure was specified for the following outcome
variables: active duration, grooming duration, solid feed directed behaviour duration,
total nutritive teat engaged duration, total sucking bout duration, mean duration of withinbouts sucks, mean duration of within-bout pauses, total nutritive teat directed duration
and frequency of nutritive teat butting. A toeplitz correlation structure was specified for
the following outcome variables: lying duration, pen oral manipulation duration, dry teat
directed behaviour duration, frequency of sucking bouts, mean sucking bout duration,
frequency of within-bout sucks and frequency of within-bout pauses.
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4.4. RESULTS
The d 1 behavioural observations for one of the FN calves were treated as missing
data in all analyses because of a video recording error. Five other calves (1 FA, 1 FN, 1
RA and 2 RN) were fed milk replacer by nurse bottle on d 1; the d 1 behavioural
observations for these calves were excluded from all feeding behaviour analyses.
Lying behaviour and redirected oral behaviour of the calves is presented in Table
4.3. Calves spent more than two-thirds of their day lying in a recumbent position. Lying
duration was not influenced by acidification or feeding level. Calves were active for
approximately 3 h / d. Acidification and feeding level did not affect the duration of active
behaviour. Calves in the acidified groups tended to groom for longer durations than
calves in the non-acidified groups (51 vs. 32 min / d). Feeding level did not impact
grooming behaviour. Acidification and feeding level did not influence the amount of time
calves spent performing pen oral manipulation or dry teat directed behaviour. Calves
expressed very little interest in solid feed directed behaviour during the first week of life,
and there were no associations with acidification or feeding level. There were no
interactions between acidification and feeding level for any outcome variables.
Feeding behaviour involving the nutritive teat is shown in Table 4.4. Sucking bout
criterion values for the calves ranged from 0.7 to 16.7 min (mean ± SD: 6.4 ± 5.4 min).
There was no difference by feeding treatment for sucking bout criterion (P = 0.330).
Calves assigned to the acidified groups had longer sucking bouts and paused more often
within a sucking bout than calves in the non-acidified group. Acidification did not affect
any of the other feeding behaviour outcome variables. There was a tendency for restricted
feeding to result in more nutritive teat engaged behaviour, longer sucking bouts and
greater total sucking bout duration than free-access feeding. Sucking bouts for the
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restricted-fed calves were characterized as containing more individual sucking events and
a greater number of pauses than that of the free-access calves. There were no interactions
between the effects of acidification and feeding level for any of the feeding behaviour
outcome variables. However, there was a tendency for FN calves to have fewer withinbout pauses than the FA, RA and RN calves. Moreover, the RN calves tended to perform
more nutritive teat directed behaviour compared to the FA, FN and RA calves.
4.5. DISCUSSION
The most interesting results from this study relate to the effects of acidification
and feeding level on the calves’ feeding behaviour. Acidification resulted in longer
sucking bouts and more pauses within a given sucking bout. The greater number of
pauses while sucking, which would have extended sucking bout duration, may have
resulted because acidification altered the taste and reduced the palatability of milk
replacer. Calves may have perceived acidified milk replacer as being sour tasting
(Hellekant et al., 2010), whereas, non-acidified milk replacer would have had a sweet
taste (Hellekant et al., 1994). Calves are known to exhibit a preference for sweet tasting
substances (Hellekant et al., 1994). Moreover, taste threshold tests have documented that
calves are sensitive to changes in acidity, and will reject acidic solutions at pH levels
below 3.6 (Goatcher and Church, 1970). All calves were fed their assigned feeding
treatment for the duration of the preweaning period, but were also fed untreated (nonacidified) colostrum at their source farm, immediately after birth. Hence, given that early
sensory inputs, including an animal’s first feeding experience can influence the
development of dietary habits (Burghardt, 1967; Provenza and Balph, 1987; Villalba et
al., 2011), ingestion of untreated colostrum may have resulted in the calves forming a
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strong preference for sweet compounds. In addition, acidification with formic acid has
previously been shown to negatively affect calves’ intake of colostrum (Collings et al.,
2011) and milk replacer (CHAPTER 6). This offers greater support for the hypothesis
that there were taste differences between the acidified and non-acidified milk replacer.
Further research is needed to test whether calves show a preference or aversion to
acidified milk replacer, and to formally evaluate how taste impacts the feeding behaviour
of calves.
Acidification tended to influence grooming behaviour, but did not affect the
performance of other oral activity by the calves. It had initially been hypothesized that in
response to the taste of acidified milk replacer and the effects on gastric acidity, calves
would redirect their oral behaviour towards other targets, such as the dry teat or pen
fixtures. Results of this study demonstrate, however, that calves assigned to the acidified
feeding treatments did not differ for oral behaviour directed at the environment, but
rather, showed similar nutritive teat engaged and nutritive teat directed behaviour as the
calves in the non-acidified groups. Thus, one must assume that even if the acidified milk
replacer was perceived as unpalatable by the calves, they were still sufficiently motivated
to continue sucking the nutritive teat. Grooming duration varied widely within feeding
treatment group, but in general, was in line with other reports on the grooming behaviour
of individually-housed preweaned calves (Veissier et al., 1997; Chua et al., 2002). The
tendency for acidified-fed calves to express more grooming behaviour may have been an
adaptive response that helped to increase saliva output, in an effort to buffer gastric
acidity. The performance of wood chewing and crib-biting behaviour has been proposed
to serve a similar function in horses (Nicol, 1998). Moreover, to lend support to this
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hypothesis, dietary antacid supplementation has been shown to reduce crib-biting
behaviour in foals and mature horses (Mills and Macleod, 2002; Nicol et al., 2002).
Development of wood chewing and crib-biting behaviour in foals during the pre and
postweaning periods has been shown to be associated with more fragmented sucking
patterns, including greater within-bout terminations or pauses (Nicol and Badnell-Waters,
2005). Thus, based on this equine work, it is evident that the relationships between the
milk replacer acidification, sucking behaviour and the development of oral behaviour in
calves need to be further explored. The lack of differences in redirected oral behaviour
between the acidified versus non-acidified calves may have been due to an age effect or
low statistical power. Acidification tends to be associated with earlier onset of solid feed
consumption (CHAPTER 3 and CHAPTER 6); thus acidified-fed calves may redirect
oral behaviour toward grain once the motor patterns for mastication are fully developed.
Calves assigned to the restricted feeding treatments tended to show more nutritive
teat engaged behaviour than the free-access calves. These results may initially seem
counterintuitive; one would expect restricted feeding to be associated with less, not more
nutritive sucking activity (Jensen and Holm, 2003; Borderas et al., 2009; Miller-Cushon
et al., 2013). In the current study, however, the relationship between feeding level and
nutritive teat engaged behaviour was confounded by non-nutritive sucking. To be
specific, the nutritive teat engaged behaviour of the RA and RN calves included both
nutritive sucking (sucking to obtain milk) and non-nutritive sucking events (sucking but
no milk available); whereas, the nutritive teat engaged behaviour of the FA and FN
calves only included nutritive sucking events. This situation transpired because the
feeding equipment setup (nutritive teats and feeding buckets separated by a solid wall;
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Figure 4.1) prevented observers from establishing when the restricted-fed calves finished
their milk allotment. Nonetheless, calves fed restricted quantities of milk replacer under
management conditions similar to those of the current study, have been shown to engage
in considerable non-nutritive sucking activity (Miller-Cushon et al., 2013). Thus, based
on the observed differences in nutritive teat engaged behaviour, it can be inferred that
restricted-fed calves spent at least some, or perhaps a significant amount of time sucking
on the nutritive teat after their allotment of milk replacer had been consumed.
Restricted feeding tended to be associated with longer sucking bouts and greater
total sucking bout duration, which is consistent with the results of earlier research that
has examined the effects of feeding level on the feeding behaviour of calves (Appleby et
al., 2001; Borderas et al., 2009; Miller-Cushon et al., 2013). The tendency for restrictedfed calves to engage in longer sucking bouts over the free-access calves can be attributed
to more frequent sucking and pausing behaviour within sucking bouts. Within-bout
sucking could have been nutritive or non-nutritive; whereas, within-bout pauses would
have resulted from calves changing their feeding position, butting the nutritive teat,
performing teat seeking behaviour, directing oral behaviour toward the environment,
moving to a new location in the pen, or simply requiring a short withdrawal from actively
sucking milk. Feeding level did not impact the total number of sucking bouts performed
daily, which suggests that social facilitation may have influenced the calves’ feeding
behaviour. Solid pen partitions prevented visual contact between calves, but all calves
were housed in a quiet barn and within auditory range of one another. Thus, calves may
have used auditory cues, such as the sound of a neighbouring calf rising, moving within
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its pen and then beginning to suck its teat, to stimulate the onset of sucking behaviour
(Petrie and Gonyou, 1988).
It is well-documented in the literature that calves reared on restricted feeding
programs consume their entire milk allotment relatively quickly, often in a single
nutritive sucking visit (Appleby et al., 2001; De Paula Vieira et al., 2008; Miller-Cushon
et al., 2013). Thus, given that restricted-fed calves exhibited greater nutritive teat engaged
behaviour across a similar number of sucking bouts in comparison to free-access calves,
at least some of their sucking behaviour likely corresponded with non-nutritive sucking
visits (Miller-Cushon et al., 2013). Restricted-fed calves routinely engage in periods of
non-nutritive sucking immediately after consuming an allotment of milk, as well as at
other times throughout the day, in an attempt to gain access to milk when it is unavailable
(also referred to as unrewarded visits to the teat) (Jensen and Holm, 2003; De Paula
Vieira et al., 2008; Borderas et al., 2009). Non-nutritive sucking and unrewarded visits
are recognized as behavioural signs of hunger in calves (De Paula Vieira et al., 2008;
Roth et al., 2009). Therefore, the tendency for restricted-fed calves to exhibit greater
sucking bout duration, as well as perform more sucking and pausing behaviour within
sucking bouts, provides evidence that these calves were hungry and likely had a stronger
motivation to obtain milk than calves reared under free-access feeding conditions.
Alternatively, the longer and more fragmented sucking bouts by the restricted-fed calves
may have been associated with feeding frustration, in response to no longer being able to
gain access to milk replacer from the nutritive teat once the calf’s allotment had been
consumed. It has been reported that thwarting of feeding behaviour can induce a state of
frustration in domestic fowl, dairy goats and grower pigs, which is characterized by
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increased oral behaviour directed toward the feeder, pen objects, and neighbours, more
grooming and greater activity or pacing (Duncan and Wood-Gush, 1972; Carbonaro et
al., 1992; Lewis, 1999). More research is needed to better understand the impacts of
hunger and frustration on the feeding behaviour of calves reared on free-access versus
restricted milk feeding levels.
The effects of acidification on lying behaviour are largely unknown. It was
hypothesized that acidified-fed calves would engage in more lying behaviour because
lower gastric pH may have caused gastrointestinal discomfort. Calves fed large amounts
of milk have previously been shown to spend less time standing and more time lying
down than restricted-fed calves (De Paula Vieira et al., 2008; Borderas et al., 2009).
Thus, the free-access calves were expected to spend a greater amount of time in a
recumbent position over those calves on the restricted feeding treatments. Unexpectedly,
results of this study demonstrated that acidification and feeding level did not impact lying
time. The lack of a difference in lying time in the current study could have been due to
the young age of the calves and the type housing management system used, or low
statistical power. Borderas and colleagues (2009) reported that at 4 to 5 week of age,
calves fed 12 L / d of whole milk spent more time lying down than calves fed 4 L / d. In
contrast, at 2 week of age, lying time was not different for calves fed ad libitum versus 4
L of milk replacer daily (Borderas et al., 2009). Thus, the lying behaviour of calves fed
larger amounts of milk does appear to be impacted by calf age. Moreover, much of this
earlier research that has examined the effects of feeding level on the lying behaviour of
calves was conducted using group-housed calves (De Paula Vieira et al., 2008; Borderas
et al., 2009). Lying behaviour of group-housed calves would be influenced by several
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social factors, such as competition for lying space, social facilitation, and group
composition. Thus, group housing and the associated social interactions between calves,
as compared to individual housing systems, may have partially accounted for the lack of
a difference in the lying behaviour of calves.
4.6. CONCLUSIONS
Calves that consumed acidified milk replacer showed more fragmented feeding
patterns, characterized by more pausing behaviour within a sucking bout and longer
sucking bout duration, as compared to calves fed non-acidified milk replacer. These
differences in feeding behaviour demonstrate that, even though acidification may have
reduced the palatability of milk replacer, calves still continued to consume this feedstuff.
Restricted-fed calves tended to have longer sucking bouts and performed more withinbout sucks and pauses than free-access calves, suggesting that restricted feeding at the
level used in this study was associated with hunger or frustration. Acidified-fed calves
tended to groom more than the non-acidified calves, which may have helped buffer
gastric acidity. Overall, these results suggest that free-access acidified milk feeding
promotes more natural feeding behaviour and greater calf welfare than restricted milk
feeding practices.
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TABLES AND FIGURES
Table 4.1. Ethogram of the behaviours performed by the calves.
Behaviour

Description

Lying
Active
Grooming
Solid feed directed
Pen-oral manipulation

Calf is recumbent
Calf is standing or moving around the pen
Calf is licking or scratching its body
Calf has its muzzle lowered in the feed bucket
Calf has its muzzle in contact with the pen wall or pen fixtures
(excluding bedding) for at least 2 s
Calf is oriented toward the dry teat and its muzzle is within one head
length of the teat for at least 2 s; dry teat may or may not be visible
Calf is oriented toward the nutritive teat and its muzzle is around the
teat for at least 2 s; the nutritive teat is not visible to the camera

Dry teat directed
Nutritive teat engaged1

Nutritive teat directed

Butting nutritive teat
Other
Not visible

Calf is oriented toward the nutritive teat and its muzzle is within one
head length of the teat for at least 2 s; the nutritive teat must be visible
to the camera
Calf is oriented toward the nutritive teat and performs a characteristic
head jolt down and up directly towards the nutritive teat
Calf is performing some other behaviour
Calf is not present in the pen

1

The feeding equipment setup did not allow observers to differentiate between nutritive (sucking
on the nutritive teat while milk was available) and non-nutritive sucking events (sucking on the
nutritive teat while milk once milk was finished) for the restricted-fed calves. Hence, nutritive
teat engaged behaviour measures nutritive sucking events for the FN and FA calves, and both
nutritive and non-nutritive sucking events for the RN and RA calves.
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Table 4.2. Calculated outcome variables from the feeding behaviour analysis.
Outcome

Calculation

Sucking bout criterion

Determined for each calf by fitting a mixture of two normal distributions to the distribution of the
log10-transformed time intervals between nutritive teat engaged visits (ie. non-sucking intervals)
Total nutritive teat engaged duration1, min / d + Total within-bout pause duration2, min / d
Total number of time intervals between nutritive teat engaged visits > Sucking bout criterion
Total sucking bout duration, min / d ÷ Frequency of sucking bouts , # / d
Total number of nutritive teat engaged visits, # / d ÷ Frequency of sucking bouts, # / d
Total nutritive teat engaged duration, s / d ÷ Frequency of sucking bouts, # / d
Frequency of within-bout pauses3, # / d ÷ Frequency of sucking bouts, # / d
Total within-bout pause duration2, s / d ÷ Frequency of sucking bouts, # / d

Total sucking bout duration, min / d
Frequency of sucking bouts, # / d
Mean sucking bout duration, min
Frequency of within-bout sucks, #
Mean duration of within-bout sucks, s / suck
Frequency of within-bout pauses, #
Mean duration of within-bout pauses, s / pause
1

Total nutritive teat engaged duration = Sum of all nutritive teat engaged behaviour
Total within-bout pause duration = Sum of time intervals < sucking bout criterion
3
Frequency of within-bout pauses = Total number of time intervals < sucking bout criterion
2
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Table 4.3. Effects of milk replacer acidification and feeding level on lying behaviour and redirected oral behaviour.
Outcome
Lying, h / d
Active, h / d
Grooming, h / d
Pen oral manipulation, min / d
Dry teat directed, min / d
Solid feed directed, min / d

Treatment1
FA
18.9 (17.5, 20.3)
2.7 (1.9, 3.5)
0.9 (0.6, 1.2)
5.3 (1.4, 11.6)
1.3 (0.1, 3.9)
0.4 (0.1, 2.0)

FN
19.0 (17.5, 20.4)
2.8 (2.0, 3.6)
0.5 (0.1, 0.8)
4.4 (0.9, 10.5)
1.4 (0.1, 4.1)
0.2 (0.1, 1.6)

1

RA
19.4 (18.0, 20.9)
2.8 (2.0, 3.6)
0.8 (0.5, 1.1)
5.3 (1.2, 12.1)
1.0 (0.1, 3.3)
0.5 (0.1, 2.2)

RN
18.3 (16.8, 19.8)
3.3 (2.4, 4.1)
0.6 (0.3, 1.0)
5.3 (1.1, 12.5)
1.3 (0.1, 4.1)
1.1 (0.1, 3.6)

a2
0.462
0.484
0.058
0.837
0.717
0.789

P-value
b3
0.997
0.386
0.828
0.879
0.813
0.400

Least square means and 95% confidence intervals for the following treatment groups: FA = Free-access feeding of acidified milk replacer; FN =
Free-access feeding of non-acidified milk replacer; RA = Restricted feeding of acidified milk replacer; RN = Restricted feeding of non-acidified
milk replacer
2
a = Effect of milk replacer acidification
3
b = Effect of milk replacer feeding level
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a*b
0.391
0.625
0.418
0.864
0.740
0.505

Table 4.4. Effects milk replacer acidification and feeding level on feeding behaviour involving the nutritive teat.
Outcome
Total nutritive teat engaged duration, min / d
Total sucking bout duration, min / d
Frequency of sucking bouts, # / d
Mean sucking bout duration, min
Frequency of within-bout sucking, #
Mean duration of within-bout sucking, s
Frequency of within-bout pauses, #
Mean duration of within-bout pauses, s
Total nutritive teat directed duration, min / d
Frequency of nutritive teat butting, # / d

Treatment1
FA
19.8 (11.5, 28.0)
49.0 (24.2, 82.5)
7.7 (4.2, 11.2)
8.7 (5.9, 11.7)
10.7 (6.8, 16.6)
17.4 (12.3, 24.7)
12.4 (8.9, 16.4)
27.4 (13.4, 55.9)
12.7 (5.1, 23.7)
3.3 (1.1, 10.0)

FN
23.1(14.2, 32.1)
33.2 (12.8, 63.1)
9.1 (5.4, 12.8)
5.2 (2.1, 8.2)
5.8 (3.6, 9.3)
17.6 (12.1, 25.4)
4.4 (2.4, 7.0)
14.4 (6.8, 30.8)
6.2 (1.4, 14.5)
2.8 (0.9, 8.9)

1

RA
24.1 (14.7, 33.5)
58.9 (29.5, 98.4)
8.6 (5.1, 12.2)
9.3 (5.2, 13.4)
13.5 (7.6, 23.9)
13.8 (9.4, 20.2)
13.7 (7.4, 22.1)
25.0 (11.4, 54.8)
8.8 (2.6, 18.4)
6.6 (2.2, 19.6)

RN
33.9 (24.5, 43.2)
95.0 (56.3, 143.8)
11.7 (8.1, 15.4)
8.1 (4.7, 11.5)
14.1 (8.4, 23.9)
12.8 (8.7, 18.7)
11.9 (7.9, 16.6)
20.6 (9.4, 45.2)
18.7 (8.8, 32.3)
4.1 (1.2, 13.4)

2

a
0.142
0.750
0.180
0.044
0.342
0.855
< 0.01
0.231
0.866
0.532

P-value
b3
0.089
0.051
0.294
0.092
0.038
0.116
< 0.01
0.717
0.380
0.323

Least square means and 95% confidence intervals for the following treatment groups: FA = Free-access feeding of acidified milk replacer; FN =
Free-access feeding of non-acidified milk replacer; RA = Restricted feeding of acidified milk replacer; RN = Restricted feeding of non-acidified
milk replacer
2
a = Effect of milk replacer acidification
3
b = Effect of milk replacer feeding level
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a*b
0.458
0.146
0.609
0.433
0.183
0.817
0.078
0.534
0.067
0.778

Heated section of the barn
Solid wall

Cold section of the barn

Milk feeding bucket
Nutritive teat

Dry teat

Solid feed

Water (not offered during 1st week of life)

Figure 4.1. Schematic of the barn layout and each individual calf pen.
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CHAPTER 5: A FIELD STUDY ON THE EFFECTS OF A FREE-ACCESS
ACIDIFIED MILK REPLACER FEEDING PROGRAM ON THE HEALTH AND
GROWTH OF DAIRY REPLACEMENT HEIFERS AND VEAL CALVES 
5.1. ABSTRACT
The objectives of this study were to: i) evaluate the effects of free-access acidified
milk replacer feeding on the pre and postweaning health of dairy and veal calves, and ii)
assess the impacts of free-access acidified milk replacer feeding on the pre and
postweaning growth of dairy and veal calves, and veal carcass quality. This field study
was conducted on a commercial Ontario dairy farm, where heifer calves were retained as
herd replacement animals and male calves were marketed as grain-fed veal. Calves were
randomly assigned at birth to 1 of 2 milk feeding programs: free-access feeding (ad
libitum) of acidified milk replacer (ACID, n = 249) or traditional restricted feeding (3 L
fed twice daily) of milk replacer (RES, n = 249). Calves were fed milk replacer
containing 24% crude protein and 18% fat. Acidified milk replacer was prepared to a
target pH between 4.0 and 4.5 using formic acid. Calves were gradually weaned from
milk replacer at approximately 6 weeks of age. Calves were monitored daily for clinical
signs of disease, and treated according to farm protocol. Fecal consistency scores were
assigned each week from birth until weaning. A subset of the calves was systematically
selected to be fecal sampled at 3 time points between 7 and 27 d of age. Fecal samples
were analyzed for enterotoxigenic Escherichia coli F5, Cryptosporidium parvum,
rotavirus and coronavirus. Body weight, hip width, hip height, body length and heart
girth were measured at birth and weaning. Postweaning body weight measurements were
collected from the replacement heifers at approximately 8 mo. of age, and for the veal
calves at slaughter. Carcass grading information was obtained for a subset of the veal
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calves. The odds of ACID calves being treated for a preweaning disease event tended to
be lower than that of the RES calves (OR = 0.2, P = 0.07). Preweaning mortality (P =
0.79), postweaning morbidity (P = 0.80) and postweaning mortality (P = 0.80) were
similar for both milk feeding treatments. Results from this study also demonstrated that
the ACID feeding treatment supported greater preweaning average daily gain (ADG; 0.59
vs. 0.43 kg / d, P < 0.001) and structural growth (hip width: 3.6 vs. 2.5 cm, P < 0.001; hip
height: 8.5 vs. 6.9 cm, P < 0.001 cm; body length: 12.2 vs. 9.6 cm, P < 0.001; heart girth:
12.9 vs. 9.9 cm, P < 0.001) than RES feeding. Postweaning ADG (heifers: P = 0.58; veal
calves: P = 0.13) and carcass characteristics (P = 0.62) were similar for ACID and RES
calves. These results indicate that free-access acidified milk replacer feeding supports
improved body weight gain, structural growth and health during the preweaning period,
but did not affect postweaning health or growth.
5.2. INTRODUCTION
Calves on North American dairy and veal farms are generally reared on either a
traditional or an enhanced milk feeding program (Drackley, 2008; Khan et al., 2011).
Traditional feeding programs restrict calves’ daily intake of fluid milk to a rate of 8 to
10% of birth BW, with the aim of encouraging solid feed consumption and facilitating
earlier weaning (Drackley, 2008). In contrast, enhanced feeding strategies allow calves to
consume larger quantities of whole milk or high protein milk replacer, which better
reflect natural feeding conditions and result in fewer behavioural signs of hunger (De
Paula Vieira et al., 2008; Khan et al., 2011). There are several enhanced feeding
strategies for calves, and those most widely adopted include intensified nutrition
programs, (also referred to as accelerated growth, enhanced nutrition and biologically
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appropriate growth) (Diaz et al., 2001; Bartlett et al., 2006; Soberon et al., 2012) and
feeding systems that support ad libitum or high daily milk allowances (Appleby et al.,
2001; Jasper and Weary, 2002; Khan et al., 2007b; Borderas et al., 2009; Anderson,
2011).
The common goal underlying any of these milk feeding regimens is to provide
calves with enough nutrients for maintenance functions, support efficient skeletal and
muscle growth, and promote rumen development, without compromising calf health
(Davis and Drackley, 1998; Drackley, 2008). Calves reared on enhanced feeding
programs routinely consume milk at rates greater than twice that of traditionally-fed
calves, resulting in greater nutrient intake, increased preweaning weight gain and
structural growth, and improved feed efficiency (Diaz et al., 2001; Jasper and Weary,
2002; Quigley et al., 2006; Khan et al., 2007a; De Paula Vieira et al., 2008; Borderas et
al., 2009). Despite these early growth advantages, there is a negative relationship between
enhanced milk feeding and the ingestion of solid feedstuffs by calves (Appleby et al.,
2001; Jasper and Weary, 2002; Terré et al., 2006; Borderas et al., 2009), which may lead
to delayed rumen function under certain circumstances (Terré et al., 2006) and poor
growth performance after weaning (Sweeney et al., 2010; de Passillé et al., 2011).
Alternative management and weaning practices can be adopted to help stimulate solid
feed consumption and ease the weaning transition, thereby reducing the likelihood of
postweaning growth lags among enhanced-fed calves (Khan et al., 2007a,b). Quigley and
colleagues (2006) have reported calves that consume greater amounts of milk replacer
have more fluid fecal consistency, experience more morbid days and require more
veterinary treatment than traditionally-fed calves. Several other research groups have,
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however, shown that enhanced milk feeding does not increase the morbidity or mortality
of preweaned calves (Jasper and Weary, 2002; Bartlett et al., 2006; Borderas et al., 2007;
Khan et al., 2007a; Borderas et al., 2009). Thus, further research is needed to better
understand the impacts of early nutrition programs on calf health and associated risk
factors.
Free-access acidified milk feeding is an enhanced feeding program that has
recently gained the acceptance of many Ontario dairy and veal producers (Anderson,
2008; Anderson, 2011). This feeding system for ad libitum consumption uses organic
acid to preserve milk so that it can be fed to the calves at ambient temperature in the
summer, and at approximately 20 to 24 C in cold housing. The currently recommended
target pH for the preparation of acidified milk is between 4.0 and 4.5 (Anderson, 2008;
Anderson, 2011). To date, there is no research examining the effects of free-access
feeding of acidified milk at this target pH. Several commercial acidified milk replacers
have previously been developed and evaluated for ad libitum feeding; these products
generally have a pH between 5.0 and 5.5 after reconstitution (Stobo, 1983; Davis and
Drackley, 1998). It has been demonstrated that these commercial acidified milk replacers
are associated with improved dry matter intake and greater ADG when offered to calves
ad libitum, as compared to traditional feeding (Nocek and Braund, 1986; Woodford et al.,
1987). Moreover, Nocek and Braund (1986) reported that calves fed ad libitum
commercial acidified milk replacer had softer manure, likely as a result of consuming a
greater proportion of their daily dry matter intake from milk replacer, but also had a
lower incidence of neonatal calf diarrhea complex and required less veterinary care than
traditionally-fed calves. Further research is needed to determine if these effects are
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consistent for calves with free-access to milk that has been acidified to the lower,
currently recommended target pH range.
The primary objective of this study was to evaluate the effects of free-access
acidified milk replacer feeding on the pre and postweaning health of dairy and veal
calves. The secondary objective of this study was to assess the impacts of free-access
acidified milk replacer feeding on the pre and postweaning growth of dairy and veal
calves, and veal carcass quality. It was hypothesized that calves reared on a free-access
acidified milk replacer program would experience fewer disease events, have a lower
mortality risk, and show improved BW gain, structural growth and carcass characteristics
over restricted-fed calves.
5.3. MATERIALS AND METHODS
5.3.1. Animals, Housing and Management
The University of Guelph Animal Care Committee reviewed and approved all
study procedures. This field study was conducted on a commercial dairy farm in Ontario,
Canada. The lactating herd included approximately 450 Holstein cows (average milk =
9,750 kg; fat = 3.8 %; protein = 3.2 %) that were housed in a 4-row free-stall barn. The
dry cows were in a separate free-stall area and moved to a group maternity pen prior to
calving. All calves born on the farm were retained as replacement heifers or reared as
grain-fed veal calves. Every calf that was born between March 21 and December 31,
2008, and survived the first 24 h of life, was eligible for enrollment in the study. Sample
size calculations (Intercooled Stata 9.1, College Station, TX) were completed to estimate
the number of calves required per treatment to detect meaningful differences in
preweaning morbidity. A final sample size of 500 was determined, based on the
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following assumptions: 10 and 35% expected incidence of preweaning disease for the
free-access acidified and control calves, respectively, power of 80%, confidence level of
95% and an adjustment for clustering (intra-class correlation) of 0.3.
All calves were separated from their dam at first discovery, moved to individual
housing in the calf nursery, and then fed colostrum. In the nursery, there were 24
individual pens constructed from two solid plastic dividers and a front gate (Figure 5.1).
The nursery pens were located on concrete flooring and bedded with wood shavings.
Each pen was cleaned of all bedding material and washed after every use. Calves in
neighbouring pens did not have physical contact with each other. Details about the
colostrum management, including the feeding time, source, route of administration,
number of feedings and the volume of colostrum fed to each calf were recorded by the
farm personnel. As per standard farm protocol, on the day of birth, calves were uniquely
identified with ear tags, had their umbilicus disinfected with iodine, and received
injections of vitamins A, D and E, selenium and iron.
Calves were continuously introduced to the nursery room (both replacement
heifers and bulls for veal production) until a block of 14 animals was assembled. Once
the youngest calf in the block had spent a minimum of 2 d in the nursery, the calves were
comingled on a livestock trailer and transported approximately 0.5 km to the preweaning
barn. Each new block of calves was moved into 1 of 5 rooms in the preweaning barn.
Each room was setup with 2 rows of 7 individual elevated stalls. Each calf was randomly
assigned to a stall in the room according to the order they exited the trailer. Stall side
partitions were fabricated out of spindle-style materials that permitted nose-to-nose
contact between neighbouring calves. The elevated stalls had grated flooring that allowed
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manure and urine to drop to the floor, and collect in a shallow gutter below the row of
stalls. Each room was thermostatically controlled to automatically maintain room
temperature and facilitate air exchange. Rooms were managed in an all-in / all-out
manner; calves from the same block entered and exited the room together. After each use,
the rooms were cleaned using a high pressure washer with disinfectant followed by
approximately 1 week of drying time before the next block of calves entered. A
schematic of the housing setup is shown in Figure 5.1.
All calves were subjected to similar management procedures from birth until
weaning. A commercial starter feed (18 % crude protein (CP), 2 % fat (F), Purina Fastart
Calf Startena Calf Starter Complete with Decoquinate, Agribrands Purina, Canada Ltd.,
Woodstock, Ontario, Canada) was provided ad libitum. Fresh water was available to the
calves by bucket from birth until they exited the preweaning barn. Forage was not offered
to the calves during the preweaning period. Heifer calves were dehorned within 3 d of
weaning using an electric cautery iron. Bull calves were neither dehorned nor castrated.
Calves were moved out of the preweaning barn 1 week after being weaned from
milk replacer. Heifer calves were transported by livestock trailer approximately 5 km to
the postweaning heifer barn, where they were comingled, housed in groups and
transitioned onto a TMR diet. Bull calves were moved to the veal barn, which was
immediately adjacent to the preweaning barn, housed in groups and fed a grower diet
(corn and commercial protein supplement) for grain-fed veal production. Calves were
sent to the slaughter facility once a live-weight of 300 to 350 kg was reached.
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5.3.2 Experimental Treatments
This study was designed to evaluate 2 different milk delivery programs for
preweaned calves: free-access feeding of acidified milk replacer (ACID) versus
traditional restricted feeding (6 L / d) of milk replacer (RES). Each individual pen in the
nursery room was numbered and systematically designated at the onset of the study as
either an ACID or RES pen. The sequence order was balanced for treatment group; 7
calves in every block were allocated to each feeding treatment. Each calf was
systematically allocated to the next pen in the sequence order based on birth order.
Calves were reared on the same assigned feeding treatment while housed in the nursery
and in the preweaning rooms. In the preweaning rooms, calves were housed in separate
rows by feeding treatment. A schematic of the experimental setup for the housing appears
in Figure 5.1. The installations for the 2 different feeding programs were clearly visible in
each stall; therefore, it was not possible to blind the farm personnel and research
technicians to treatment assignment.
The ACID and RES calves were fed a non-medicated commercial milk replacer
(Purina Accel 24-18, 24 % CP, 18 % F, Agribrands Purina Canada Inc., Woodstock,
Ontario, Canada). Milk replacer powder was reconstituted at a rate of 130 g / L. Freshly
prepared milk replacer was either fed immediately to the RES calves or acidified and then
offered to the ACID calves. Acidified milk replacer was prepared by cooling the milk
replacer to a temperature of less than 20 C and then stirring in pre-diluted formic acid
(The Acidified Milk Solution, 9.8% formic acid, NOD Apiary Products Ltd., Frankford,
Ontario, Canada) until a pH between 4.0 and 4.5 was achieved. A waterproof tester (HI
98127 pHep®5, Hanna Instruments, Laval, Quebec, Canada) was used to measure the
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temperature and pH of the milk replacer each time acidified milk replacer was prepared.
The tester was cleaned and calibrated weekly using a cleaning solution (Hanna HI 7061
Electrode Cleaning Solution, Hanna Instruments, Laval, Quebec, Canada) and pH buffer
solutions, respectively.
Calves assigned to the ACID feeding program were able to consume unrestricted
acidified milk replacer throughout the preweaning period. The ACID calves in the
nursery were fed using a teat and bucket feeding system. An artificial teat (Peach Teat,
Skellerup Industries, Christchurch, New Zealand) was fastened to the front gate of each
ACID pen; calves had continuous access to their teat. The teats were connected by plastic
tubes, fitted with one-way valves to 20L feeding buckets with lids. The nursery room was
arranged so that feeding buckets were shared between 2 neighbouring ACID calves. The
feeding buckets were filled with acidified milk replacer daily and then replenished
throughout the day as needed. All of the feeding buckets were agitated by hand for at
least 10 s twice daily. The feeding buckets, teats and plastic tubes were cleaned and
disinfected each time a block of calves exited the nursery.
In the preweaning barn, the ACID calves were fed by a gravity flow feeding
system. Large batches of acidified milk replacer were prepared every 2 to 3 d. The
acidified milk replacer was pumped to a bulk tank for storage. Acidified milk replacer
was continuously delivered from the bulk tank to each of the 5 rooms in the preweaning
barn by a pipeline. In each room, every ACID calf had an artificial teat that was attached
to the front of its stall. The teats were attached to the pipeline by plastic lines with oneway valves. A timer was programmed to start the agitator for stirring the milk replacer
several times each day. Acidified milk replacer was stored in the bulk tank and fed at
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ambient temperature. The bulk tank was drained every 2 week so that the automatic wash
system could clean the bulk tank, pipeline and plastic lines.
Calves assigned to the RES feeding program were fed 3 L of milk replacer twice
daily. At each feeding, milk replacer was mixed and then immediately fed to the RES
calves. All of the RES calves, while in the nursery and the preweaning barn, were fed
milk replacer from individual plastic pails. Pails were not fitted with an artificial teat.
Therefore, the RES calves drank their daily allowance of milk replacer. The pails were
rinsed with warm water after each feeding, and regularly cleaned with detergent.
The farm’s target age for weaning calves off milk was 6 week. However, the
decision to wean a room of calves was influenced by a number of factors, including space
availability, calving patterns and calf performance. Thus, there were specific situations
where calves had to be weaned either earlier or later than 6 week of age. During the 5 d
preceding weaning, access to acidified milk replacer was restricted to a total of 12 h / d
for the ACID calves; whereas, the RES calves were offered 1 feeding of milk replacer (3
L) daily, in the morning. All calves in the same room were weaned on the same day.
5.3.3. Collection of Health Data
Farm personnel were responsible for the detection and treatment of all disease
events. Calves were monitored daily by farm personnel for changes in appetite, attitude
(general behaviour and responsiveness), fecal consistency, hydration, nasal and ocular
discharge and cough using a standardized calf health scoring system (modified from Dr.
Sheila McGuirk, University of Wisconsin-Madison). Rectal temperature was assessed for
any calf that presented with clinical signs of disease. Neonatal calf diarrhea complex was
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defined by manure of looser than normal consistency for greater than 2 d. Dehydration
associated with neonatal calf diarrhea complex was treated according to severity with
either oral electrolyte solution or intravenous replacement fluids for 2 d. Calves with
neonatal calf diarrhea complex were also treated with systemic antibiotics (Borgal,
trimethoprim and sulfadoxine injectable solution, Merck Animal Health – Intervet
Canada Corp., Kirkland, Quebec, Canada and Penicillin G, Dominion Veterinary
Laboratories Ltd., Winnipeg, Manitoba, Canada), according to a farm protocol.
Respiratory disease was defined by fever (greater than 39.5C), increased respiratory rate
and at least one other clinical sign of disease, including depression, nasal or ocular
discharge, cough, reduced appetite or rough hair coat. Calves with respiratory disease
were treated with a regimen of systemic antibiotics and corticosteroids (a combination of
Draxxin Injectable Solution, tulathromycin, Pfizer Animal Health, Pfizer Canada Inc.,
Kirkland, Quebec, Canada, Nuflor Sterile Injectable Antibiotic Solution, florfenicol,
Merck Animal Health – Intervet Canada Corp., Kirkland, Quebec, Canada, or Bio-Mycin
200, oxytetracycline injection, Boehringer Ingelheim Vetmedica, Burlington, Ontario,
Canada, along with Predef, isoflupredone acetate, Pfizer Animal Health, Pfizer Canada
Inc., Kirkland, Quebec, Canada). Omphalophlebitis was defined by an enlarged
umbilicus or purulent discharge from the umbilical structures. Joint infection was defined
by swelling or stiffness of one or more of the joints. Calves with omphalophlebitis or
joint infection were treated with a regimen of systemic antibiotics (Borgal, trimethoprim
and sulfadoxine injectable solution, Merck Animal Health – Intervet Canada Corp.,
Kirkland, Quebec, Canada and Penicillin G, Dominion Veterinary Laboratories Ltd.,
Winnipeg, Manitoba, Canada). The suspected cause of death for any calf that died during
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the study was recorded by farm personnel. All morbidity and mortality events, as well as
any disease treatments administered to the calves, were entered into DairyCOMP 305
(Valley Agricultural Software, Tulare, California, USA), and then at a later date, these
data were retrieved from the farm file.
Research technicians visited the study farm every Thursday from March 2008
until February 2009. All calves housed in the nursery room and preweaning barn were
assessed by the technicians during these visits. The hindquarters and tails of the calves,
along with manure that had collected on floor of the pen, were inspected visually during
each visit, and every calf was assigned a weekly fecal consistency score using the
standardized calf health scoring system (modified from McGuirk, 2008). Fecal
consistency was assessed on a 4-point scale: 0 = normal, 1 = semi-formed and pasty, 2 =
loose consistency, 3 = watery consistency. Descriptions and photographs for each score
included in the fecal consistency scale, as well as training sessions were used to ensure
consistency of assessment between technicians. Nonetheless, the technicians were not
blinded to treatment assignment. A subset of the calves was systematically selected for
fecal sampling during the weekly farm visits. Three grab samples were collected from the
rectum of each selected calf at 7 to 13 d of age, 14 to 20 d of age and 21 to 27 d of age.
Fecal samples were labeled, frozen at -20 C and subsequently analyzed using Bio-X
lateral immunochromatography test strips (Tetrastrips BIO K 156, Bio-X Diagnostics,
Jemelle, Belgium) for the detection of enterotoxigenic Escherichia coli F5 (ETEC),
Cryptosporidium parvum, rotavirus and coronavirus in calf feces (Trotz-Williams et al.,
2005). The laboratory technician who performed all of the fecal sample analyses was
blinded to treatment assignment.
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5.3.4. Collection of Performance Data
Farm personnel weighed calves with a calibrated livestock scale immediately after
their removal from the maternity area. All of the birth BW data were entered into and
subsequently retrieved from DairyCOMP 305. At each weekly visit, technicians collected
hip width and height, body length and heart girth measurements for every calf born since
the previous visit. Hip width was defined as the distance between the greater trochanters
of the left and right femurs of the calf, and was measured using a hipometer instrument
(Dairy Innovations, Alexander, New York, USA). Hip height was defined as the distance
from the floor to the tuber coxae (point of hip) of the calf. Body length was defined as the
distance on the dorsal midline from the withers to the tuber ischium (pin bone) of the
calf. Hip height and body length were measured using a livestock teletape (Deluxe
Livestock Measure, Ketchum Manufacturing Inc., Brockville, Ontario, Canada). Heart
girth was defined as the total distance around the thoracic region, immediately caudal to
the forelimb of the calf, and was measured using a weigh tape (Coburn Dairy Calf Tape,
The Coburn Company Inc., Whitewater, Wisconsin, USA). Research technicians also
collected a blood sample by jugular venipuncture (BD Vacutainer Blood Collection Tube,
10 mL, without anticoagulant, Becton, Dickinson and Company, Franklin Lakes, New
Jersey, USA) for every newly enrolled calf that was greater than 24 h old. These blood
samples were centrifuged and serum was harvested and analyzed for serum total protein
(TP) concentration by digital refractometry (Digital Refractometer #300027, Sper
Scientific, Scottsdale, Arizona, USA).
Technicians measured hip width, hip height, body length and heart girth at their
first visit after calves were weaned off milk replacer. A weaning BW measurement also
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was obtained for each calf at approximately 1 week after weaning, as it exited the
preweaning barn and was moved to postweaning housing. Postweaning follow-up
weights were collected for the heifer and veal calves at approximately 8 mo. of age
(between 7 to 12 mo.) and at slaughter, respectively.
Carcass grading information was obtained for a subset of the veal calves. A
certified meat grader with the Canadian Food Inspection Agency evaluated carcasses for
maturity, muscling and colour characteristics. This individual was blinded to treatment
assignment.
5.3.5. Statistical Analysis
All statistical analyses were performed using SAS 9.2 (SAS Institute Inc., Cary,
North Carolina, USA). The main effect of interest for all analyses was milk feeding
treatment. Summary statistics and frequency tables were initially generated to compare
the treatment groups for calving-related factors, colostrum management and structural
characteristics at birth. Student’s t-tests, Pearson’s χ2 test and Fisher’s exact test
(expected count of less than 5 in any category) were used to assess for statistically
significant differences at baseline. To ensure that the ages at which the weaning,
postweaning follow-up and slaughter measurements were collected were similar by
feeding group, Kaplan-Meier survival estimates were generated and the log-rank χ2 was
used to test for differences by treatment (Dohoo et al., 2010). Calves that died prior to
weaning, postweaning follow-up or slaughter were treated as censored observations in
these analyses.
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Generalized linear mixed models were constructed to examine the effects of
milk feeding treatment on the health and growth of the calves (Dohoo et al., 2010). The
primary health outcome of interest was preweaning morbidity. Additional health outcome
variables were pre and postweaning mortality, postweaning morbidity, fecal consistency,
C. parvum shedding, rotavirus shedding and coronavirus shedding. Growth outcome
variables were pre and postweaning average daily gain (ADG), BW at weaning, hip
width growth, hip height growth, body length growth, heart girth growth, BW at
postweaning follow-up for the heifer calves and live-weight at slaughter for the veal
calves.
All health outcome variables, except fecal consistency, were treated as categorical
data. Pre and postweaning morbidity were defined as calves being treated for at least one
disease event before and after weaning, respectively. All causes of disease were included
in the morbidity risks. The odds of pre and postweaning morbidity, mortality and fecal
pathogen shedding between feeding groups were modeled with a binomial distribution
and a logit link. Mean fecal consistency was modeled with a normal distribution and an
identity link. Models for the health outcome variables included random effects to account
for block, calf room and row. Fecal consistency and enteropathogen shedding models
also included a repeated measures statement to account for the correlation between the
weekly measurements that were collected.
All growth outcome variables were treated as continuous data. Preweaning ADG,
hip width growth, hip height growth, body length growth and heart girth growth were
outcome variables that described changes in BW and structural growth between birth and
weaning. Postweaning ADG described changes in BW after weaning. In contrast, BW at
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weaning, BW at postweaning follow-up and live-weight at slaughter were point in time
measurements. Growth outcome variables were modeled with a normal distribution and
an identity link, and included random effects to account for block, calf room and row.
Milk feeding treatment was included, regardless of significance, in all of the
models. Week was also offered into the models for fecal consistency and enteropathogen
shedding as a fixed categorical outcome variable. The independent effects of feeding
treatment and week on fecal consistency and shedding of enteropathogens were assessed.
Interaction between treatment and week was tested when the overall effects were
significant. The Tukey adjustment was specified to account for multiple comparisons. All
of the final models were evaluated for the assumptions of homoscedasticity and normality
of residuals. Homoscedasticity was assessed by visually examining a scatter-plot of the
residuals against the predicted values. Normality was assessed using histogram and
normal probability plots, as well as checking the residuals for skewness and kurtosis. A
square-root transformation was applied to improve the homoscedasticity and to help
normalize the distribution of the residuals for the BW at weaning model. Backtransformed means and 95 % confidence intervals are presented. Model fit was examined
by identifying the correlation structure that resulted in the smallest Akaike information
criterion. A first-order autoregressive correlation structure was specified for the C.
parvum shedding, rotavirus shedding and coronavirus shedding models.
5.4. RESULTS
A total of 502 live-born Holstein calves were eligible for enrollment on this study.
The majority of these calves were born during the summer and fall months (spring:
March, April and May = 23.9 %; summer: June, July and August = 32.5 %; fall:
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September, October and November = 32.1 %; winter: December = 11.5 %). One newborn
bull calf presented with clinical signs consistent with congenital malformation and was
excluded from the study. Systematic assignment to feeding group resulted in 250 ACID
calves (117 heifer calves and 133 bull calves) and 251 RES calves (118 heifer calves and
133 bull calves). After enrollment, 1 ACID bull calf was removed from the study because
of poor feet and legs. Additionally, 2 RES bull calves were removed from the study; 1
calf developed a severe joint infection and the other calf was reared on the wrong milk
feeding treatment while housed in the preweaning barn. All data from these 3 calves were
excluded from statistical analyses. Thus, data were available for 249 calves per treatment
group.
Summary information about the calves enrolled on this study appears in Table
5.1. Calves from twin births were more frequently assigned to the ACID treatment group.
However, twins represented a relatively small proportion (4.6%) of the overall study
sample. Treatment assignment was not associated with any of the other calving factors,
colostrum management, serum TP concentration or birth structural measurements.
Newborn bull calves were heavier and larger at birth (hip width: P < 0.001; hip height: P
< 0.001; body length: P < 0.001; heart girth: P < 0.001), and had lower serum TP levels
(P < 0.001) than the heifer calves. However, the ACID and RES treatment groups were
balanced for the number of bull and heifer calves enrolled (P = 0.93). These summary
data demonstrate that systematic assignment to treatment group resulted in calves being
relatively similar at baseline.
Preweaning morbidity and mortality risks are reported in Table 5.2. The median
age at weaning for the ACID and RES calves was 42.0 and 41.0 d, respectively (P =
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0.45). The odds of the ACID calves being treated for a preweaning disease event tended
to be lower than that of the RES calves (OR, 95% confidence interval: 0.2, 0.1 to 1.1;
Table 5.2). There were 2 ACID calves and 9 RES calves that required treatment during
the preweaning period for neonatal calf diarrhea complex, and 1 ACID calf and 5 RES
calves were treated for omphalophlebitis and respiratory disease, respectively. Calves did
not differ by milk feeding treatment for preweaning mortality (OR, 95% confidence
interval: 1.1, 0.4 to 3.2; Table 5.2). The average age at death for the ACID calves and the
RES calves was 20.9 d and 14.3 d, respectively. The deaths of 4 ACID calves and 5 RES
calves were associated with neonatal calf diarrhea complex, and 1 RES calf died of bloat.
The causes of death for the other 3 ACID calves and 2 RES calves were not determined.
Differences in preweaning growth performance are summarized by milk feeding
treatment in Table 5.2. The ACID calves had greater ADG during the preweaning period
and increased BW at weaning over the RES calves. The ACID feeding treatment also was
associated with greater preweaning structural growth.
Table 5.3 describes the effects of milk feeding treatment on fecal consistency and
the shedding of enteropathogens. Calves assigned to the ACID feeding treatment had
more fluid fecal consistency at week 5 and 6, but were similar at all other time points as
compared to the RES calves. The ACID calves tended to have greater odds of shedding
C. parvum oocysts in the feces compared with the RES calves (OR, 95% confidence
interval: 1.4, 1.0 to 1.9; Table 5.3). Milk feeding treatment did not affect rotavirus or
coronavirus shedding. Escherichia coli F5 was not detected in any of the fecal samples
collected and analyzed.
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The effects of milk feeding treatment on postweaning morbidity, mortality and
growth for replacement heifers and veal calves are shown in Table 5.4 and Table 5.5,
respectively. Median age for postweaning follow-up and slaughter measurements from
the heifer (ACID: 263 d and RES: 266 d, P = 0.71) and veal calves (ACID: 230 d and
RES: 231 d, P = 0.85) did not differ by treatment. Heifers that were reared on either the
ACID or the RES treatment from birth until weaning were not different for postweaning
morbidity (OR, 95% confidence interval: 1.1, 0.6 to 2.1; Table 5.4) or mortality (OR,
95% confidence interval: 0.9, 0.3 to 2.7; Table 5.4). Of all the heifers that required
treatment for disease events during the postweaning period, the majority were treated for
respiratory problems (24 ACID and 23 RES), but there were also 3 cases of lameness (2
ACID and 1 RES) and 1 case of systemic infection (1 ACID). The postweaning mortality
risks for both treatment groups were low (Table 5.4). The suspected cause of death for 3
ACID heifers and 5 RES heifers was postweaning respiratory disease. Additionally, 3
ACID heifers died of enteritis, systemic infection or injury, respectively, and 2 RES
heifers died of bloat. There was no difference by milk feeding treatment for ADG after
weaning or BW at the postweaning follow-up time point (Table 5.4).
Veal calves did not differ by milk feeding treatment for the odds of disease (OR,
95% confidence interval: 1.5, 0.8 to 2.6; Table 5.5) or death after weaning (OR, 95%
confidence interval: 0.8, 0.3 to 1.7; Table 5.5). Respiratory disease was associated with
all cases of postweaning disease in the veal calves. Moreover, respiratory disease was the
leading cause of mortality for the veal calves; 13 ACID veal calves and 15 RES veal
calves died of postweaning respiratory disease and 1 ACID veal calf and 1 RES veal calf
died of bloat. The causes of mortality for the other 3 ACID veal calves were not
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determined. Milk feeding treatment did not affect the length of time required by the veal
calves to reach slaughter weight (P = 0.85). Moreover, there was no difference between
the ACID and the RES veal calves for postweaning ADG (P = 0.13) or live-weight at
slaughter (P = 0.66; Table 5.5). Carcasses from 57 ACID veal calves and 55 RES veal
calves were graded at the slaughter facility. There were 22 carcasses (10 ACID and 12
RES) that exceeded the maximum dressed weight restriction for veal and they were not
eligible to receive a grade classification. In total, 36 / 47 (76.6 %) of the ACID veal
carcasses and 31 / 43 (72.1 %) of the RES veal carcasses were assigned the Canada A2
grade category, and all of the other carcasses were assessed as Canada A1 grade. Milk
feeding treatment did not affect carcass characteristics (P = 0.62).
5.5. DISCUSSION
Results from this field study demonstrate that free-access feeding of acidified
milk replacer supports greater preweaning ADG and structural growth in calves. These
findings are consistent with the results of other studies in which the impacts of enhanced
feeding strategies on calf growth were evaluated. Calves reared on intensified nutrition
programs show increased preweaning ADG, lean tissue deposition, efficiency of gain and
stature changes over traditionally-fed calves (Diaz et al., 2001; Blome et al., 2003; Terré
et al., 2006). Ad libitum milk feeding and large daily milk allowances have also been
associated with improved BW gain and structural development (Appleby et al., 2001;
Jasper and Weary, 2002; Khan et al., 2007a; Borderas et al., 2009). Differences in early
growth between the ACID calves and the RES calves may have been related to
differences in their nutrient intake. Daily milk replacer and solid feed intakes could not
be measured for calves enrolled on this field study. It has been reported, however, that
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under similar management conditions, calves fed free-access acidified milk replacer
consume approximately 10 L of milk replacer daily and only small quantities of solid
feed prior to weaning (Anderson, 2006; Anderson, 2008; CHAPTER 3; CHAPTER 6).
Thus, the RES calves may have consumed more solid feed than the ACID calves, but
nonetheless were unable to fully compensate for their restricted milk replacer feeding
level (Sweeney et al., 2010).
Although free-access acidified milk replacer feeding promoted greater
preweaning growth, the authors’ had expected the ACID calves to exhibit higher ADG
than the observed rate of 0.59 kg / d, and a larger difference between the feeding
treatments than 0.16 kg / d. Calves reared on enhanced feeding strategies, including those
fed free-access acidified milk replacer, routinely gain between 0.75 and 1.0 kg of BW
daily (Jasper and Weary, 2002; Blome et al., 2003; Borderas et al., 2009; CHAPTER 3;
CHAPTER 6). Thus, the lower than expected growth rates for calves enrolled on the
current study could potentially reduce the generalizability of the results. All calves
enrolled on this study were fed milk replacer that contained 24 % CP and thereby should
have had greater growth than if a conventional milk replacer (18 to 22% CP) was fed
(Drackley, 2008). The RES calves were fed milk replacer at a higher feeding rate (6 L / d,
approximately 14 % birth BW) than the traditional restricted rate of 8 to 10 % birth BW.
Hence, consumption of milk replacer with higher CP content and the increased feeding
rate may help to partially explain the smaller than expected difference in ADG between
the ACID and RES calves.
There were several factors that could have potentially influenced the growth of
the ACID calves. Milk feeding treatment, for example, was confounded by feeding
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method; ACID calves were fed milk replacer by teat and RES calves were fed milk
replacer by bucket. Hammell and colleagues (1988) demonstrated that calves fed milk
replacer for ad libitum intake by a teat gain more BW than calves fed by buckets.
Therefore, in the current study, it is unlikely that feeding method had a large impact on
the ADG of the ACID calves. Acidification with formic acid could have affected the
palatability of the acidified milk replacer. Calves are known to have a preference for
sweet tasting substances, such as whole milk or milk replacer (Hellekant et a., 1994; de
Passillé and Rushen, 2006). The effects of acidification on the taste response of calves are
largely unknown. It has been established, however, that under free-access feeding
conditions, acidification to a target pH between 4.0 and 4.5 limited milk replacer intake
by approximately 1 L / d (CHAPTER 6), and resulted in more fragmented feeding
behaviour (CHAPTER 4). These data suggest that milk replacer palatability may have
been a contributing factor toward the lower than expected ADG for the ACID calves.
Milk replacer feeding temperature could have also influenced milk replacer intake and
calf growth. The temperature of the acidified milk replacer was recorded at each weekly
visit by the research technicians, and it ranged over the study period from 13.2 to 27.5 C.
Cold feeding temperatures negatively affect milk replacer intake and growth performance
of calves (Flipot et al., 1972), which together with the variability in feeding temperatures,
may account for the low ADG for the ACID calves. Unmeasured environmental factors,
such as elevated ammonia levels and poor air flow in the preweaning calf housing
facilities could have potentially negatively influenced ADG during the preweaning phase.
It was initially hypothesized that the replacement heifers and veal calves that were
reared on the free-access acidified milk feeding program would continue to have greater
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ADG after weaning than the restricted-fed animals. This hypothesis was drawn from the
results of earlier research, which had demonstrated that enhanced milk feeding is not only
associated with improved preweaning growth, but can also have a carry-over effect and
support increased postweaning weight gain (Khan et al., 2007a,b ). However, in the
current study, free-access feeding of acidified milk replacer did not impact postweaning
growth performance. Similarly, other research groups have reported that the type of milk
feeding regime used during the preweaning period does not affect ADG after weaning
(Jasper and Weary, 2002; Terré et al., 2006).
Weaning management may have influenced the postweaning growth results in the
current study. Calves that consume ad libitum or large amounts of milk generally have
lower solid feed intakes (Appleby et al. 2001; Jasper and Weary, 2002; Quigley et al.,
2006; Terré et al., 2006; Borderas et al., 2009) and delayed rumen function over
traditionally-fed calves (Terré et al., 2006; consistent with descriptive observations in
CHAPTER 3). Thus, appropriate weaning practices need to be adopted for calves to
overcome these challenges, which should reduce the risk of postweaning growth lags. In
the current study, calves were weaned over a 5 d weaning period; the ACID calves had
access to ad libitum milk for a total of 12 h / d and the RES calves were fed only a single
feeding of milk daily. The aim of the 5 d weaning period was to limit milk intake, as a
way of encouraging solid feed consumption and stimulating rumen development so that
calves would be better able to digest solid feeds after weaning. It has previously been
shown, however, that calves fed ad libitum milk for total of 4 h / d were able to adjust
their feeding behaviour and consumed milk at rates similar to that of calves with freeaccess to milk (von Keyserlingk et al., 2006). Moreover, Sweeney et al. (2010)
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documented that for calves fed large amounts of milk, gradually reducing milk
availability over 10 d, in comparison to abrupt, 4 d, or 22 d weaning, resulted in the best
combination of weaning and postweaning solid feed intakes and growth. Together, these
data suggest that the ACID calves likely continued to consume large amounts of milk
until the day of weaning and their weaning period was too short, which would have
resulted in a more difficult transition onto solid feed and may have partially accounted for
the lack of a difference in postweaning weight gain by milk feeding treatment. Moreover,
the weaning methods used for the calves on the ACID treatment may have led to weight
loss or no weight gain during the early postweaning period. The collection of milk, solid
feed and water intake data, and more frequent BW measurements would have helped to
confirm these hypotheses.
Calves fed free-access acidified milk replacer tended to have fewer preweaning
disease events than the restricted-fed calves. Milk feeding treatment did not affect pre and
postweaning mortality, or postweaning morbidity. The differences in preweaning
morbidity risk for the ACID and the RES calves may have been the result of improved
nutrition. Khan and colleagues (2007) reported that the occurrence of diarrhea among
high-fed calves was significantly lower than that of calves reared under a restricted
feeding regime. Moreover, in another study, calves on a higher plane of nutrition had
improved recovery from the effects of disease due to experimentally-induced C. parvum
infection (Ollivett et al., 2012). Thus, free-access acidified milk replacer feeding could
have positively supported preweaned calf health by allowing calves to consume more
nutrients from milk.
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Differences in the detection and treatment of disease events may have influenced
the effects of milk feeding treatment on preweaning morbidity, and reduced the internal
and external validity of the study results. The feeding equipment for the ACID and RES
feeding treatments were visually different. Farm personnel that were responsible for
diagnosing all cases of disease could not be blinded to treatment assignment. This
situation may have resulted in differences in the intensity of assessment and selection for
disease treatment based on milk feeding group. Moreover, farm personnel may have
failed to identify and treat cases of preweaning disease. The reported incidence of
preweaning disease was considerably lower than the estimates used for the sample size
calculations, which were based on disease treatment information from other research
initiatives that the farm had previously participated in, as well as prior knowledge about
the farm’s history of calf health status. Further, of the calves that died during the
preweaning period, only 20 % were treated for disease prior to their death. This may
indicate that disease events were under-diagnosed. Despite the potential under-recording
of preweaning disease in this study population, the ACID calves had more fluid fecal
consistency and greater odds of cryptosporidiosis, they were treated for fewer disease
events and were at no greater risk of death than the RES calves. Taken together, these
results suggest that calves reared on the free-access acidified milk feeding program were
better able to recover from the effects of disease, which can likely be attributed to having
been reared on a higher plane of nutrition (Ollivett et al., 2012).
The authors’ acknowledge that there were several limitations with the design and
execution of this study. Firstly, although a formal random allocation procedure would
have been a more appropriate approach, calves were systematically assigned to treatment
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group. The decision to use systematic allocation was largely due to logistical
considerations with the setup of the milk feeding equipment in the nursery room.
Nonetheless, baseline comparisons between the ACID and RES feeding groups
demonstrated that, with the exception of twinning, there were no differences by treatment
for calving-related factors, colostrum management practices and birth growth
measurement. Secondly, the farm personnel and research technicians were not blinded to
treatment assignment because there was no practical way to disguise feeding equipment
on farm. The lack of blinding may have introduced the opportunity for information bias
due to differential misclassification errors in outcome assessment. The potential for
differential misclassification errors would have been greatest for subjective outcome
variables, for example, pre and postweaning morbidity estimates and fecal consistency
scores. Thirdly, given that a large number of outcome variables were used to quantify the
effects of milk feeding treatment on calf health and growth, there was greater likelihood
of a type I error. Moreover, there may have also been potential for type II error. The
sample size for this study was based on the primary outcome of preweaning morbidity,
but for some of the other outcome variables there may not have been enough power to
detect a statistically significant difference between the milk feeding treatments.
5.6. CONCLUSIONS
The results of this study demonstrated that free-access feeding of acidified milk
replacer supports greater preweaning ADG and structural growth than traditional
restricted milk feeding. Postweaning growth performance was similar for free-access
acidified and traditional restricted feeding. Calves reared on the free-access acidified milk
replacer feeding program tended to be treated for fewer preweaning disease events than
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restricted-fed calves. Preweaning mortality, postweaning morbidity and postweaning
mortality were similar for both milk feeding treatments.
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TABLES AND FIGURES
Table 5.1. Calving factors, colostrum management, serum total protein (TP)
concentration and structural characteristics at birth for Holstein calves assigned to the
free-access acidified (ACID)1 and restricted (RES)2 milk replacer feeding treatments.
Outcome

ACID Treatment

RES Treatment

Number of calves, no.
249
249
Calving location, %
Maternity area
97.9
98.3
Dry cow free-stall
2.1
1.7
Calving assistance, %
Unobserved
73.8
74.5
Observed and required no assistance
10.4
9.1
Required minimal assistance
8.3
6.9
Dystocia
7.5
9.5
Twinning, %
6.8
2.4
Timing of first colostrum feeding, %
< 2 h after birth
75.8
77.3
≥ 2 h and < 4 h after birth
20.2
20.0
> 4 h after birth
4.0
2.7
Colostrum source, %
Dam colostrum only
2.1
3.8
Pooled colostrum
97.9
96.2
Route of administration, %
Nurse bottle
28.1
28.4
Esophageal feeder
26.9
28.8
Nurse bottle and then esophageal feeder
45.0
42.8
3
Number of colostrum feedings , no.
2 (1, 2)
2 (1, 2)
Total volume of colostrum fed3, L
6.0 (2.0, 9.0)
6.0 (2.0, 6.0)
Serum total protein concentration4,5, g / dL
5.6 (4.1, 7.8)
5.7 (3.8,7.4)
Birth BW4,6, kg
42.1 (24.5, 55.3)
42.1(28.1, 56.7)
Birth hip width4.7, cm
20.7 (16.0, 24.0)
20.8 (17.0, 25.0)
Birth hip height4.7, cm
78.2 (64.0, 90)
78.4 (66.0, 89.0)
4.7
Birth body length , cm
58.6 (47.0, 71.0)
58.9 (51.0, 70.0)
Birth heart girth4.7, cm
78.9 (63.5, 88.9)
78.9(68.5, 87.6)
1
Calves assigned to the RES treatment had free-access to milk replacer acidified to a target pH
between 4.0 and 4.5
2
Calves assigned to the RES treatment were fed 3 L of milk replacer twice daily
3
Median (minimum, maximum) are presented
4
Mean (minimum, maximum) are presented
5
Measured between 1 and 8 d of age
6
Measured at 0 d of age
7
Measured between 0 and 7 d of age.
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P-value

1.00

0.78

0.02
0.74

0.29

0.87

0.86
0.84
0.57
0.99
0.55
0.53
0.32
0.98

Table 5.2. Preweaning morbidity, mortality, BW gain and structural growth for Holstein
calves assigned to the free-access acidified (ACID)1 and restricted (RES)2 milk replacer
feeding treatments.
Outcome

ACID Treatment

Number of calves, no.
Preweaning morbidity3, no. (%)
Preweaning mortality4, no. (%)
Preweaning growth5
ADG, kg / d
BW at weaning, kg
Hip width growth, cm
Hip height growth, cm
Body length growth, cm
Heart girth growth, cm
1

RES Treatment

249
3 (1.2)
7 (2.8)

249
13 (5.2)
8 (3.2)

0.59 (0.55, 0.62 )
69.1 (67.0, 71.2)
3.6 (3.3, 4.0)
8.5 (7.6, 9.3)
12.2 (10.8, 13.6)
12.9 (11.9, 13.9)

0.43 (0.39, 0.46)
62.6 (60.6, 64.6)
2.5 (2.2, 2.8)
6.9 (6.1, 7.8)
9.6 (8.2, 11.0)
9.9 (8.9, 10.9)

Calves assigned to the ACID treatment had free-access to milk replacer acidified to a target pH
between 4.0 and 4.5
2
Calves assigned to the RES treatment were fed 3 L of milk replacer twice daily
3
Treated for at least one disease event between birth and weaning
4
Died before weaned off milk
5
Least square mean (95% confidence interval) are presented
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P-value
0.07
0.79
< 0.001
< 0.001
< 0.001
< 0.001
< 0.001
< 0.001

Table 5.3. Fecal consistency and shedding of enteropathogens for Holstein calves
assigned to the free-access acidified (ACID)1 and restricted (RES)2 milk replacer feeding
treatments.
Outcome

ACID Treatment

Number of calves, no.
Fecal consistency3
Week 1 visit
Week 2 visit
Week 3 visit
Week 4 visit
Week 5 visit
Week 6 visit
Number of calves sampled, no.
Number of fecal samples collected4, no.
Shedding of enteropathogens, %
Cryptosporidium parvum
Rotavirus
Coronavirus
Escherichia coli F5
1

RES Treatment

249

249

1.0 (0.8, 1.1)
1.5 (1.4, 1.7)
1.4 (1.3, 1.5)
1.0 (0.9, 1.1)
0.8 (0.7, 0.9)
0.5 (0.4, 0.6)
119
357

1.0 (0.9, 1.1)
1.4 (1.3, 1.5)
1.3 (1.2, 1.4)
0.8 (0.7, 0.9)
0.4 (0.3, 0.5)
0.3 (0.1, 0.4)
120
360

27.9
17.9
6.4
0

22.2
16.3
8.0
0

Calves assigned to the ACID treatment had free-access to milk replacer acidified to a target pH
between 4.0 and 4.5
2
Calves assigned to the RES treatment were fed 3 L of milk replacer twice daily
3
Least square mean (95% confidence interval) are presented
4
A total of 3 fecal samples were collected from 119 ACID calves and 120 RES calves.
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P-value

1.00
0.89
0.95
0.16
< 0.001
0.09

0.09
0.58
0.42
1.00

Table 5.4. Postweaning morbidity, mortality and growth for Holstein replacement heifers
assigned to the free-access acidified (ACID)1 and restricted (RES)2 milk replacer feeding
treatments.
Outcome

ACID Treatment

Number of calves, no.
Postweaning morbidity3, no. (%)
Postweaning mortality4, no. (%)
Postweaning growth5
ADG from weaning to follow-up, kg / d
BW at follow-up, kg

113
25 (22.1)
6 (5.3)

1

RES Treatment
115
24 (20.9)
7 (6.1)

0.80
0.80

0.99 (0.96, 1.02)
1.00 (0.97, 1.03)
281.2 (254.9, 307.6) 277.4 (251.0, 303.8)

0.58
0.33

Calves assigned to the ACID treatment had free-access to milk replacer acidified to a target pH
between 4.0 and 4.5
2
Calves assigned to the RES treatment were fed 3 L of milk replacer twice daily
3
Treated for at least one disease event between weaning and follow-up
4
Died between weaning and follow-up
5
Least square mean (95% confidence interval) are presented.
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P-value

Table 5.5. Postweaning morbidity, mortality and growth for Holstein veal calves
assigned to the free-access acidified (ACID)1 and restricted (RES)2 milk replacer feeding
treatments.
Outcome

ACID Treatment

Number of calves, no.
Postweaning morbidity3, no. (%)
Postweaning mortality4, no. (%)
Postweaning growth5
ADG from weaning to slaughter, kg / d
Live-weight at slaughter, kg

129
47 (36.4)
13 (10.1)

1

RES Treatment
126
37 (29.4)
16 (12.7)

0.18
0.50

1.33 (1.29, 1.38)
1.37 (1.32, 1.41)
323.8 (315.8, 331.9) 324.8 (316.6, 332.9)

0.13
0.66

Calves assigned to the ACID treatment had free-access to milk replacer acidified to a target pH
between 4.0 and 4.5
2
Calves assigned to the RES treatment were fed 3 L of milk replacer twice daily
3
Treated for at least one disease event between weaning and slaughter
4
Died between weaning and slaughter
5
Least square mean (95% confidence interval) are presented.
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P-value

ACID pen

RES pen

Figure 5.1. A schematic of the housing setup for calves from birth until weaning. All
calves were initially housed in the nursery room and then moved to the preweaning barn.
Each calf was systematically allocated to an acidified milk feeding (ACID) pen or a
restricted milk feeding (RES) pen as they entered the nursery. Calves allocated to ACID
pens were reared on the free-access acidified milk replacer feeding treatment for the
duration of the preweaning period. Calves allocated to RES pens were reared on the
restricted feeding treatment for the duration of the preweaning period. Calves were
moved as blocks of 14 animals from the nursery to 1 of the 5 rooms in the preweaning
barn. The preweaning rooms were each setup as 2 rows of individual elevated stalls; the
ACID calves and RES calves were housed in separate rows in each preweaning room.
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CHAPTER 6: A RANDOMIZED CONTROLLED TRIAL ON MILK REPLACER
ACIDIFICATION FOR FREE-ACCESS FEEDING - EFFECTS ON THE
HEALTH, PERFORMANCE AND WELFARE OF VEAL CALVES 
6.1. ABSTRACT
The objectives of this study were to: i) to investigate the effects of milk replacer
acidification for free-access feeding on the pre and postweaning morbidity, mortality and
performance of Holstein bull calves raised for grain-fed veal, and ii) compare coliform
and aerobic bacterial growth in samples of acidified and non-acidified milk replacer.
Calves were randomly assigned to free-access feeding of acidified (ACID) or nonacidified (NON) milk replacer (22% CP, 17% fat; n = 32 / treatment). Acidified milk
replacer was prepared to a target pH between 4.0 and 4.5 using formic acid. Calves were
weaned off milk replacer at 42 d following a 5 d gradual weaning period. Milk replacer,
solid feed and water intakes were measured daily from birth until weaning, and calves
were weighed weekly. After weaning, calves were transitioned to a growing/finishing
diet for grain-fed veal, weighed every 2 weeks and slaughtered at approximately 6 mo. of
age. Disease information was recorded from birth until slaughter. At slaughter, the lungs
of each calf were evaluated for gross pathological changes and dressed carcass weights
were obtained. Generalized linear mixed models were constructed to examine the effects
of milk replacer acidification on daily milk replacer, solid feed and water intakes, pre and
postweaning average daily gain (ADG), body weight (BW) at weaning, dressed carcass
weight and milk replacer bacteriology. Differences between treatment groups for pre and
postweaning morbidity and mortality were tested using Pearson’s χ2 and Fisher’s exact
tests. Calves assigned to the ACID treatment consumed less milk replacer than the NON
animals (10.6 vs. 11.7 L / d, P = 0.02). Acidification tended to promote earlier onset of
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solid feed consumption (32.0 vs. 39.5 d, hazard ratio = 1.5, P = 0.07), but did not affect
daily solid feed (P = 0.32) or water intakes (P = 0.15). The ACID and NON calves did
not differ for pre (P = 0.18) or postweaning ADG (P = 0.83), BW at weaning (P = 0.18)
or dressed carcass weight (P = 0.76). The odds of calves being treated for disease and
dying during the pre or postweaning periods were not different. Calves on the ACID
feeding treatment tended to have lower odds of pulmonary lesions during post-mortem
inspection compared with the NON-treated calves (OR = 0.3, P = 0.07). Samples of
ACID milk replacer had less coliform (0.9 vs. 4.8 log10 cfu / mL, P < 0.001) and aerobic
bacterial growth (4.8 vs. 7.7 log10 cfu / mL, P < 0.001) than NON milk replacer samples.
These results indicate that under free-access feeding conditions, acidification limits the
intake of milk replacer, but does not negatively affect long-term calf performance and
may support improved respiratory health.
6.2. INTRODUCTION
In North America, heifer calves are raised as replacement animals for dairy herds,
while male calves are primarily reared on either a milk-fed or grain-fed veal program. All
replacement dairy heifers and veal calves spend at least the first few weeks of their lives
consuming whole milk or milk replacer. Replacement heifers and grain-fed veal calves
are typically fed milk until weaning at 6 to 8 week of age. After milk weaning,
replacement heifers are transitioned to a completely solid feed diet that must support a
high level of growth so that these animals can be bred at 13 to 15 mo. of age, and calve
by 24 mo. of age (Drackley, 2008). Grain-fed veal calves, however, are transitioned to a
grain-based growing ration and marketed once a live-weight between 295 and 320 kg is
achieved, after spending up to 7 mo. in production (Ontario Veal Association, 2008). In
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contrast, milk-fed veal calves are reared exclusively on a milk diet and are marketed at 4
to 5 mo. of age at a live-weight of approximately 200 kg (Sargeant et al., 1994).
Early calf nutrition and milk feeding practices can significantly impact
replacement dairy heifer management and veal production. Calves reared on traditional
feeding programs are fed milk at a rate of 8 to 10 % of birth BW (Drackley, 2008);
however, if given the opportunity, they are able to safely consume milk at rates of 20 %
of birth BW or greater (Jasper and Weary, 2002; Borderas et al., 2009; CHAPTER 3).
Hence, it is evident that traditional feeding methods limit calves’ voluntary intake of
milk, which may lead to hunger (Thomas et al., 2001; De Paula Vieira et al., 2008).
Several research groups have also documented that traditionally-fed calves have lower
feed conversion efficiency and experience slower growth compared to calves fed larger
quantities of milk (Diaz et al., 2001; Jasper and Weary, 2002; Khan et al., 2007a;
CHAPTER 5). Taken together, these findings suggest that traditional feeding programs
negatively affect the performance, behaviour and welfare of calves.
Many of the issues associated with traditional feeding practices can be addressed
by implementing free-access milk feeding systems (Khan et al., 2011). These types of
feeding systems are designed so that milk is available continuously and calves are able to
feed ad libitum. Thus, free-access feeding allows calves the opportunity to consume more
nutrients, exercise greater control over their feeding behaviour and meal patterning, and
better satisfy their feeding motivation (Appleby et al., 2001; De Paula Vieira et al., 2008;
Borderas et al., 2009). One of the main challenges with free-access programs, however, is
milk continuously available at ambient temperatures can support microbial growth
(Stewart et al., 2005; Anderson, 2006). Bacterial contamination of milk can negatively
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impact calf health and performance. Calves that consume milk with elevated bacterial
counts are at greater risk for preweaning morbidity and mortality, and gain less weight
than calves reared on milk with improved bacteriological quality (Jamaluddin et al.,
1996a; Jamaluddin et al., 1996b). Therefore, for free-access feeding to become a more
widely accepted feeding method for calves, intervention strategies that control the growth
of bacteria and other pathogens in milk need to be implemented.
Acidification is a preservation method that could have an important role in
maintaining the bacteriological quality of milk for free-access feeding. Organic acids are
commonly added to animal feeds, such as high moisture corn and silages, to prevent
spoilage and preserve the nutritional value of the feed (Bothast et al., 1975; Britt and
Huber, 1976; Argagón, 2007). Moreover, some Canadian dairy and veal producers have
recently adopted the practice of preserving milk with formic acid to limit bacterial
contamination under free-access feeding conditions (Anderson, 2008; Anderson, 2011).
Calves reared on free-access acidified milk are reported to experience greater weight gain
up to weaning, improved structural growth and require less treatment for preweaning
disease, but have delayed onset of solid feed consumption (CHAPTER 5) and may have
less rumen papillary development (CHAPTER 3), as compared to calves fed restricted
milk intake. To date, there have been no direct comparisons of acidified versus nonacidified milk replacer for free-access feeding. The currently recommended target pH for
preparation of acidified milk is between 4.0 and 4.5. However, there is a need for
research to determine whether the currently recommended target pH range is effective for
inhibiting microbial growth under free-access feeding conditions.
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The primary objective of this study was to investigate the effects of milk replacer
acidification for free-access feeding on the preweaning and postweaning morbidity,
mortality and performance of Holstein bull calves raised for grain-fed veal. The
secondary objective was to compare coliform and aerobic bacterial growth in samples of
acidified and non-acidified milk replacer. The working hypotheses underlying this study
were that milk replacer acidification would inhibit bacterial growth and support improved
preweaning and postweaning health, performance, and welfare of veal calves.
6.3. MATERIALS AND METHODS
6.3.1. Animals, Housing and Management
Sixty-two Holstein male calves were purchased from 4 commercial dairy farms
in eastern Ontario, Canada. All calves received colostrum and were uniquely identified
with Canadian Cattle Identification Agency tags at the source farm. Calves were
examined by a research technician at the time of purchase. Any calf exhibiting overt
clinical illness or requiring medication, during the immediate postnatal period, remained
at the source farm and was not enrolled in the study.
Calves were transported within 48 h of birth from the source farms to the
University of Guelph, Kemptville Campus Dairy Education and Research Center
(Kemptville, Ontario, Canada). On the morning of arrival at the research facility, each
calf was weighed using a calibrated livestock scale, its umbilicus was disinfected with
7% tincture of iodine and a blood sample was collected by jugular venipuncture (BD
Vacutainer Blood Collection Tube, 10 mL, without anticoagulant, Becton, Dickinson and
Company, Franklin Lakes, New Jersey, USA). Blood samples were centrifuged (1500 x g
for 5 minutes at room temperature); serum was harvested and analyzed for serum total
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protein (TP) concentration by refractometry (Digital Refractometer #300027, Sper
Scientific, Scottsdale, Arizona, USA). Calves also received 2 mL of a vitamin A, D and E
supplement (E-Master Sterile Injectable Solution, Vétoquinol Canada Inc., Lavaltrie,
Quebec, Canada) and 1 mL of vitamin E/selenium (Dystosel Vitamin E-Selenium
Injection, Pfizer Animal Health, Kirkland, Quebec, Canada). All of these injections were
administered intramuscularly in the neck region.
Calves were tethered within individual polyethylene hutches (Poly Square Calf
Nursery, Agri-Plastics, Grassie, Ontario, Canada) for the duration of the preweaning
period. The hutches were located on a graded site with a gravel base. Hutch placement
prevented physical contact between neighbouring calves, but allowed the animals to be
within visual and auditory range of one another. The exterior of each hutch was painted
white to provide additional shade for the calves. The interior of each hutch was bedded
with wood shavings. Bedding material was replenished as needed, and fresh bedding was
added at a minimum of once per week. All bedding material was removed from the site
after each calf use; the hutch was cleaned and then repositioned on a new location. Calves
remained in their hutches until 7 week of age, and then were moved to group housing in
an open-faced barn for the postweaning period. Calves were comingled with 12 to 14
other individuals in pens (10.8 m x 6.9 m) with bedding packs of wood shavings and
straw.
Calves were exposed to management conditions that were in accordance with the
guidelines of the Canadian Council on Animal Care (CCAC, 2009). All study procedures
were reviewed and approved by the University of Guelph Animal Care Committee.
Calves were neither castrated nor dehorned during this study. Ad libitum texturized starter
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feed (18% Calf Starter with Rumensin®, Shur-Gain, St. Mary’s, Ontario, Canada) was
available to each calf from the day of arrival until movement to group housing. Calves
were transitioned to a growing / finishing program for grain-fed veal upon entry to the
postweaning barn (Table 6.1). Water was available ad libitum throughout the pre and
postweaning periods; forage was not offered to the calves.
6.3.2. Experimental Design and Treatments
Sample size calculations were initially completed (Intercooled Stata 9.1, College
Station, Texas, USA) to estimate the number of calves required per treatment group to
detect meaningful differences in preweaning calf growth and health outcomes. It was
estimated that a total of 50 calves (25 calves / treatment group) would be needed to test
the following a priori assumptions about preweaning calf growth performance: calves fed
acidified milk replacer versus those fed non-acidified milk replacer would have
preweaning ADG (mean ± SD) of 1.0 ± 0.25 kg / d and 0.8 ± 0.25 kg / d, respectively,
with a maximum type I error of 5% and type II error of 20%. Alternatively, it was
estimated that a total of 132 calves (66 calves / treatment group) would be needed to test
the following a priori assumptions about preweaning morbidity: 25% of the calves fed
acidified milk replacer and 50% of the calves fed non-acidified milk replacer would be
treated for at least one disease event during the preweaning period, with a maximum type
I error of 5% and type II error of 20%. Decisions about the sample size for this study
were, however, largely dependent on the availability of newborn calves and housing
facilities, as well as financial and labor resources. Thus, after taking into consideration all
of these statistical and non-statistical factors, the research team determined that resource
limitations would prevent the completion of a larger-scale study. However, a study with a
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sample size of approximately 60 calves (30 calves / treatment group) was deemed
feasible.
On the morning of arrival at the research facility, calves were randomly allocated
to free-access feeding of: a) acidified (ACID) or b) non-acidified (NON) milk replacer.
The randomization sequence was generated by random draw in blocks of 4, prior to the
commencement of the study. Calves were fed their assigned milk feeding treatment for
the duration of the preweaning period. Research technicians were responsible for the
enrollment, management and feeding of the calves, diagnosis of clinical disease and
administration of health treatments, along with the collection of all health and
performance data. Research technicians were not blinded to treatment assignment.
Calves were fed a non-medicated commercial milk replacer (22% CP and 17%
fat, Grober High Performance Calf Milk Replacer, Cambridge, Ontario, Canada). Milk
replacer was prepared using a mixing rate of 150 g/L. The mixing directions were as
follows: 150 g of powder was reconstituted in 0.25 L of hot water, 0.75 L of cold water
was added and then the mixture was stirred vigorously. After preparation, milk replacer
was either fed immediately to the calves assigned to the NON treatment, or acidified and
fed to the calves assigned to the ACID treatment. Acidified milk replacer was prepared
by cooling the milk replacer to a temperature of less than 20 C and then stirring in prediluted formic acid (The Acidified Milk Solution, 9.8% formic acid, NOD Apiary
Products Ltd., Frankford, Ontario, Canada) until a pH between 4.0 and 4.5 was achieved.
The temperature and pH of milk replacer was measured using a waterproof combination
tester (HI 98129 Combo pH, EC/TDS and Temperature Tester, Hanna Instruments,
Laval, Quebec, Canada). The tester was rinsed with water after each use and cleaned each
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week with a cleaning solution (Hanna HI 7061 Electrode Cleaning Solution, Hanna
Instruments, Laval, Quebec, Canada). The electrode of the tester was calibrated 3 times
per week using standard buffer solutions of pH 4.01 and 7.01. Acidified milk replacer
was prepared in large batches and stored in enclosed plastic bins until being fed to the
ACID calves. An automated stirring system, assembled from a paint mixer and electric
drill connected to a timer, was programmed to slowly agitate the stored acidified milk
replacer for 15 min at 12:00, 18:00 and 24:00 h each day. A new batch of acidified milk
replacer was mixed at least every 48 h.
All calves were fed their assigned milk replacer diet using a teat and bucket
feeding system. Briefly, an artificial teat (Peach Teat, Skellerup Industries, Christchurch,
New Zealand) was fastened to the interior of the hutch and attached to a plastic tube fitted
with a weighted one-way valve. The plastic tube connected the teat to a 20 L
polyethylene bucket with a sealable lid. The feeding bucket was positioned beside the
hutch, enclosed within a wood box to shade the milk replacer from sunlight. Milk
replacer was added to the buckets at the morning and afternoon feedings (07:00 and
16:00 h, respectively), and then replenished throughout the day as necessary. Milk
replacer orts were weighed and then discarded at every feeding. To prevent milk replacer
separation, the buckets were agitated by hand for approximately 10 s at 10:00 and 13:00 h
daily. All feeding equipment, including teats, plastic tubes, buckets and lids were washed
with detergent twice daily at the morning and afternoon feedings, and then allowed to airdry. There were two sets of feeding equipment used to prevent delays in the delivery of
milk replacer to the calves. Calves were gradually weaned by dilution of the milk
replacer over a 5 d period. Specifically, beginning at the morning feeding on 38 d of age,
209

the amount of water used for milk replacer preparation was increased by 20% per day,
which facilitated weaning at 6 week.
6.3.3. Sampling and Bacteriological Analysis of Milk Replacer
Samples of milk replacer were collected from a subset of individual calf feeding
buckets every Monday. Random number draw, blocked within treatment group, was used
to determine the buckets to be sampled each week. Separate random samples were drawn
at the morning and afternoon feedings to generate the list of feeding buckets to be
sampled. Milk replacer samples were collected from 25% of the buckets each week.
Sampling was balanced for treatment group. At each feeding, immediately prior to the
orts being weighed and discarded, a sample of milk replacer was collected directly from
the bucket using standard flip-top vials (45 mL Lock Seal Vial, Capitol Vial Inc.,
Auburn, Alabama, USA). Each bucket was agitated for approximately 10 s before sample
collection. Milk replacer that was sampled at the morning feeding had been offered to the
calf at 16:00 h on the previous day, and hence, had been exposed to ambient temperature
conditions for approximately 15 h. Milk replacer that was sampled at the afternoon
feeding had been offered to the calf at 07:00 h that same day and hence had been exposed
to ambient temperature conditions for approximately 9 h.
Milk replacer samples that were collected at the morning feedings were submitted
for bacteriological analysis on the morning of the same day, whereas samples collected at
the afternoon feedings were refrigerated at 4 C overnight and submitted on the following
morning. For bacteriological analysis, 8 serial dilutions (up to x108) of milk replacer were
prepared. Sterile water was used as the diluent. Diluted samples of milk replacer were
plated using 3M Petrifilm Coliform Count Plates (CCP; 3M Canada, London, Ontario,
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Canada) and 3M Petrifilm Aerobic Count Plates (ACP; 3M Canada, London, Ontario,
Canada). Petrifilm CCP and ACP are ready-to-use culture medium systems for the
enumeration of coliform and aerobic bacteria, respectively. The plates were inoculated
with 1 mL of sample suspension from each serial dilution, as per the manufacturer
instructions, and then incubated (Hova-bator Turbofan Incubator, GQF Manufacturing
Company Inc., Savannah, Georgia, USA) at 32 ºC. The CCP and ACP were enumerated
by a single technician after 24 ±1 h and 48 ±1 h of incubation, respectively. Any plate
that had more than 250 colonies was recorded as too numerous to count (TNTC). The
technician responsible for preparing and enumerating the plates was blind to treatment
assignment.
6.3.4. Collection of Health and Performance Data
Fecal consistency and health of the calves were evaluated by 1 of 3 trained
research technicians. Each calf was assigned a daily fecal consistency score from arrival
until weaning. Fecal consistency was assessed using a 4-point scale (1 = normal, firm but
not hard; 2 = soft, does not hold form; 3 = runny, spreads easily; 4 = watery, liquid
consistency) (Larson et al., 1977). To standardize fecal consistency scoring, descriptions
and photographs for each point on the scale were provided to the research technicians. In
addition to evaluating fecal consistency, calves were also monitored daily for changes in
appetite, attitude (general behaviour and responsiveness), appearance, respiration and
hydration. Rectal temperature was measured and a health assessment was completed
using a standardized clinical scoring index (modified from Dr. Sheila McGuirk,
University of Wisconsin-Madison) for any calf that was suspected of being clinically ill,
based on a change in fecal consistency, appetite, attitude, appearance, respiration or
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hydration. The index evaluated the following clinical parameters: fever, fecal
consistency, attitude, ear position, nasal and ocular discharge, coughing and hydration
status. Calves were assessed daily using the clinical scoring index until disease symptoms
were no longer observed.
Disease diagnosis and health treatment decisions were guided by the information
collected with the clinical scoring index. Fever was defined as a rectal temperature
greater than 39.5 C. Calves with fever were treated with an injectable short-acting
antibiotic (Excenel, ceftiofur sodium sterile powder for injection, Pfizer Animal Health,
Kirkland, Quebec, Canada) for 3 to 5 d. Calf diarrhea complex was defined as a fecal
consistency score of 4, but may have also been associated with lack of appetite,
depression, lethargy, dehydration of tissues or fever. Calves with calf diarrhea complex
were treated with a combination of oral electrolyte solution (Calf-Lyte II, Vétoquinol,
Lavaltrie, Quebec, Canada), injectable short-acting antibiotic (Excenel, ceftiofur sodium
sterile powder for injection, Pfizer Animal Health, Kirkland, Quebec, Canada), neomycin
sulfate boluses (Scour-plug, boluses for calf scours-pneumonia, Can-Vet Animal Health
Supplies Ltd., Guelph, Ontario, Canada) and an absorbent anti-diarrheal demulcent
(Endosorb Suspension, PRN Pharmacal, Pensacola, Florida, Canada) until clinical
improvement was observed. Respiratory disease was defined as fever and at least one of
the following clinical signs: nasal or ocular discharge, spontaneous or induced cough, ear
droop, rough hair coat, lack of appetite, depression or lethargy. Calves with respiratory
disease were treated with an injectable short-acting antibiotic for 3 to 5 d (Excenel,
ceftiofur sodium sterile powder for injection, Pfizer Animal Health, Kirkland, Quebec,
Canada). If clinical signs persisted, an injectable long-acting antibiotic (Bio-Mycin 200,
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oxytetracycline injection, Boehringer Ingelheim Vetmedica, Burlington, Ontario, Canada
or Micotil, tilmicosin injection, Elanco Animal Health, Division Eli Lilly Canada Inc.,
Guelph, Ontario, Canada) was administered. Omphalophlebitis was defined as an
enlarged umbilicus or purulent discharge from the umbilical structures. Calves with
omphalophlebitis were treated with an injectable short-acting antibiotic (Procaine
Penicillin G, Dominion Veterinary Laboratories Ltd., Winnipeg, Manitoba, Canada) until
clinical improvement was observed. Any calf that died during the study was submitted to
the University of Guelph Animal Health Laboratory (Kemptville, Ontario, Canada) for
necropsy.
Milk replacer, solid feed and water intakes were determined daily for each calf
from arrival until weaning. Calves were weighed weekly throughout the preweaning
period, on the day of movement to postweaning group housing, and every 2 weeks
thereafter. Calves were slaughtered at 186 ± 9 d of age and their carcasses were
subsequently marketed as grain-fed veal.
6.3.5. Collection of Slaughter and Post-Mortem Pathology Data
All calves were slaughtered at a provincially licensed abattoir in eastern Ontario,
Canada. On the afternoon prior to slaughter, the calves were loaded onto a livestock
trailer and transported approximately 130 km to the abattoir, and then housed in a group
holding pen overnight. The following morning, beginning at 08:00 h, each calf entered
the abattoir, was rendered insensible using a penetrating captive bolt pistol and
exsanguinated by severing the jugular vein and carotid artery. After removal of the hide
and visceral organs, the carcass was trimmed, washed and the dressed weight was
measured. The pluck (lungs, heart, trachea and larynx) from each calf was harvested,
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identified and submitted for routine post-mortem inspection by the Canadian Food
Inspection Agency meat inspector. The regional veterinarian approved the release and
transport of the plucks from the abattoir to the University of Guelph Animal Health
Laboratory (Kemptville, Ontario, Canada). Each pluck was evaluated for gross
pathological changes by a board-certified veterinary pathologist. The cranial, middle and
caudal lobes of the right and left lungs, and the accessory lobe were examined for lesions
of pneumonia. All lesions were described for colour and appearance, chronicity, size and
location, as well as scored (1 = mild; 2 = moderate; 3 = marked; 4 = severe; no = not
observed) for consolidation, abscessation, bronchiectasis, sequestration and atelectasis.
The bronchial lymph nodes were also examined and any gross pathological findings were
reported. The pathologist and all other staff at the laboratory and abattoir were blind to
treatment assignment.
6.3.6. Statistical Analysis
All statistical analyses were performed using SAS 9.1 (SAS Institute Inc., Cary,
North Carolina, USA). The main effect of interest for all analyses was milk replacer
acidification. Summary statistics and frequency tables were initially generated to
compare the treatment groups for source farm, birth BW and serum TP concentration;
Student’s t-tests, Pearson’s χ2 test and Fisher’s exact test (expected count of less than 5 in
any category) were used to assess for statistically significant differences at baseline.
Generalized linear mixed models were constructed to examine the effects of milk
replacer acidification on milk replacer bacteriology (coliform and aerobic bacterial
counts) (Dohoo et al., 2010). The coliform and aerobic bacterial counts were expressed
on the log10 scale and treated as continuous data. Any CCP or ACP that was recorded as
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TNTC was assigned a value that was 1.25 times greater than the highest count within the
respective category. The milk bacteriology outcome variables were modeled with a
normal distribution and an identity link, and included a random statement to account for
correlation by sampling day.
Generalized linear mixed models were constructed to examine the effects of milk
replacer acidification on the calf performance outcome variables (Dohoo et al., 2010).
The primary outcome of interest was preweaning ADG, which was calculated using the
weekly BW measurements. The following additional calf performance outcome variables
were evaluated: preweaning daily milk replacer intake, preweaning daily solid feed
intake, preweaning daily water intake, BW at weaning, postweaning ADG (calculated
from the bi-weekly BW measurements) and dressed carcass weight. All of the
performance outcome variables were treated as continuous data. Each performance
outcome variable, with the exception of BW at weaning and dressed carcass weight, was
modeled with a normal distribution and an identity link, and included a repeated
measures effect to account for within-calf correlation. Body weight at weaning and
dressed carcass weight were measured at a single point in time, and modeled with a
normal distribution and an identity link.
Time to onset of solid feed consumption was modeled using survival analysis
(Dohoo et al., 2010). Time to onset of solid feed consumption was defined as the number
of days until the calf consumed a minimum of 100 g of solid feed for 2 d consecutively.
Kaplan-Meier survival estimates were generated for each treatment group, the log-rank χ2
was used to test for differences by treatment group, and a Cox proportional hazards
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regression model was constructed. Any calf that died prior to satisfying the time to onset
of solid feed consumption criteria was treated as a censored observation in these analyses.
Milk replacer acidification was included, regardless of significance, in all of the
models. Significance was declared at P < 0.05. All of the final models were evaluated for
the assumptions of homoscedasticity and normality of residuals. Homoscedasticity was
assessed by visually examining a scatter-plot of the residuals against the predicted values.
Normality was assessed using histogram and normal probability plots, as well as
checking the residuals for skewness and kurtosis. A square-root transformation was
applied to improve the homoscedasticity and to help normalize the distribution of the
residuals for the daily water intake model. Back-transformed means and 95 % confidence
intervals are presented. A log transformation was applied to improve the
homoscedasticity and to help normalize the distribution of the residuals for daily solid
feed intake model. Back-transformed means and 95 % confidence intervals are presented.
The fit of each generalized linear mixed model was examined by identifying the
correlation structure that resulted in the smallest value of the Akaike information
criterion. A first-order autoregressive correlation structure was specified for the
preweaning ADG model. A first-order heterogenous autoregressive correlation structure
was specified for the daily milk replacer intake, daily solid feed intake and daily water
intake models. A toeplitz heterogenous correlation structure was specified for the
postweaning ADG model.
Frequency tables were generated to examine the effects of milk replacer
acidification on calf health. The following health outcome variables were evaluated: pre
and postweaning cause-specific morbidity, mortality, pulmonary lesions at slaughter and
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enlarged bronchial lymph nodes. All of the health outcome variables were treated as
categorical data. Pearson’s χ2 test and Fisher’s exact test (expected count of less than 5 in
any category) were used to test for statistically significant differences between treatment
groups.
6.4. RESULTS
A total of 62 Holstein calves were enrolled on this study. Random allocation
resulted in 31 calves per treatment group. One calf from each feeding treatment died
during the preweaning period; both deaths were associated with cryptosporidiosis,
enteritis, and dehydration. One ACID calf was euthanized in the postweaning period
because of an injury sustained during that time period. One NON calf died in the
postweaning period from the effects of severe, chronic bronchopneumonia.
Source farm was not significantly associated with treatment assignment (P =
0.54). Moreover, calves reared on the ACID versus NON feeding treatment were not
different for birth BW (mean ± SD: ACID = 47.0 ± 5.1 kg and NON = 46.8 ± 5.8 kg, P =
0.89) or serum TP concentration (mean ± SD: ACID = 5.5 ± 0.6 g / dL and NON = 5.3 ±
0.6 g / dL, P = 0.25). These summary data confirm that randomization to treatment
groups resulted in calves being similar at baseline for important characteristics.
Bacteriology results for samples of ACID and NON milk replacers, which were
collected throughout the milk feeding period, are shown in Table 6.2. The ACID milk
replacer samples, in comparison with the NON samples, had significantly less coliform
and aerobic bacterial growth.
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Preweaning daily milk replacer intake for calves assigned to the ACID and NON
feeding treatments is presented in Figure 6.1. Acidification of milk replacer to a target pH
between 4.0 and 4.5 negatively affected calves’ intake of milk replacer (mean, 95%
confidence interval: ACID = 10.6, 9.9 to 11.2 L / d and NON = 11.7, 11.0 to 12.3 L / d, P
= 0.02).
Free-access feeding of ACID milk replacer promoted earlier solid feed intake
(Figure 6.2 and Table 6.3). Median time to onset of solid feed consumption tended to be
earlier for the ACID-treated versus NON-treated calves (32.0 versus 39.5 d, respectively;
P = 0.07; Figure 6.2). The daily probability of ACID-treated calves satisfying the criteria
for onset of solid feed consumption tended to be 1.5 times greater than that of the NONtreated calves (hazard ratio, 95% confidence interval: 1.5, 0.9 to 2.5, P = 0.10). However,
once the calves began actively consuming solid feed, daily solid feed intake did not differ
by feeding treatment (Table 6.3). Moreover, milk replacer acidification did not affect
preweaning water consumption, preweaning ADG, or BW at weaning (Table 6.3).
Preweaning morbidity and mortality are summarized by feeding treatment in
Table 6.4. Calves reared on the ACID and NON feeding treatments had similar odds of
being treated for neonatal calf diarrhea complex between birth and weaning (OR, 95%
confidence interval: 1.8, 0.5 to 6.5, Table 6.4). The mean age at onset of diarrhea for the
ACID and NON-treated calves was 9.8 and 5.5 d, respectively. The average number of
days that the ACID and NON-treated calves required treatment for diarrhea was 6.4 and
7.2 d, respectively. The odds of calves being diagnosed and treated for preweaning
respiratory disease did not differ by feeding treatment (OR, 95% confidence interval: 0.2,
0.1 to 1.7; Table 6.4). The mean age at onset of respiratory disease for the ACID and
218

NON-treated calves was 26.0 and 30.2 d, respectively. Two calves (1 ACID and 1 NON)
presented with clinical signs consistent with severe, chronic respiratory disease that
required extended treatment with a long-acting antibiotic; all other cases of respiratory
disease were resolved by administering the standardized therapeutic protocol. Treatment
groups were not different for the odds of calves developing of omphalophlebitis (OR,
95% confidence interval: 0.6, 0.1 to 4.3; Table 6.4). The mean age at onset of
omphalophlebitis for the ACID and NON-treated calves was 17.0 and 14.0 d,
respectively. The average number of days that the ACID and NON-treated calves
required treatment for omphalophlebitis was 7.5 and 3.0 d, respectively. Milk replacer
acidification did not affect the odds of calves having non-specific fever (OR, 95%
confidence interval: 1.6, 0.2 to 10.4; Table 6.4). The mean age at onset of fever for the
ACID and NON-treated calves was 13.3 and 9.5 d, respectively. The average number of
days that the ACID and NON-treated calves required treatment for fever was 3.0 and 4.0
d, respectively. Treatment groups did not differ for preweaning mortality (OR, 95%
confidence interval: 1.0, 0.1 to 17.7; Table 6.4).
The effects of milk replacer acidification on postweaning growth are described in
Table 6.5. Calves reared on the ACID and NON feeding treatments were not different for
ADG from weaning until slaughter (Table 6.5). In addition, there was no difference
between the ACID and NON-treated calves for dressed carcass weight (Table 6.5).
Postweaning morbidity and mortality by treatment group are reported in Table
6.6. There was 1 ACID calf and 1 NON calf that required treatment for postweaning
respiratory disease. The ACID calf exhibited signs of respiratory disease and bloat,
required surgery and then received a regimen of systemic antibiotics. The NON calf
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required extended treatment with short-acting and then long-acting antibiotics. This calf
died and necropsy established that death was associated with severe, chronic
bronchopneumonia. There was 1 calf from each treatment group that developed projectile
eructation and diarrhea following weaning, which persisted from 2 d to 2 week, but
resolved with supportive therapy. One ACID calf was injured after milk weaning, unable
to bear weight, and subsequently euthanized under the recommendation of the staff
veterinarian. Necropsy established that the calf suffered from thoracic muscle and
vertebral abscessation and osteomyelitis, as well as spinal cord compression and
myelomalacia.
The ACID-treated calves tended to have lower odds of pulmonary lesions during
post-mortem inspection, as compared with the NON-treated calves (OR, 95% confidence
interval: 0.3, 0.1 to 1.0; Table 6.7). Four of 29 (13.8 %) ACID-treated calves versus 11 of
29 (37.9 %) of NON-treated calves had lesions consistent with respiratory disease. Of
these calves with lesions, the severity was generally mild (3 of 4 ACID calves and 9 of 11
NON calves). The lesions in the other 3 calves were characterized as moderate to
markedly severe. For the chronicity of the disease process, 3 of 4 ACID calves affected
and 6 of 11 NON calves were described as having chronic lesions. Moreover, the lesions
involved multiple lobes of the lung for 1 ACID-treated calf and 8 NON-treated calves.
The ACID-treated and NON-treated calves did not differ for the odds of having enlarged
bronchial lymph nodes (OR, 95% confidence interval: 0.9, 0.1 to 16.0; Table 6.7).
6.5. DISCUSSION
The hypothesis underlying this study was that acidification would lower milk
replacer pH and create unfavourable conditions for bacterial growth, thereby allowing
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milk replacer to be safely fed in a free-access manner to calves. The results demonstrate
that acidification with formic acid to a target pH between 4.0 and 4.5 was effective at
preserving the milk replacer, and calves assigned to the ACID feeding treatment were
exposed to significantly less coliform and aerobic bacteria in the milk replacer than the
NON calves. The aerobic bacterial counts for the samples of NON milk replacer were as
high as the reported number of viable bacteria found in waste milk (Selim and Cullor,
1997). McGuirk (2008) established that no coliform growth and a total bacterial count of
less than 10,000 cfu / mL are the bacteriological goals for milk intended for calf
consumption. The samples of ACID milk replacer were close to meeting these
recommended bacteriological goals. However, the samples of NON milk replacer did not
meet these goals. Environmental conditions were likely a major contributing factor to the
elevated bacterial counts. This study was conducted between May and February, with all
calves completing the preweaning stage during the summer months. The daily minimum
and maximum ambient temperatures during the preweaning stage ranged from -1.0 to
23.0 C (mean ± SD: 12.3 C ± 5.3) and 17.0 to 41.0 C (mean ± SD: 29.3 C ± 5.4),
respectively. The authors conducted a similar study on free-access feeding of acidified
milk replacer earlier in the year, during the cooler winter and spring months. Mean (95%
confidence interval) aerobic bacterial counts for samples of acidified and non-acidified
milk replacer were 2.1 cfu/mL (1.9 to 2.2 cfu/mL) and 2.7 cfu/mL (2.6 to 2.8 cfu/mL),
respectively, and there was no coliform growth, in this earlier study (CHAPTER 3). In
this earlier study, the daily minimum and maximum temperatures in the barn ranged from
-24.2 C to 13.9 C (mean ± SD: -1.2 C ± 9.0) and -7.4 C to 23.1 C (mean ± SD: 7.8


C ± 8.8), respectively. Thus, it is evident that acidification can be used as a way to help
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maintain the bacteriological quality of milk when it is fed under free-access conditions,
and especially during warm weather.
Daily milk replacer intake by calves assigned to the ACID feeding treatment was
approximately 1 L / d less than that of the NON calves. These findings are consistent
with earlier research in which calves were given the opportunity to consume unrestricted
quantities of colostrum acidified to a pH between 4.3 and 4.4 (Collings et al., 2011). In
contrast, it has been reported that under free-access feeding conditions, milk replacer
acidification to pH 5.8 does not affect the dry matter intake of milk replacer (Fallon and
Harte, 1988). The depression in milk replacer consumption for calves enrolled in the
current study may have been due to the taste of the acidified milk replacer. Taste
threshold tests have established that calves are sensitive to changes in acidity (Goatcher
and Church, 1970b). These researchers also documented that calves exhibit a moderate
preference for acid solutions at pH 4.4, but this preference quickly disappears with
declining pH levels, and calves will reject solutions at pH 3.6 because of the sour taste.
Moreover, it has been shown that calves consuming milk replacer acidified to a target pH
between 4.0 and 4.5 exhibit more fragmented feeding behaviour than calves fed nonacidified milk replacer (CHAPTER 4), which suggests that acidification may reduce the
palatability of this feedstuff. Alternatively, the reduction in milk replacer intake may have
also been associated with changes in milk proteins by acidification. This area of research
warrants further investigation in order to better understand how acidification affects the
consumption of milk replacer. Preweaning daily milk replacer intakes reported here are
similar to other reports where calves were allowed to consume unlimited quantities of
milk replacer (Borderas et al., 2009; CHAPTER 3). Calves enrolled in this study were
222

voluntarily consuming more milk replacer beginning the first week of life than what is
offered under traditional feeding conditions. Therefore, although acidification limited the
intake of milk replacer by approximately 1 L / d, calves assigned to the ACID feeding
treatment were still receiving the benefit of greater nutrition over traditional restricted
milk feeding levels (8 to 10 % of birth BW), which may have resulted in improved
welfare (Appleby et al., 2001; De Paula Vieira et al., 2008).
The results of this study provide some evidence that free-access feeding of
acidified milk replacer may support improved respiratory health. Post-mortem inspection
of the calves’ lungs and bronchial lymph nodes showed that in comparison with the NON
calves, there was a tendency for fewer ACID calves to have pulmonary lesions consistent
with respiratory disease. The time sequence of these lesions is unknown. Calves were
managed according to their assigned feeding treatment during the preweaning period, and
then all calves were managed the same during the postweaning period. It cannot be
established whether the lesions were associated with the management of the calves during
the pre or postweaning period. However, the authors’ hypothesize that the consumption
of NON milk replacer resulted in an immunological challenge for the calves, which either
caused long-term damage to the lungs or predisposed calves to respiratory health
problems after weaning. Leruste and colleagues (2012) reported that compared to clinical
observation alone, clinical signs of respiratory disease, together with pulmonary lesions
at slaughter, provide a better indication of the respiratory health and welfare of calves. To
offer further support to this hypothesis, there were numerically more calves in the NON
feeding group that required treatment for respiratory illness during the preweaning
period. Fallon and Harte (1988) have also shown that calves with free-access to acidified
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milk replacer had lower preweaning morbidity and mortality than calves fed nonacidified milk replacer. The lack of statistically significant differences for the health
outcome variables in the current study, however, could potentially be attributed to the
sample size and the elevated risk of type II error. Hence, a larger-scale randomized
controlled trial or field study is needed to better determine the effects of milk replacer
acidification at the target pH range between 4.0 to 4.5 on calf health. Moreover, with
these future research efforts, it is recommended that objective measurements, such as
thoracic ultrasonography, bronchoalveolar lavage or nasopharyngeal swabs, be used to
evaluate the respiratory health of calves before and after weaning (Allen et al., 1991;
Ollivett et al., 2011).
Milk replacer acidification did not impact long-term calf performance. Calves
enrolled in the current study had similar pre and postweaning weight gain compared to
that reported elsewhere (Appleby et al., 2001; Jasper and Weary, 2002; Khan et al.,
2007b; Borderas et al., 2009; CHAPTER 3; CHAPTER 5). However, it was found that
calves that assigned to the ACID milk replacer feeding treatment tended to satisfy the
time to onset of solid feed consumption criteria earlier than the NON-fed calves. The
earlier onset of solid feed consumption corresponded with the time period in which the
largest differences in milk replacer intake were observed (Figure 6.1). Milk replacer
acidification has previously been shown to promote earlier solid feed consumption
(CHAPTER 3), which offers further support to the hypothesis that there may be taste
differences associated with acidified milk. Calves are known to have a strong preference
for sweet substances (Goatcher and Church, 1970a; Goatcher and Church, 1970b). The
solid feed that the calves were consuming contained molasses, which would have given
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the feed a sweet taste. Thus, perhaps there was an interaction between the sweet taste of
solid feed and sour taste of acidified milk that stimulated earlier solid feed consumption.
An alternative hypothesis is that the ingestion of acidified milk replacer may have
resulted in greater gastric acidity (CHAPTER 4), and together, the ingestion of starter
feed and the increased saliva produced during mastication, helped to buffer the
gastrointestinal pH. Nonetheless, even though the mechanisms underlying the differences
in early solid feed consumption by the calves are not fully understood, it is evident that
that acidified milk replacer can safely be fed to calves without negatively affecting calf
performance.
One of the main limitations of this study was that research technicians were not
blinded to treatment group. The research technicians were responsible for the care and
feeding of the calves, as well as collecting performance data, scoring fecal consistency,
diagnosing disease events and administrating health treatments to the calves. Therefore,
although the feeding setup and equipment were identical for all calves, the technicians
were familiar with the different treatment groups, which may have increased the potential
for differential misclassification or measurement error in outcome assessment. However,
all of the abattoir and laboratory staff were blinded to treatment assignment, which would
have reduced the likelihood of information bias in the slaughter and post-mortem results.
The second main limitation of this study is that the relatively small sample size likely
increased the potential of type II error.
6.6. CONCLUSION
Results from this study established that acidifying milk replacer with formic acid
to the target pH range between 4.0 and 4.5 limited the growth of coliform and aerobic
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bacteria. Moreover, it was demonstrated that under free-access feeding conditions, milk
replacer acidification tended to support improved respiratory health and welfare, but did
not affect the long-term growth performance of veal calves.
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TABLES AND FIGURES
Table 6.1. Summary of the growing / finishing feeding program for grain-fed veal
producg2tion1.
Calf Weight

Phase

< 135 kg
135 to 180 kg
180 to 225 kg
> 225 kg

Growing I
Growing II
Finishing I
Finishing II

CP3, %
36.0
36.0
36.0
36.0

1

Protein Supplement2
ECP4, %
Fat, %
Monensin sodium, mg/kg
0
2.5
92
12.0
5.5
106
12.0
5.5
106
12.0
5.5
106

Calves had free-access to feed throughout all phases of feeding program.
Protein supplement (36% Red Veal Steakmaker and 36% Opti-Glo Steakmaker, Shur-Gain, St.
Marys, Ontario, Canada) was mixed with high-moisture corn: Growing I phase = 1 part protein
supplement to 3 parts corn; Growing II phase = 1 part protein supplement to 4 parts corn;
Finishing I phase = 1 part protein supplement to 5 parts corn; Finishing II phase = 1 part protein
supplement to 6 parts corn.
3
CP = crude protein.
4
ECP = equivalent crude protein from non-protein sources (ie. urea).
2
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Table 6.2. Coliform and aerobic bacterial counts for samples of acidified (ACID) and
non-acidified (NON) milk replacer1,2.
Treatment

Outcome
Number of samples, n
Coliform bacteria, log10 cfu/mL
Aerobic bacteria, log10 cfu/mL

P-value

ACID

NON

50
0.9 (0.2, 1.6)
4.8 (4.3, 5.2)

50
4.8 (4.1, 5.5)
7.7 (7.2, 8.2)

Samples were collected from the calves’ feeding buckets immediately prior to the milk replacer
orts being weighed and discarded.
2
Least square mean (95% confidence interval) are presented.
1
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< 0.001
< 0.001

Table 6.3. Preweaning intakes and growth for calves assigned to free-access feeding of
acidified (ACID) or non-acidified (NON) milk replacer1,2.
Treatment

Outcome

ACID

Number of calves, n
Daily solid feed intake3, kg / d
Daily water intake, L / d
Average daily gain, kg / d
BW at weaning, kg

31
0.15 (0.13, 0.19)
1.6 (1.4, 1.7)
0.9 (0.8, 1.0)
82.4 (79.0, 85.8)

1

Preweaning data were collected from arrival until weaning at 42 d of age.
Least square mean (95% confidence interval) are presented.
3
Adjusted for time until onset of solid feed consumption criteria was satisfied.
2
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P-value
NON

31
0.18 (0.14, 0.24)
1.4 (1.3, 1.6)
1.0 (0.9, 1.1)
85.7 (82.2, 89.1)

0.32
0.15
0.18
0.18

Table 6.4. Preweaning morbidity and mortality for calves assigned to free-access feeding
of acidified (ACID) or non-acidified (NON) milk replacer1.
Treatment

Outcome

ACID

Number of calves, n
Diarrhea incidence risk, % (no. cases)
Respiratory disease incidence risk, % (no. cases)
Omphalophlebitis incidence risk, % (no. cases)
Fever incidence risk, % (no. cases)
Mortality incidence risk, % (no. cases)
1

31
83.9 (26)
3.2(1)
6.5 (2)
9.7 (3)
3.2 (1)

Preweaning data were collected from arrival until weaning at 42 d of age.
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P-value
NON
31
74.2 (23)
16.1 (5)
9.7 (3)
6.5 (2)
3.2 (1)

0.54
0.20
1.00
1.00
1.00

Table 6.5. Postweaning growth for calves assigned to free-access feeding of acidified
(ACID) or non-acidified (NON) milk replacer1,2.
Treatment

Outcome
Number of calves, n
Postweaning average daily gain, kg / d
Dressed carcass weight, kg

ACID
30
1.4 (1.3, 1.5)
146.7 (140.5, 152.9)

1

Postweaning data were collected from 43 d of age until slaughter.
Least square mean (95% confidence interval) are presented.

2
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P-value
NON

30
1.4 (1.3, 1.5)
145.4 (139.2, 151.6)

0.83
0.76

Table 6.6. Postweaning morbidity and mortality for calves assigned to free-access
feeding of acidified (ACID) or non-acidified (NON) milk replacer1.
Treatment

Outcome

ACID

Number of calves, n
Cause-specific morbidity
Respiratory disease, % (no. cases)
Vomiting, % (no. cases)
Injury, % (no. cases)
1

30

30

3.3 (1)
3.3 (1)
3.3 (1) B

3.3 (1) A
3.3 (1)
0

Postweaning data were collected from 43 d of age until slaughter.
Died.
B
Euthanized under the recommendation of the staff veterinarian.
A
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P-value
NON

1.00
1.00
0.98

Table 6.7. Gross pathological changes in the lung tissue and bronchial lymph nodes of
calves assigned to free-access feeding of acidified (ACID) or non-acidified (NON) milk
replacer.
Treatment

Outcome

ACID

Number of calves, n
Pulmonary lesions at slaughter, % (no. cases)
Enlarged bronchial lymph nodes, % (no. cases)
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29
13.8 (4)
3.5 (1)

P-value
NON
29
37.9 (11)
10.3 (3)

0.07
0.61

Figure 6.1. Daily milk replacer intakes (L / d; mean, SE) for calves assigned to freeaccess feeding of acidified (ACID) or non-acidified (NON) milk replacer. Calves were
gradually weaned by diluting the milk replacer beginning at 38 d of age.
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Figure 6.2. Kaplan-Meier survival curves for time to solid feed consumption for the
calves assigned to free-access feeding of acidified (ACID) or non-acidified (NON) milk
replacer. Calves satisfied the criteria for onset of solid feed consumption once they had
consumed a minimum of 100 g of solid feed for 2 consecutive days. Two calves were
treated as censored observations in this analysis; 1 ACID calf and 1 NON calf died at 8
and 7 d of age, respectively.
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CHAPTER 7: GENERAL SUMMARY
7.1. MAJOR CONTRIBUTIONS AND STRENGTHS OF THIS RESEARCH
Early life management and nutrition are important components of rearing
programs for replacement dairy heifers and veal calves. These factors are known to
significantly impact the development of rumen anatomy (Tamate et al., 1962; Kristensen
et al., 2007; Khan et al., 2007a), as well as the pre and postweaning growth performance,
health, behaviour and welfare of calves (Jamaluddin et al., 1996; Appleby et al., 2001;
Diaz et al., 2001; Khan et al., 2007b; Borderas et al., 2009). Moreover, there is a growing
body of evidence that suggests that nutrient intake, growth and disease events during the
first few months of life can affect the productivity and survival of calves into adulthood
(Bach, 2011; Heinrichs and Heinrichs, 2011; Soberon et al., 2012; Stanton et al., 2012).
Thus, it is evident that early life experience can have both short and long-term
consequences for the calf. Furthermore, these previous findings highlight the importance
of identifying and formally evaluating the different management practices and feeding
strategies used on farms so effects can be quantified and potential implications be
appreciated.
The first objective of this thesis was to describe the current state of preweaned
calf management and feeding within the Ontario dairy industry (CHAPTER 2). The most
recent large-scale observational study on dairy calf management in Ontario was
conducted more than 25 years ago (Waltner-Toews et al., 1986); hence, there was a clear
need for up-to-date information about how calves are currently being raised on Ontario
dairy farms. My research documented that a range of management conditions and several
different feeding programs are used on farms. The cross-sectional survey results also
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provided evidence that progress has been made in some areas of calf management and
nutrition since the early 1980s. Much of this progress has been due to management
changes that have improved the timing of colostrum delivery and facilitated larger intakes
of colostrum and milk by calves. Although this progress is encouraging, there are still
opportunities for improvement in other management areas, such as maternity hygiene,
colostrum harvesting and storage, colostrum quality assessment, umbilical disinfection,
water and solid feed introduction, record-keeping, preweaned calf housing, milk feeding
allowances and weaning management. Future extension education and research efforts
should focus on identifying and promoting the adoption of best management practices
associated with these aspects of calf management and nutrition. In addition, it should be
noted that as a follow-up to the cross-sectional study, the Calf-ETERIA (Evaluation of
Translation and Extension of Research Information for Agriculture) knowledge
translation and transfer project on calf management has recently been mounted by
researchers at the University of Guelph, extension specialists at the Ontario Ministry of
Agriculture, Food and Rural Affairs and industry partners (http://www.calfeteria.com).
Together, results from my cross-sectional study and the Calf-ETERIA initiative reveal
important information on how calf and heifer management can be improved on Ontario
dairy farms.
Free-access acidified milk feeding is a novel feeding system for dairy and veal
calves (Fallon and Harte, 1988; Anderson, 2006; Anderson, 2008). Several dairy and veal
producers in Ontario have already implemented this feeding system, even though there is
limited controlled research to support its adoption over traditional milk feeding methods,
(CHAPTER 2). Hence, this thesis was undertaken to validate some of the anecdotal
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reports that suggest free-access acidified milk feeding is an acceptable feeding alternative
for calves. The other main objectives of this thesis were to investigate the effects of a)
milk replacer acidification and b) free-access feeding on the productivity and welfare of
calves. These objectives were achieved by developing a research program that addressed
specific research questions relating to how free-access acidified milk feeding affects
various aspects of calf performance, health, growth, behaviour and rumen development.
Initially, a pilot study was conducted to examine differences in nutrient intake,
ADG and rumen papillary growth for calves fed milk replacer acidified to a target pH
between 4.0 and 4.5 versus non-acidified milk replacer, and at either free-access or a
restricted feeding rate (CHAPTER 3). Results from this study demonstrated that
regardless of whether calves were fed acidified or non-acidified milk replacer, they
voluntarily consumed more milk than what is offered under traditional restricted feeding
conditions. Acidification did not significantly affect calves’ daily intake of milk replacer,
but tended to promote earlier onset of solid feed consumption. Despite earlier solid feed
intake, calves consuming acidified milk replacer had similar preweaning ADG to those
calves fed non-acidified milk replacer. In contrast, free-access feeding was shown to
support greater preweaning ADG, but delayed the onset of solid feed consumption.
Rumen papillary measurements were collected and examined descriptively. The rumen
development data were summarized by feeding treatment and sampling period. These
data suggest that feeding level had a larger impact on rumen papillary growth than milk
replacer acidification. Calves with free-access to milk replacer appeared to have less
physically developed rumens, as evidenced by reduced papillae length and width over the
restricted-fed calves.
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In the same study, behaviour of the calves was recorded during their first week of
life and evaluated for differences by feeding treatment (CHAPTER 4). Calves that
consumed acidified milk replacer had more fragmented feeding behaviour, with more
frequent pauses during feeding and longer sucking bouts than calves fed non-acidified
milk replacer. Moreover, acidified milk replacer consumption tended to promote more
grooming behaviour by calves. These findings suggest that acidification may have
reduced the palatability of milk replacer or increased gastric acidity, but further research
is needed to confirm these hypotheses. Calves fed restricted amounts of milk replacer
tended to have longer sucking bouts, and engaged in more sucking and pausing behaviour
during sucking bouts than calves assigned to the free-access feeding treatments. These
differences in feeding behaviour suggest that in comparison with restricted feeding
practices, free-access feeding is less likely to be associated with states of hunger or
frustration, and thereby promotes improved calf welfare. These results are consistent with
findings from several other research groups that concluded feeding large amounts of milk
to calves resulted in fewer behavioural signs of hunger (Thomas et al., 2001; Jensen and
Holm, 2003; De Paula Vieira et al., 2008; Borderas et al., 2009).
The pilot study laid much of the groundwork for the rest of my thesis. Differences
in the performance and growth of the pilot study calves, as well as casual observations
that were made during the calf necropsies were used to develop research questions to be
addressed in CHAPTER 5 and CHAPTER 6. For example, it was noted from the pilot
study health treatment records and the gross inspection of the thoracic cavity during postmortem examination of these calves that numerically there were fewer calves on the
acidified versus non-acidified milk replacer feeding treatments that required treatment for
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disease events or exhibited signs at necropsy of chronic disease challenge. Thus, with the
next component of this research program, my aim was to gain greater insight into how
milk replacer acidification and free-access feeding impacted the health status of calves. In
addition, I also wanted to determine whether any of the potential health and growth
benefits of free-access acidified milk feeding would persist through the weaning
transition and carry-over into the postweaning phase.
A field study was designed with the aim of evaluating the effects of a free-access
acidified milk replacer feeding program on the pre and postweaning health and growth of
dairy and veal calves (CHAPTER 5). This study was conducted on a commercial dairy
farm where heifer calves were retained as herd replacement animals and male calves
were marketed as grain-fed veal. Calves were reared on either a free-access acidified or
traditional restricted milk replacer feeding program for the duration of the preweaning
period. Calves assigned to the free-access acidified feeding treatment tended to have a
lower preweaning morbidity risk than the restricted-fed calves. It is possible, however,
that disease events may have been under-diagnosed in this study; only 20 % of the calves
that died during the preweaning period actually received treatment prior to their deaths.
The preweaning morbidity results may have also been biased because the farm personnel,
those individuals responsible for diagnosing and treating each case of disease, were not
blinded to treatment assignment. Despite these concerns, the free-access acidified and
restricted-fed calves did not differ for preweaning mortality risk. Hence, these results
show that even though there was a tendency for fewer calves in the free-access acidified
treatment group to receive antimicrobial or other therapeutic intervention before weaning,
they were at no greater risk of death during the preweaning period than the restricted-fed
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calves. Free-access acidified and restricted-fed calves did not differ for postweaning
morbidity or mortality. The field study results also demonstrated that free-access
acidified milk replacer feeding supported greater preweaning ADG and structural
development, and resulted in higher BW at weaning than the restricted feeding program.
These improvements in preweaning growth were not, however, sustained after the calves
were weaned off milk. Calves on the free-access acidified and restricted feeding
treatments were not different for postweaning ADG, BW at approximately 8 mo. of age
(heifers) or live-weight at slaughter (males). The lack of postweaning growth differences
in this study were likely largely due to the weaning methods used, which may have
delayed the transition on to the solid feed diet after weaning.
Finally, an intensive randomized controlled study was completed to investigate
the effects of milk replacer acidification for free-access feeding on pre and postweaning
calf performance, growth and health (CHAPTER 6). Calves had free-access to either
acidified or non-acidified milk replacer during the preweaning period and then were
transitioned to a grain-fed veal program. Calves with free-access to milk replacer
acidified to a target pH between 4.0 and 4.5 consumed less milk replacer than those
calves assigned to the non-acidified feeding treatment. Milk replacer acidification was
associated with earlier onset of solid feed consumption. Yet, once these calves began
actively consuming this feedstuff, daily intakes of solid feed were similar by feeding
treatment. These findings offer further support to the hypothesis that acidification altered
the palatability of milk replacer or gastric acidity, and in response, calves redirected their
oral behaviour toward solid feed. Calves fed acidified versus non-acidified milk replacer
did not differ for pre or postweaning ADG, BW at weaning or dressed carcass weight. It
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is noteworthy, however, that there was a tendency for fewer calves on the acidified than
non-acidified treatment to have pulmonary lesions consistent with respiratory disease at
slaughter. This finding suggests that under conditions of free-access feeding, milk
replacer acidification may support improved respiratory health and calf welfare.
One of the major strengths of this thesis was the overall scope of the research
program. This program was developed to investigate the effects of free-access acidified
milk feeding on several aspects of calf physiology, behaviour, health, and performance.
The research program consisted of different components, including a descriptive
observational study on calf management and milk feeding, and then three experimental
studies that examined how free-access acidified milk feeding affected rumen papillary
development, behaviour, and the pre and postweaning health and growth of calves. Two
of these experimental studies were conducted in controlled research environments and the
third study was performed under field conditions at a commercial dairy farm. The use of
multiple study designs and varied environmental conditions allowed for the collection of
greater amounts of data and helped provide a better understanding of the impacts of freeaccess acidified milk feeding programs.
There has been growing interest and adoption of free-access acidified milk
feeding strategies in recent years, which shows that this research is very timely. Several
industry stakeholders, including the Dairy Farmers of Ontario, the Ontario Veal
Association and Grober Animal Nutrition recognized early on that free-access acidified
milk feeding was fast becoming an important industry topic and that controlled research
was needed to identify and assess the potential advantages and disadvantages of this
novel feeding system. Moreover, to help ensure that this research would come to fruition,
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these industry groups invested considerable financial and in-kind support into this
research program. There has also been a tremendous amount of interest in the free-access
acidified milk feeding research from dairy and veal producers. In particular, the crosssectional observational and on-farm commercial field studies would not have been
possible without the willingness of producers to volunteer their participation for this
research. The feed industry has demonstrated that they are excited about receiving
objective information on free-access acidified milk feeding programs for developing and
marketing new commercial acidified milk replacers. Furthermore, there has been an
active movement in the dairy industry toward adopting automated feeding technologies to
provide calves with larger amounts of milk without a significant increase in labour
requirements.
Although there is evidence that the dairy and veal industries have been motivated
to move toward the implementation of enhanced feeding programs for calves, the study
described in CHAPTER 3 is one of the first to describe how feeding larger amounts of
milk affects rumen development. In addition, no studies have examined the effects of
milk replacer acidification on rumen development. Thus, it is clear that more research is
needed to further explore the effects of acidification and free-access feeding on rumen
development. The rumen papillary growth summary data from the pilot study can be used
to help generate hypotheses, estimate sample sizes and develop the experimental methods
for follow-up studies in this area.
The overall goal of this research was to take a broad look at free-access acidified
milk feeding and its effects on the productivity and welfare of calves. Collectively,
results from this research have demonstrated that this novel feeding strategy promotes
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greater early life productivity and enhances calf welfare. It has consistently been
documented across my studies that free-access feeding facilitates larger intakes of milk,
results in calves exhibiting fewer signs of hunger or frustration, and supports greater
preweaning growth over traditional feeding methods. Despite these advantages,
however, free-access feeding delays the onset of solid feed consumption and may
negatively affect rumen papillary growth. Milk replacer acidification limited calves’
intake of milk replacer by approximately 1 L / d and resulted in more fragmented feeding
behaviour, but promoted early solid feed intake and tended to support improved
respiratory health in calves. This work has offered additional support for feeding larger
amounts of milk to calves, and suggests that acidification may be an important step in
facilitating this management practice.
7.2. CHALLENGES AND FUTURE RESEARCH
One of the main challenges faced in this research was the trade-off between
logistical considerations and study design. For example, sample size was a limitation in
several components of this research. The intensive randomized controlled study on milk
replacer acidification for free-access feeding was expected to have insufficient study
power to detect statistically significant differences between treatment groups for health
effects. Decisions about the sample size for this study were, however, largely dependent
on the availability of newborn calves and housing facilities, as well as financial and labor
resources. Therefore, after taking into consideration all of these statistical and nonstatistical factors, the research team moved forward with a smaller study. Nevertheless,
calves fed acidified milk replacer tended to have improved respiratory health over nonacidified fed calves.
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In some aspects of this research, multiple outcome variables were evaluated. In
the field study, ADG, specific body growth measurements, disease events, fecal pathogen
shedding, carcass characteristics and mortality were evaluated. This approach could have
increased the likelihood of type I error, resulting in potentially spurious findings. To
confirm these findings further replication is warranted.
A major challenge for this research was the difficulty in blinding observers to
treatment assignment. In other words, it was not possible to administer different volumes
of milk replacer, and conduct acidification of the milk replacer, while keeping
investigators blind to treatment assignment. Lack of blinding could have introduced
information bias in to the study results. However, as much as was possible, objective
outcome measures were used over subjective outcomes. Some examples of this were
using i) weight, height, width, length and heart girth measurements instead of body
condition score to assess calf growth, and ii) morbidity and mortality risks, along with
fecal pathogen shedding and post-mortem gross inspection of the calves’ lungs and
bronchial lymph nodes to assess calf health. Moreover, the pathologists and laboratory
staff responsible for completing the necropsies and rumen tissue sampling and analysis in
CHAPTER 3, and the gross inspection of the calves’ lungs and bronchial lymph nodes in
CHAPTER 6 were blinded to treatment assignment.
The cross-sectional study design, and use of a non-random recruitment of study
farms, represents inherent limitations in the interpretation of the observational study data.
Also, cross-sectional studies are non-directional and cannot be used to make causal
inferences. However, the primary aim of the cross-sectional study was to describe the
current state of calf management and nutrition within the Ontario dairy industry.
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Therefore, the cross-sectional study design was deemed appropriate for the efficient
collection of descriptive data from the Ontario dairy industry. The non-random
recruitment of farms may have resulted in an over-representation of larger and more
progressive dairy farms, along with more herds that implemented the free-access
acidified milk feeding system, which may limit the generalizability of our results.
This research program has provided important insight into the effects of freeaccess acidified milk feeding. At the same time, this work has identified several other
research questions that warrant further investigation. Based on the findings from this
thesis, it is evident that more work is needed to explore whether acidification alters the
taste and palatability of milk replacer, increases gastric acidity and leads to
gastrointestinal discomfort in calves, and the associated impacts on the behaviour and
welfare of calves. Preference testing could be a useful tool to help address research
questions relating to whether calves perceive acidified milk replacer as aversive at
different pH levels. In addition, to help determine if increased gastric acidity leads to
gastrointestinal discomfort, an experiment could be designed to test whether calves will
self-medicate by choosing an antacid intervention that buffers the effects of acidification
over a non-antacid intervention.
The effect of milk replacer acidification and free-access feeding on the behaviour
of calves from the second week of life to weaning remains to be evaluated. It had initially
been hypothesized that calves would show differences in lying time and redirected oral
behaviours by feeding treatment. These differences were not observed. These results may
be attributed to the behaviour of the calves being evaluated only during the first week of
life because of time constraints. Video recordings of older unweaned calves fed free249

access acidified versus traditional restricted milk replacer should be evaluated for
differences in lying and redirected oral behaviour. Moreover, the observed differences in
feeding patterns in young calves, such as longer sucking bouts and greater within-bouts
sucking and pausing behaviour, should be evaluated for persistence in older unweaned
animals. Another factor of relevance to dairy producers that needs to be examined is the
effect of milk temperature at feeding on calf behaviour.
Group housing has become an increasingly more common management practice
in the Ontario dairy industry. The adoption of free-access acidified milk feeding
programs and the implementation of automated feeding systems have provided the
opportunity for producers to utilize group housing and reduce labor inputs. However, in
an effort to collect individual intake and performance data, the majority of the research
included in this thesis was conducted with individually-housed calves. As such, research
should be undertaken to examine how competition and social factors affect the
performance, health and behaviour of calves reared on free-access acidified milk feeding
in group housing. In particular, the occurrence of redirected oral behaviour, such as crosssucking would be an important outcome measure that could affect the adoption of these
methods. The large increase in the use of automated milk feeding technology would
allow for research to gather enhanced information on rewarded and unrewarded attempts
to drink, drinking speed, meal size, feeding time, and various weaning approaches to
understand the effects of consuming larger volumes of acidified and non-acidified milk.
There is a great need for further research to better understand the effects of freeaccess acidified feeding on health and performance. It was reported here that milk
replacer acidification tended to be associated with improved respiratory health in veal
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calves. A study with a larger sample size is needed to better understand this association.
Moreover, the use of more objective disease diagnostic techniques, such as
ultrasonography of the respiratory system and the use of deep naso-pharyngeal swabs for
isolation of pathogens would provide a powerful evaluation of respiratory health. In
addition, future studies to examine the effects of free-access acidified milk feeding on
calf health need to implement very clear disease definitions, objective criteria for
diagnoses and blinding to treatment assignment (if possible).
The current studies did not investigate the effects of the form and composition of
the solid feed provided to calves on acidified versus non-acidified milk feeding.
However, factors that impact feed consumption, rumen development, rumen acidosis and
other meaningful variables should be evaluated. For example, recent studies in
traditionally-fed calves have evaluated the effects of chopped straw in the solid feed on
rumen development and calf performance. Similar experiments on the effects of roughage
in solid feed for calves fed free-access acidified milk needs to be investigated.
There was a general lack of postweaning performance and health differences in
this research. It is possible that these findings could be attributed to the weaning methods
used. Although optimum weaning protocols for calves fed large amounts of milk have not
yet been established, it has been suggested that gradually weaning calves over 10 or more
days, or delaying the age at which they are weaned off milk can help ease the transition
on to a fully solid feed diet (Sweeney et al., 2010; de Passillé et al., 2011). There is a
need for research to determine appropriate methods to wean calves off free-access
acidified milk, for the maintenance of the performance and health advantages achieved
prior to weaning. Approaches such as weaning based on solid feed intake, or utilizing
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novel weaning methods, should be conducted. For example, step-down feeding or
weaning by milk dilution are methods that could be investigated.
It was beyond the scope of this research to examine the long-term impacts of freeaccess acidified milk feeding for replacement dairy heifers. Economically important
outcomes, such as survival to breeding, calving and the end of first lactation, milk
production and culling risk, should be studied. There is the opportunity to collect and
analyze these data for the replacement heifers that were enrolled on the field study
component of this research. This information will allow for a comprehensive economic
analysis of free-access acidified milk feeding to be completed, along with development of
a decision-making spreadsheet tool for dairy producers. These data could also be
combined with the results from other studies to conduct a meta-analysis of the impacts of
enhanced milk feeding programs for dairy calves.
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Appendix 1. Herd-level calf management and feeding survey
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