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The work involved with this thesis was executed under the Department of Animal Science, Animal
Nutrition and Physiology group, Aarhus University, Foulum. The experimental work for this thesis
was carried out at the Danish Cattle Research Centre (DKC) between November 2016 and May
2017. I was involved both in data collection and processing between the months of February and
August 2017.
Overall, the objective of this thesis was to evaluate the performance of Holstein bull calves, under
the context of Danish rosé veal production, fed a pelleted concentrate, a total mixed ration, or
free choice between both. A review of the relevant literature concerning this topic is also
presented. The implications of improving knowledge surrounding post-weaning feeding methods
for rosé veal calves includes the potential to improve feeding strategies implemented on Danish
rosé veal farms, resulting in better performance and health of animals.
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Abstract
The primary aim of this thesis was to evaluate feed intake, growth, and feed efficiency of weaned
Holstein bull calves from 10 to 18 weeks of age, fed either: a pelleted concentrate (PELL), total
mixed ration (TMRT), or free choice between a pelleted concentrate and total mixed ration (FREE).
In addition, long term effects of these applied feeding treatments on carcass weight and carcass
quality were considered. Pre-weaning milk feeding methods: step-down versus conventional (flatrate) and feeding frequency (restricted versus unrestricted meals) were also considered in terms
of potential carryover effects on post-weaning performance.
This experiment was split into two phases: experiment 2A compared PELL and FREE treatments,
and experiment 2B compared FREE and TMRT treatments. A total of 64 calves were used, 32 per
experiment. Each experiment contained two blocks of 16 calves, further split into two groups of 8
calves; one group per treatment per block. Feed intake was measured daily for concentrate, on an
individual calf basis, and daily for total mixed ration, on a per group basis; both feeds were offered
ad libitum. In addition, calves had ad libitum access to hay and water. Live weight (LW) and
average daily gain (ADG) were measured weekly. Calves were sent to a commercial veal producer,
following the termination of experiment 2A and 2B, until slaughter. Slaughter data has been
obtained from the producer for experiment 2A only.
In experiment 2A there was no significant difference in final LW, ADG, dry matter intake (DMI), or
feed efficiency (FCE) between PELL and FREE. Concentrate intake as a proportion of total DMI was
significantly higher for calves fed PELL compared to FREE. Slaughter performance did not appear
to differ between FREE and PELL calves in experiment 2A, although, no statistical comparison was
made. In experiment 2B there was no significant difference in final LW, DMI, or FCE between FREE
and TMRT, however, ADG was significantly higher for calves fed FREE compared to TMRT. Calves
that were compromised by respiratory disease maintained higher ADG when fed FREE compared
to TMRT. In both experiments, pre-weaning milk feeding strategy did not have any significant
effects on post-weaning performance.

Key words: bull calves, post-weaning, total mixed ration, pelleted concentrate
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1.0 Introduction
Optimising the growth of rosé veal calves, following weaning, is significant to producers in terms
of the health and wellbeing of calves, as well as the economic benefits. Essential to this is the
ability of calves to transition smoothly from liquid to solid feeding and utilise solid feed efficiently,
and this relies heavily on both pre-weaning and post-weaning management. Failure of this smooth
transition will often lead to a growth check, and possibly weight loss, likely as a result of poor
intake capacities for solid feed. This lost growth potential may never be compensated for in later
life. In Denmark, there is a time restriction imposed on rosé veal producers for slaughtering calves;
if they are to be classified as rosé veal, slaughter must occur at no more than 10 months of age.
Thus, if poor growth rates in the early post-weaning period are never recovered, there may be
implications for producers at slaughter in terms of carcass value.
During the weaning period, calves are at risk of succumbing to diseases, such as pneumonia, (Roth
et al., 2009). Calves that become ill during this time will not only have compromised welfare, but
may also have reduced growth rates (Lundborg et al., 2005), possibly as a result of reduced feed
intake (or due to the increased energy required to overcome the disease). Producers are then
faced with the issue of using antibiotics to reduce morbidity and prevent mortality. In Denmark,
concern over the use of antibiotics in animal production, and its role in antibiotic resistance,
means restrictions have been put in place by the Ministry of Environment and Food, with the limit
set at 1.22 animal daily dose (ADD; defined as the median value of the recommended dosage
range, approved by the Veterinary Pharmaceutical Producer Association, multiplied by frequency
of use per day (Jensen et al., 2004)). Rosé veal producers often fail to meet these restrictions,
exceeding the upper limits of ADD for antibiotic usage (Fertner et al., 2016), therefore, producers
need to find other methods of reducing the incidence of disease around weaning. This is going to
require focusing on ensuring calves are consuming sufficient quantities of solid feed, both prior to
and following weaning, to support post-weaning growth targets and health maintenance.
Thus, there is a necessity for improving current knowledge surrounding feeding strategies for rosé
veal calves in the post-weaning period. Therefore, the scope of this thesis was to examine the
impacts of different feeding methods, within the context of Danish rosé veal production, on the
post-weaning performance of Holstein bull calves. Consequently, an experiment was set up to
investigate the performance of Holstein bull calves, in terms of feed intake, daily weight gain, and
feed efficiency, when feeding solely a total mixed ration, pelleted concentrate, or free choice
between both. In addition, the potential influence of pre-weaning management on long term postweaning performance was considered, by taking into account milk feeding methods (step-down
versus conventional (flat-rate) milk feeding, and restricted versus unrestricted meals) in the preweaning period. Carcass weight at slaughter and carcass quality are also taken into account, to
determine if there are any long terms consequences of these applied post-weaning feeding
strategies on performance at slaughter.
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2.0 Background
The purpose of this review is to discuss current research in the area of feeding regimes for young
calves, with particular focus on post-weaning feeding strategies to optimise growth and
performance. A brief overview of ruminant digestive anatomy and physiology is also given. There
is limited literature available in the area of post-weaning feeding strategies for rosé veal calves.
Therefore, where appropriate, studies investigating strategies for dairy heifer calves, whereby,
average daily gain (ADG) is being optimised similarly as in rosé veal production, have been used.

2.1 Ruminant digestive anatomy and physiology
2.1.1 Forestomach anatomy
The forestomach compartments of the ruminant digestive tract: rumen, reticulum, and omasum
play a major role in the digestive capability of the ruminant animal. The presence of microbes in
the forestomach: bacteria, fungi, and protozoa, enable ruminants to utilise plant material as a
major source of energy (McDonald et al., 2011). The rumen is the largest compartment of the
forestomach and is divided into sub-compartments by muscular pillars, forming the dorsal and
ventral sacs (McDonald et al., 2011). On the ventral surface of both of these sacs, the mucosal
lining is folded into finger like projections termed papillae, increasing absorptive area for the endproducts of microbial fermentation (Frandson et al., 2009). The rumen and reticulum are
separated by the muscular ruminoreticular fold; the mucosal lining of the reticulum forms
protruding ridges that intersect to form a honeycomb like structure (Frandson et al., 2009). The
omasum joins the reticulum at the reticulo-omasal orifice, and its mucosal lining is folded into
short, blunt papillae. The abomasum represents the first glandular segment of the ruminant
digestive tract, and may be termed the ‘true stomach’. In young milk-fed ruminants, the presence
of a muscular structure termed the oesophageal groove (or reticular groove) connects the lower
oesophagus to the abomasum, allowing milk to flow directly to the abomasum. The abomasum is
divided into the glandular fundic and pyloric regions, and the very small cardiac region (Frandson
et al., 2009). The remainder of the gastrointestinal tract of ruminants functions similarly to that of
monogastric animals.

2.1.2 Digestion of solid feed
The rumen-reticulum plays a major role in the digestion of solid feed. Microbial digestion in these
compartments occurs in an anaerobic environment, thus, is classed as fermentative (Frandson et
al., 2009).
The fermentation of carbohydrates, both structural (cellulose and hemicellulose) and nonstructural (starch and water-soluble carbohydrates), in the rumen produces volatile fatty acids
(VFA), primarily acetic, propionic, and butyric acid, (McDonald et al., 2011). The absorption of VFA
from the rumen seems to occur via a number of pathways; including diffusion and ion exchange,
and may be affected by a number of factors including rumen pH (Dijkstra, 1994). Briefly, acetate
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and propionate seem to pass through ruminal epithelium to portal blood relatively unchanged,
while a large proportion of butyric acid is metabolised by ruminal epithelium to the ketone betahydroxybutyric acid (BHBA). Acetic acid represents a large proportion of the VFA absorbed and is
either oxidised as an energy source or used as a source of acetyl-CoA in lipid synthesis. Propionic
acid is predominantly used by the liver as a major substrate for gluconeogenesis, which is of major
importance to ruminants, given very little glucose, derived from dietary sources, is absorbed
across the portal drained viscera (Dijkstra, 1994). The BHBA produced from the metabolism of
butyric acid in the rumen epithelium is oxidised by a number of tissues as an energy source or
used for fatty acid (FA) synthesis. It has been estimated that up to 75% of total metabolisable
energy available originates from VFA, thus, demonstrating their significance in ruminant
metabolism (Bergman, 1990).
Feed protein is hydrolysed by rumen microbes to form peptides or amino acids (AA), with some AA
being further degraded to ammonia, organic acids, and carbon dioxide (McDonald et al., 2011).
The deamination of some AA form additional FA to those aforementioned, these are isobutyric
acid, valeric acid, 2-methyl butyric acid, and 3-methyl butyric acid, although these represent a
relatively small proportion of FA produced from microbial fermentation processes (McDonald et
al., 2011). Non-protein nitrogen in feed may also be degraded to ammonia by microbial
fermentation. Ammonia produced from the deamination of AA and from non-protein nitrogen
may be incorporated, in addition to small peptides and free AA, into microbial protein (McDonald
et al., 2011). Some ammonia may be absorbed across the rumen epithelium and synthesised to
urea in the liver, thereafter, it may be recycled to the rumen via saliva or excreted in urine.
Microbes are continuously flushed from the rumen, in addition to un-degraded feed protein, and
enter the abomasum and small intestine, to be digested and absorbed. Microbes in the rumen
have the ability to synthesise both essential and non-essential AA, thus, ruminants need not rely
solely on feed protein to meet dietary demands for specific AA (Sjaastad, 2010).
Triacylglycerols and glycolipids are hydrolysed in the rumen by bacterial lipases which cleave FA
from their glycerol backbone (McDonald et al., 2011). Unsaturated FA can be toxic to rumen
bacteria and protozoa and are, therefore, bio-hydrogenated. The capacity of rumen bacteria to
digest lipids is limited; high levels of fat in the diet, particularly poly-unsaturated and medium
chain FA, can be toxic to fibre digesting bacteria ad protozoa, thus reducing the ability of these
microbes to digest cell wall carbohydrates (Rasmussen and Harrison, 2011). This impaired
microbial fibre fermentation may also impair feed intake, when diets are high in fibre, due to
increased retention time and rumen fill (Sjaastad, 2010). Long-chain FA resulting from the
microbial digestion of dietary lipids are not absorbed across the rumen wall, unlike the short-chain
FA aforementioned, rather they are transported to the small intestine where they, in addition to
bacterial lipids, are digested in a similar manner as in monogastric species (McDonald et al., 2011).
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2.1.3 Transitioning from liquid to solid feed
Young ruminants are born with a metabolically and physically underdeveloped rumen, with a
strong reliance on milk to meet nutrient demands set by maintenance and growth requirements
(Khan et al., 2016). The transition from milk to solid feed represents a significant physiological
challenge for calves; not only does the rumen undergo major changes in physical (closing of the
oesophageal groove for example) and metabolic function, but intestinal, hepatic, and peripheral
tissues must shift from relying on glucose (from milk) to utilising short-chain fatty acids as their
primary energy substrate (Baldwin et al., 2004; Khan et al., 2016).

Feed type affects rumen development
As aforementioned, adequate physical and metabolic development of the rumen is essential for
weaned calves to efficiently digest solid feed and maintain high growth rates (Khan et al., 2016).
The type of solid feed offered to calves is an important factor influencing rumen development
(Khan et al., 2016). Forages have a more positive effect on rumen volume and muscularity than do
concentrates (Stobo et al., 1966; Baldwin et al., 2004), which is attributable to the bulky nature of
this feed. This increased rumen volume may be of importance in facilitating higher feed intakes in
weaned calves. However, concentrates tend to stimulate rumen papillae growth to a greater
extent than forages (Stobo et al., 1966; Baldwin et al., 2004). This can be attributed to the ability
of a concentrate diet to favour amylolytic microbes in the rumen, resulting in higher butyrate
production and increased propionate to acetate ratio. Conversely, forages stimulate the growth of
cellulolytic microbes, which favour the production of acetate. It is believed that butyrate and
propionate may stimulate papillae development to a greater extent than acetate (Tamate et al.;
Sander et al., 1959), and that increased concentrations of butyrate and propionate metabolised by
rumen epithelium may stimulate increased blood flow to rumen epithelium (Sander et al., 1959)
which may enhance VFA absorption. Conversely, a more recent study by Suárez et al. (2006) noted
that, based on a principal component analysis, variations in VFA concentrations in rumen fluid
correlated to some degree with rumen development, however, acetate, propionate, and butyrate
were similarly related to rumen development (Suárez et al., 2006). Greater papillae growth and
differentiation could be advantageous to the absorption of volatile fatty acids (VFA), which are the
primary energy source for weaned calves (Baldwin et al., 2004). However, high intake of
concentrate that comprises large amounts of readily fermentable carbohydrates can also reduce
rumen pH and may not provide the same oral stimulus as forages, which is particularly important
when considering rumen health (Montoro et al., 2013). Rumination activity is known to stimulate
salivary gland development and increase salivary flow to the rumen, thus, providing necessary
buffers to maintain optimum rumen pH (Khan et al., 2011a). In addition, the incidence of
parakeratosis, the hardening and clumping of rumen papillae, is increased in calves fed large
amounts of concentrate. This may result in reduced nutrient absorption by rumen mucosa (Bull et
al., 1965; Hill et al., 2008).
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2.2 Pre-weaning management: Carryover effects post-weaning
There are a number of studies that have demonstrated the effects of diet management during the
milk feeding period on calf growth and welfare, including carry over effects during the transition
and early post-weaning phase. It is important to note that adequate rumen development early in
life is essential for calves to better cope with the transition onto solid feed, minimising weight loss
and distress around weaning. Very few studies have investigated the effects of step-down versus
conventional feeding methods on post-weaning growth and performance beyond the first 2 to 3
weeks after weaning; this is an area that requires further investigation. In addition, the
effectiveness of post-weaning feeding strategies in optimising veal calf growth may be dependent
on pre-weaning management.

2.2.1 Conventional versus step-down feeding
With conventional milk feeding systems, calves are usually restricted to consuming milk at 10% of
body weight (BW). The purpose of restricting milk intake is to encourage solid feed intake (Khan et
al., 2011b), which is known to promote early rumen development and improve post-weaning
performance of calves (Khan et al., 2007b). Calves fed larger quantities or ad libitum milk
allowances tend to have depressed solid feed intake (Appleby et al., 2001; Jensen, 2006; Quigley
et al., 2006; Terre et al., 2007), which is known to delay rumen development, both physically and
metabolically, with consequences on performance at weaning, such as a reduced weight gain
(Baldwin et al., 2004; Khan et al., 2007b; Hill et al., 2010). On the other hand, restricting milk
intake usually results in poorer calf growth rates during the milk feeding period, compared to
calves offered greater quantities of milk, due to lower nutrient intake (Appleby et al., 2001; Jasper
and Weary, 2002; Khan et al., 2007b). Some studies, however, have noted little difference in ADG
among male calves fed low milk allowances (3.10 kg milk replacer/calf/day) compared to high milk
allowances (8.34 kg milk replacer/calf/day), with access to ad libitum concentrate and hay
(Kristensen et al., 2007). In addition, the incidence of disease may be greater in restricted fed
calves (Khan et al., 2007b) as well as abnormal oral behaviours (Khan et al., 2011b).
Providing calves with greater quantities of milk improves growth rates pre-weaning (Jasper and
Weary, 2002; Khan et al., 2007a; Khan et al., 2007b) and post-weaning, as well as pre-weaning and
post-weaning feed efficiency (Khan et al., 2007a; Khan et al., 2007b). However, as
aforementioned, there are side effects on solid feed intake and rumen development. Thus, stepdown methods of milk feeding have been developed. This method encourages high intake of milk
(20% of BW) in the first few weeks of life, before stepping down to 10% of BW (Khan et al., 2007b).
This step down method promotes high nutrient intake from milk that supports higher growth rates
in early life, whilst still encouraging solid feed intake following step down (Khan et al., 2007b).
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Effects on solid feed intake and BW
A study performed by Khan et al. (2007b) noted that starter intake was significantly higher postweaning in female Holstein calves fed whole milk by step-down, compared to conventional
methods (2.50 and 1.92 kg/calf/day, respectively). Conversely, other studies have noted no
difference in starter intake (kg DMI/d) in the post-weaning period in Holstein bull calves fed whole
milk (Daneshvar et al., 2015) or milk replacer (Silper et al., 2014) by step-down and conventional
methods. Khan et al. (2007b) stated the higher solid feed intake of step-down calves post-weaning
may be the result of higher solid feed consumption during the pre-weaning period, which
stimulated early rumen development and increased BW, increasing intake capacity for solid feed
(Baldwin et al., 2004). Khan et al. (2007b) also noted female calves fed by step-down method (20%
BW until 25d of age; 26-30d gradually reduced to 10% BW; 10% BW until 45d) had a higher BW,
both at weaning (50 days of age) and 90 days of age, and higher BW gain post-weaning than
conventionally fed calves (10% BW until 45d of age). Another study by Khan et al. (2007a) noted
higher final BW post-weaning (at 63d of age) and higher BW gain post-weaning (50 to 63d of age)
in bull calves fed by step-down method (20% BW until 23d of age; 24-28d gradually reduced to
10% BW; 10% BW until 44d), compared to conventional method (10% BW until 44d of age). Khan
et al. (2007a) stated these observations were likely due to the higher feed intake observed and a
more developed (both physically and metabolically) rumen in step-down compared to
conventionally fed calves. Conversely, Silper et al. (2014) noted higher BW at 90d of age, in bull
calves fed milk replacer conventionally (6L/d until 60d) compared to calves fed by step-down (6L/d
for 29d:4L/d until 60d) or restricted levels (4L/d until 60d). Daneshvar et al. (2015) also found no
difference in BW in the post-weaning period of bull calves fed whole milk conventionally (5.5L/d to
56d:2L/d until 60d) compared to step-fed calves (7L/d to 35d:4L/d until 48d:2L/d until 59d).
Differences in observations between the aforementioned studies could be attributed to a number
of factors, including differences in milk feeding protocols, method of feeding; bucket (Silper et al.,
2014; Daneshvar et al., 2015) versus artificial teat (Khan et al., 2007a; Khan et al., 2007b), and
weaning method; abrupt (Silper et al., 2014) versus gradual (Khan et al., 2007a; Khan et al., 2007b;
Daneshvar et al., 2015).

Effects on rumen structure
Khan et al. (2007a) demonstrated that rumen papillae length (0.96 and 0.71 cm), width (0.62 and
0.48 cm), and concentration (86.0 and 71.0 n/cm2), as well as rumen wall thickness (1.47 and 1.15
cm), were significantly higher at 63d of age (weaning at 49d) in calves fed by step-down compared
to conventional methods, respectively. In addition, the weight of the forestomach, rumen,
reticulum, omasum, and abomasum, was higher for step-down compared to conventionally fed
calves (Khan et al., 2007a). The authors noted these observations were attributable to the higher
solid feed intake, and earlier initiation of rumen activity in calves fed by step-down compared to
conventional methods (Khan et al., 2007a). The higher intake of mixed-grass hay in step-down
calves stimulated muscular growth of the rumen (rumen wall thickness), due to its bulky nature, to
a greater extent than in conventionally fed calves (Khan et al., 2007a). The higher intake of starter
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feed stimulated rumen fermentation processes leading to the production of short-chain VFA
which, consequently, stimulated development of rumen papillae (Suárez et al., 2006; Khan et al.,
2007a) to a greater extent than in conventional calves (Khan et al., 2007a). Silper et al. (2014)
found no significant difference in papillae length (mm), or forestomach weight (kg) at 90d of age
(weaning at 60d) between calves fed by step-down method compared to conventional method. It
is important to note that better papillae development and larger forestomach compartments may
facilitate higher feed intakes and improved absorptive capacity for end-products of rumen
fermentation in the post-weaning period, beyond the time points measured in the preceding
studies. Thus, there may be longer term effects of the applied milk feeding strategy on calf
performance and growth rates in the months after weaning.

Effects on rumen metabolites
Khan et al. (2007a) noted total VFA, acetate, propionate, and butyrate (µmol/L) concentrations in
rumen fluid were significantly greater post-weaning (63d of age; weaning at 49d) for calves fed by
step-down compared to conventional method. This is likely the reflection of the significantly
higher starter and mixed grass hay intake post-weaning for step-down calves compared to
conventionally fed calves (358 g/d and 261 g/d, respectively) (Khan et al., 2007a). As previously
discussed, it has been suggested that butyrate and propionate may stimulate papillae
development (Tamate et al.; Sander et al., 1959), which may support the greater papillae
development observed in calves fed by step-down compared to conventional methods in Khan et
al. (2007a). Conversely, Daneshvar et al. (2015) found no effect of conventional versus step-down
feeding on total VFA, propionate, butyrate, and acetate:propionate ratio in rumen fluid of calves
post-weaning (74d of age; weaning at 60d).

2.2.2 Forage supplementation
In the past, supplementing forage during the milk feeding period was discouraged in some
countries, because of the belief it would reduce concentrate intake (Khan et al., 2011a), however,
this has never been the case in Denmark. As forages tend to be less energy dense than starter
concentrate, it was thought this displacement would reduce weight gain, as has been observed in
calves fed restricted quantities of milk (Hill et al., 2008). However, recent research has
demonstrated the benefits of supplying forage during the milk feeding period on the structural
development of the rumen, particularly in calves fed large volumes of milk (Khan et al., 2011a;
Castells et al., 2013). It is now generally accepted that offering some kind of forage, such as hay,
during the milk feeding period improves rumen function and possibly feed efficiency (Cozzi et al.,
2002; Coverdale et al., 2004). It could be stipulated that the effects of forage on rumen volume
and muscularity could be carried into the post-weaning period. An increased rumen capacity at
the time of weaning may be beneficial for a calf’s ability to consume greater quantities of solid
feed, and, therefore, nutrient intake. This would perhaps enable a smoother transition following
weaning and help prevent growth checks and morbidity.

7

Khan et al. (2011a) reported higher dry matter intake (DMI) in the post-weaning period in calves
offered chopped orchard grass-hay and textured calf starter ad libitum, compared to calves
without hay access (calves were fed whole milk at a rate of 8L/d until 35d-4L/d until 53d-2L/d until
56d). Conversely, a study by Terre et al. (2015), investigating the effects of chopped rye grassstraw addition to a pelleted or textured calf starter, noted no difference in total DMI before or
after weaning (calves were fed whole milk at a rate of 8L/d until 35d-4L/d until 42d-2L/d until
49d). Both Khan et al. (2011a) and Terre et al. (2015) did not observe a significant difference in
ADG between calves offered hay or straw, respectively, and those without. However, Coverdale et
al. (2004) reported the addition of bromegrass hay to a coarse starter diet significantly increased
BW and ADG post-weaning, in calves fed milk at 10% birth weight. Coverdale et al. (2004) also
observed a significantly higher feed efficiency (FE; kg gain / kg DM consumed) post-weaning in
calves offered hay compared to those without. Rumen pH has also been observed to be
significantly higher in calves with access to hay, compared to those without (Khan et al., 2011a;
Terre et al., 2015). A likely explanation for the increase in rumen pH in calves offered hay is the
increased production of saliva, stimulated by increased chewing activity and rumination, providing
buffers to the rumen (Khan et al., 2011a). Khan et al. (2011a) also noted empty rumen weight was
significantly higher in calves offered hay compared to those that were not, likely due to the
mechanical stimulation provided by forage feeding, as previously discussed (Suárez et al., 2006).
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2.3 Post-weaning management
As aforementioned, the transition period from milk feeding to a diet solely reliant on solid feed
requires careful management and a smooth transition is a key factor in reducing the incidence of
disease and mortality, and improving calf growth (Drackley, 2008). While pre-weaning
management can have an impact on the success of this transition phase, as previously discussed, it
is also important that the post-weaning diet is designed to maximise nutrient intake, enabling
calves to continue to grow and develop, and maintain good health status.
While there has been much focus put on milk feeding strategies in the pre-weaning period, there
has been less emphasis on feeding post-weaning. Feeding method post-weaning may influence
not only feed intake capacity (kg/d), but also feeding behaviour, which may in turn influence
overall performance in terms of weight gain. In addition, the physical form of the diet may limit
feed intake capacity and, therefore, nutrient intake, which could be of particular importance if
calves are compromised by disease. Feeding calves a silage-based total mixed ration (TMR) with a
high fibre content, as opposed to a pelleted concentrate, may be of interest in terms of the
promotion of rumen development, thus, could help with a smooth transition from milk to solid
feed (Overvest et al., 2016). On the other hand, the low DM content in a TMR may impair feed
intake capacity due to gut fill, thus, nutrient intake, compared to a textured or pelleted
concentrate. Thus, both the composition of the ration, in terms of energy, dry matter, and nutrient
content, and the physical form should be considered when formulating a post-weaning feed
ration.

2.3.1 Feed type and presentation:
Effects on feed intake, ADG, and feed efficiency
Attwood et al. (2001) suggested that animals can better meet their specific individual nutrient
requirements when offered a choice between dietary ingredients, compared to a single diet such
as a total mixed ration (TMR), even if the mixed ration has been optimised. Attwood et al. (2001)
examined the performance of beef steers and heifers (age not specified) offered diets ad libitum
comprising either 1) a chopped mixed ration containing rolled barley (31.3%), rolled corn (31.3%),
corn silage (15.5%), and alfalfa hay (18.9%) (TMR), or 2) a choice of the same feeds, individually
offered in separate feed bunks. Dry matter intake (DMI; kg DM/d) did not differ significantly
between treatments (Atwood et al., 2001). Protein and energy intake remained constant across
the experiment for calves consuming TMR, while intake varied for those offered free choice
(Atwood et al., 2001). Atwood et al. (2001) also noted individual intake of different ingredients
varied considerably day to day in animals offered free choice. In addition, average daily gain (ADG)
and feed efficiency (kg gain / kg feed) did not differ significantly between treatments (Atwood et
al., 2001).
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A study performed by DeVries and von Keyserlingk (2009) found the provision of grain concentrate
and chopped grass hay to dairy heifers (158d ± 4d of age) either as free choice or as a top-dressed
ration, compared to a TMR, caused a rapid intake of the grain concentrate in large quantities
compared to the portion of chopped grass hay. Total DMI did not differ between treatments;
however, heifers consuming a TMR had a more even distribution of DMI over the course of the
day, which may be beneficial to rumen function (Coppock et al., 1981; Devries and von
Keyserlingk, 2009). The observations of Greter et al. (2010) are in agreement with DeVries and von
Keyserlingk (2009). Greter et al. (2010) noted heifers (146d ± 21d of age) fed a ration containing
65% grass/alfalfa hay and 35% textured concentrate as either a TMR or a top-dressed ration did
not differ in DMI, nor was there a significant difference in ADG.
In contrast to Attwood et al. (2001) and DeVries and von Keyserlingk (2009), a study by Nissanka
et al. (2010) comparing the performance of post-weaned dairy heifers (111d ± 9d of age) fed a
TMR or conventional (free choice) diet, based on Kikuyu grass (chopped in the TMR; not chopped
in the conventional diet), beer pulp, and commercial concentrates noted a lower ADG in those fed
conventionally compared to those fed the TMR (Nissanka et al., 2010).
A recent study by Overvest et al. (2016) investigated the effects of different feed types and their
presentation on the performance of male Holstein calves, both pre- and post-weaning. Calves
were offered ad libitum access to either 1) a silage-based TMR, 2) textured starter concentrate
(CON), 3) chopped hay and concentrate mixed (MIX), or 4) chopped hay and concentrate
separately (SEP), note that in the post-weaning period (50 to 84 d of age) calves on SEP and CON
treatments were offered the MIX diet only (Overvest et al., 2016). The DM content (%) of the
diets was lowest for the TMR (51%), while the other diets were similar (89%), CP (% DM basis),
slight differences in CP and metabolisable energy (ME) between diets are noted (Overvest et al.,
2016). In the post-weaning period, calves fed the TMR diet failed to achieve ADG goals, with ADG
being significantly lower (0.7 kg/d) than those fed the MIX diet (1.2 kg/d), likely a result of lower
energy intake due to the low DMI of calves fed the TMR diet. Overvest et al. (2016) stated the low
DM and high fibre content of the TMR treatment likely limited nutrient intake in these calves due
to restricted physical capacity in terms of gut fill. If the diets offered in this study were balanced in
terms of nutrient content, the low DM of the TMR would still require calves to consume a larger
quantity, on an as-fed basis, than the MIX or CON diets to reach the same ME intake (Overvest et
al., 2016). No difference in post-weaning feed efficiency (kg gain/kg DM) was observed between
treatments. Overvest et al. (2016) concluded that feeding a TMR high in moisture content and
fibre to calves in the post-weaning phase is not recommended and that diets high in DM including
some chopped forage are beneficial.
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Effects on feeding behaviour
The effects of feed type and presentation, e.g. feeding a TMR compared to feeding concentrate
and forage separately, on feeding behaviour may be dependent on the type of feed ingredients
being used. It is common place on dairy farms to feed TMR to all stock over the age of 6 months, in
an attempt to reduce sorting behaviour for specific components of the ration (Coppock et al.,
1981; Devries and von Keyserlingk, 2009). For young, weaned stock it is common place to feed a
grain-based concentrate and some form of roughage (Murphy, 2004; Devries and von Keyserlingk,
2009).
DeVries and von Keyserlingk (2009) noted that the selection for short particles and against long
particles was significantly higher in heifers consuming the top-dressed ration compared to those
consuming the TMR. This suggests that when fed a top-dressed ration, heifers were able to
consume a large proportion of the concentrate separately from the hay portion of the diet
(Devries and von Keyserlingk, 2009). Heifers fed free choice also preferentially chose to consume
concentrate before the hay portion (Devries and von Keyserlingk, 2009). Heifers fed the free
choice diet had significantly lower feeding time (min/d) and significantly higher feeding rate
(kg/min) compared to those fed the top-dressed ration and TMR (Devries and von Keyserlingk,
2009). DeVries and von Keyserlingk (2009) also noted that heifers fed the top-dressed ration had a
higher rate of feed intake during the peak feeding period, following feed delivery, compared with
those fed the TMR. Greter et al. (2010) is in agreement with DeVries and von Keyserlingk (2009),
noting heifers fed the top-dressed ration sorted to a greater extent against long particles and
consumed a greater proportion of short particles, compared to those fed the TMR (Greter et al.,
2010). This selection for particle length resulted in differences in consumption of hay. In addition,
Greter et al. (2010) noted that heifers fed the top-dressed ration spent significantly more time at
the feed bin during peak feeding times (following feed delivery) compared to those fed the TMR.
Overvest et al. (2016) noted longer feeding times for male Holstein calves fed a silage-based TMR
were longer than those fed a MIX (textured concentrate and second-cut chopped hay, mixed) diet
in the post-weaning period. It was also noted that calves fed the TMR diet did not demonstrate
sorting behaviour in the week following weaning, nor 3 weeks after weaning (Overvest et al.,
2016), and perhaps this indicates the TMR was well mixed, making it harder for calves to select
individual components. On the other hand, calves fed the MIX diet were observed to sort their
feed to an extent in the post-weaning period, either against short particles initially and then later
selecting for short particles (Overvest et al., 2016). These results indicate that perhaps it is more
difficult for calves to exhibit sorting behaviour on a TMR diet, which may have been due to its low
DM content, compared to a mixed diet of concentrate and chopped hay (Overvest et al., 2016).
From the aforementioned studies, it appears that for a diet including concentrate, feeding as a
top-dressed ration or free choice, results in animals consuming a large portion of their daily
concentrate allowance in a slug feeding pattern (Devries and von Keyserlingk, 2009; Greter et al.,
2010). This rapid consumption of concentrate over fewer meals is a result of the concentrate
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being more easily accessible in a free choice or top-dressed ration compared to a TMR, and may
be of concern in terms of rumen function. Other studies with adult cattle have noted the rapid
consumption of concentrate over fewer, larger meals may increase the risk of subacute ruminal
acidosis (Beauchemin et al., 2002; Stone, 2004). In addition, saliva production per gram of feed
consumed is lower for concentrate compared to TMR (Maekawa et al., 2002), therefore, offering
the daily feed in the form of a TMR may reduce the risk of ruminal acidosis (Beauchemin et al.,
2008). Overall these studies seem to suggest that feeding a TMR rather than free choice or a topdressed ration will be beneficial in terms of stabilising DMI across the course of the day. Further
research is required to improve our understanding of the effects on rumen function and health.

2.3.2 Physical form of starter diets
Physical form of the diet may affect calf performance in the post-weaning period (Borland and
Kesler, 1979). There seems to be limited literature investigating the effects of physical form of the
complete diet, not just supplemented forage, on performance of calves in the early post-weaning
period.

Effects of pelleting
Some studies have noted that pelleting feed caused an increase in feed intake (Borland and Kesler,
1979), and an increase in feed intake when pellets comprised a basal diet with forage (Thomas and
Hinks, 1982). It is important to note that calf starters differing in physical form are often
comprised of different ingredients or proportions and may not be equal in nutrient content.
Therefore, one cannot attribute the observed results of studies comparing these different starters
on calf performance solely to physical form. A study by Borland and Kesler (1979), noted that
pelleting a complete ration, compared to loose feeding (TMR), tended to increase dry matter
intake (kg/d) (note that rations were similar in % DM and CP % on DM basis), although the
difference was not statistically significant. It was also noted that pelleting the diet increased feed
efficiency (kg gain/kgDM), although this difference was not statistically significant (Borland and
Kesler, 1979).

Calf starter physical form
Physical form of calf starter has been shown to influence calf performance in the post-weaning
period; however, these effects seem to be inconsistent among different studies. These
inconsistencies may be due to a number of factors including the ingredient composition of the
starters as well as calf management.
Coverdale et al. (2004) investigated the effects of feeding a commercial coarse starter compared
to a ground starter on dairy calf performance, note that nutrient composition was similar for %
DM, and CP, NDF, and ether extract (% DM basis). It is important to note that the majority of the
experimental period involved milk-feeding in addition to the aforementioned starters, and that
the post-weaning period studied was of 2 week duration. No difference in DMI was found
between these treatments, however, BW gain post-weaning (52 to 64 days of age) was
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significantly higher in calves fed the coarse starter (Coverdale et al., 2004). In addition, ADG and
feed efficiency (kg gain /kg DM) were significantly higher post-weaning in calves fed the coarse
compared to the ground starter (Coverdale et al., 2004). Coverdale et al. (2004) also noted that
ruminal concentrations of total VFA, propionate, and butyrate (measured from rumen fluid) were
significantly higher post-weaning for calves fed the ground starter. A study performed by Bach et
al. (2007) investigated the effects of feeding a multiparticle (ground) versus a pelleted starter
(same ingredient and nutrient composition) on heifer calf performance, during the pre-weaning
period and post-weaning period (1 week duration). The median particle perimeter for the
multiparticle starter was 0.61 cm, and for the pelleted starter was 2.71 cm (Bach et al., 2007).
Starter intake (kg DM) and feed efficiency (%; total BW gain/total DMI) was significantly higher
post-weaning for calves fed the multiparticle starter than the pelleted starter (Bach et al., 2007).
Nejad et al. (2012) investigated the effects of feeding a mashed, pelleted, or textured starter on
the performance of female Brown Swiss calves. Diets were similar in nutrient composition and
calves were observed until 90 d of age, with weaning occurring depending on starter intake. Calves
fed the pelleted starter had significantly higher ADG compared to the mashed starter in the postweaning period, and across the entire experimental period ADG was significantly higher for the
pelleted and textured starters than the mashed starter (Nejad et al., 2012). Digestibility of DM, CP,
organic matter (OM), and acid detergent fibre (ADF) were significantly higher for calves fed the
textured compared to the mashed and pelleted starter (Nejad et al., 2012). There was no
significant difference in DMI in the post-weaning period among treatments. However, across the
entire experiment calves on the textured starter had the highest DMI, followed by the pelleted
starter, and lastly mashed starter (Nejad et al., 2012). No significant differences in feed efficiency
were observed between treatments (Nejad et al., 2012).
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2.4 Rosé veal production in Denmark
In Denmark rosé veal production is closely tied to the dairy industry, with surplus male calves
coming from dairy herds. Veal producers source calves from a number of dairy farms, and rear
them under an intensive system. To be classified as rosé veal, calves must be slaughtered at 10
months of age or less.
Danish rosé veal is graded according to the EUROP classification scheme (Polkinghorne and
Thompson, 2010). Within this scheme carcasses are graded on a 15 point conformation scale
according to five main classes E, U, R, O, and P; ‘E’ being extremely muscled and ‘P’ being poorly
muscled, within each of these five classes are three subdivisions: high, average, and low
(Polkinghorne and Thompson, 2010). In addition, carcasses are also graded according to fatness,
with five classes overall, 1 being very low fat cover and 5 being very high fat cover (Polkinghorne
and Thompson, 2010). The EU grants a subsidy per calf slaughtered, approximately 100€/head, to
Danish farmers meeting the minimum requirement of 185 kg carcass weight. In addition, Danish
Crown offers a premium price to Danish veal farmers meeting the requirements for carcass weight
(180 – 240 kg), EUROP conformation (3.0 or higher), and age (10 months or less); approximately 2
DKK extra per kg live weight at slaughter.
In Denmark, there are a number of feeding strategies implemented on rosé veal farms during the
post-weaning period, with most feeding a pelleted concentrate, or chopped cereals and straw. At
weaning, the stress associated with changes in diet, and possibly management, can compromise
calf growth and health. Of particular importance is the gut fill capacity of feed and the time
required to consume this feed, especially if calves are compromised by disease. Feeds that contain
more bulk, such as a TMR, may limit energy and protein intake, due to limitations in physical feed
intake capacity in growing calves, compared to feeds such as a pelleted concentrate. In addition,
TMR-based feeds also tend to take longer to consume than pelleted concentrate, and when calves
are compromised by disease this may have significant effects on their ability to eat enough energy
and protein to maintain growth, whilst partitioning energy towards fighting disease.
Due to the time restriction imposed on producers for slaughtering veal, if producers are to meet
carcass weight requirements, and quality requirements (EUROP) for premium price, they need to
ensure their feeding regime enables calves to meet growth targets and minimise the risk of
disease, which could compromise growth and carcass grade. Therefore, it is necessary to establish
if current feeding practices could be further improved to help producers meet targets and
potentially improve economic gain.
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3.0 Aims and hypotheses
The primary aim of this thesis was to evaluate the performance, in terms of feed intake, growth,
and feed efficiency, of weaned Holstein bull calves from 10 to 18 weeks of age, under different
post-weaning feeding strategies. Secondly, we aimed to evaluate the long term effects of the
applied feeding strategies on performance of calves at slaughter.
The applied feeding strategies were: a pelleted concentrate, a total mixed ration (TMR), and free
choice between pelleted concentrate and TMR. The TMR and pelleted concentrate were similar in
net energy (MJ/kg DM), digestible protein, starch, and digestible cell walls (g/kg DM), however,
they differed in feed ingredients and physical form, in terms of particle size, physical structure,
and dry matter percentage. To our knowledge, this study is novel, with no previous studies
performed in this manner. Slaughter performance was based on carcass weight and composition,
using the EUROP classification scheme. Calves used in this thesis were previously used in an
experiment investigating step-down versus conventional (flat-rate) milk feeding, where calves
were weaned gradually in both treatments. Within these treatments calves were also offered their
daily milk allowance in unrestricted or restricted quantities per feeding. Thus, we investigated the
possible long term effects these pre-weaning treatments may have had on post-weaning
performance.

3.1 Hypotheses


A combination of pelleted concentrate and TMR will improve calf growth in the post-weaning
period, compared to solely pelleted concentrate or TMR.



Calves consuming solely TMR will have reduced post-weaning growth rates if compromised by
disease, compared to calves with free access to both a TMR and a pelleted concentrate.



Calves fed milk replacer by step-down method pre-weaning will perform better post-weaning
than calves fed milk replacer by conventional (flat-rate) method, regardless of post-weaning
feeding strategy.



Long term effects of early post-weaning feeding strategy (FREE, PELL, or TMRT) will not
significantly affect performance and carcass characteristics of calves slaughtered at 10 months
of age.

3.2 Specific objectives


To measure live weight gain, feed intake, faecal consistency, and blood metabolites, as
indicators of performance, in 10 to 18 week old Holstein bull calves fed a pelleted concentrate
diet, a TMR diet, or a diet with free access to both pelleted concentrate and TMR.
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4.0 Materials and methods
This study was undertaken at the Danish Cattle Research Centre (DKC), Aarhus University, Foulum,
Denmark. All experimental animals were handled according to the relevant laws laid out by the
Danish Ministry of Justice.

4.1 Animals and housing
A total of 64 Holstein bull calves were used in this experiment, which was split into two phases:
experiment 2A and 2B. Each experiment (2A and 2B) contained two blocks with 16 calves in each
block. Within each block, calves were split into two groups with 8 calves per group, balanced for
LW and herd of origin. Calves were housed in group pens (4.20 x 5.20 m2) according to treatment,
layout of the pens can be seen in figure 1. The treatments applied in this study were: 1) free
choice between a pelleted concentrate and a total mixed ration (FREE), 2) pelleted concentrate
(PELL), or 3) total mixed ration (TMRT). Experiment 2A, comparing FREE and PELL treatments, was
conducted from December 2016 until January 2017 and experiment 2B, comparing TMRT and
FREE treatments, was conducted from April 2017 until May 2017.
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Figure 1: Layout of group pens in A) experiment 2A and B) experiment 2B. TMR:
total mixed ration troughs. CONC: automated concentrate feeders. HAY: hay racks.
The symbol
denotes water bowls with ad libitum access.
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Calves were housed in an uninsulated, roofed stable at DKC. The pens were constructed of steel
bars with gaps to allow calf contact between pens within a given block. Gates at the front of each
pen allowed ad libitum access to two water bowls. Bedding consisted of straw with fresh additions
each day between 0800h and 0900h. Bedding was completely replaced prior to the start of
experiment 2A and in the third week of experiment 2B.
The animals used in this experiment were previously used in a study investigating milk feeding
strategies in veal calves (experiment 1A and 1B), also conducted at DKC. The calves used in
experiment 1A originated from DKC (12 calves) and two commercial farms within 30 km of DKC (20
calves). In experiment 1B, calves originated from four commercial farms within 30 km of DKC (32
calves). Upon arrival at DKC, all calves received a 5 mL vitamin injection containing vitamin A, D,
and E (ADEsan Vet). All calves were vaccinated against ringworm and Bovine Respiratory
Syndrome (BRS).
Calves from experiment 1A and 1B were used in experiment 2A and 2B, respectively. When
transitioning from experiment 1A to 2A and from 1B to 2B calves were rearranged between pens
within their block in order to balance experiment 2A and 2B according to the experimental
treatments applied in experiment 1A and 1B.. Calves were assigned their respective treatment for
experiment 2A and 2B according to herd of origin and previous treatment, and so that age and live
weight (LW) were similar between the two groups within a given block. This meant that each block
represented a replicate of the other. At the commencement of experiment 2A, calves in block 1
were 1 week ahead of block 2, due to practicalities around experiment 1A, and remained ahead
for the entire experimental period. For experiment 2B, both blocks were at the same experimental
stage upon entry. For experiment 2A, LW (mean kg ± SD) and age (mean days ± SD) at entry for the
FREE treatment was 95.3 ± 12.0 kg and 68.4 ± 5.2 days, respectively, and for the PELL treatment
was 95.0 ± 11.9 kg and 69.7 ± 6.1 days, respectively. At the commencement of experiment 2B, LW
(mean kg ± SD) and age (mean days ± SD) for the FREE treatment was 96.6 ± 13.6 kg and 68.3 ± 3.7
days, respectively and for the TMRT treatment was 96.7 ± 13.3 kg and 67.5 ± 3.1 days,
respectively.

4.2 Experimental treatments and feeding management
4.2.1 Prior experimental treatment
The milk feeding treatments applied in experiment 1A and 1B were 1) conventional, flat-rate
(CONV) and 2) step-down (STEP). In addition, within these respective treatments calves were also
assigned either un-restricted (UNRES; minimum 1 meal per day) or restricted (RES; minimum 4
meals per day) with regards to the allowance of milk replacer (MR). For the CONV treatment,
calves were provided MR according to the following scheme: 6.5 L/d from 14-41d of age, 4 L/d
from 42-48d of age, and 2 L/d from 49-55d of age. For the STEP treatment calves were provided
MR according to the following scheme: 8 L/d from 14-27d of age, 5 L/d from 28-41d of age, 4 L/d
from 42-48d of age, 2 L/d from 49-55d of age. Calves had ad libitum access to water, calf-friendly
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hay (Grønhø Plus, DLG, Denmark), and pelleted concentrate (26067 Kalvestart Hamlet,
Vestjyllands Andel, Denmark); provided through an automated concentrate feeder (Urban GmbH
& Co. KG, Germany) in experiment 1A, or in long troughs, one per pen, in experiment 1B.
The results of experiment 1A and 1B indicated there were no significant effects of the treatments
applied in the milk feeding period on feed intake or LW gain. Prior experimental treatment has
been taken into account in our statistical models for data from experiment 2A and 2B to
determine if there were any carry over effects of these treatments on the response of calves to
the post-weaning feeding treatments applied (see section 4.5).

4.2.2 Experiment 2A
In this experiment, free access to a pelleted concentrate and TMR (FREE) was compared with
feeding solely pelleted concentrate (PELL) to weaned Holstein bull calves from 10 to 18 weeks of
age. There were 16 calves assigned to each of the treatments. However, one of the calves assigned
to the PELL treatment in block 1 was a dummy calf and, therefore, was not included in the
experimental data, leaving 31 calves that completed the experiment. This dummy calf was a
replacement, of similar age and weight, for a calf that died during experiment 1 A and was used to
even group numbers.
The pelleted concentrate (26029 Kalveforsøg DKC, Vestjyllands Andel, Denmark) offered
comprised cereals, protein feed and vitamin and mineral supplements; see ingredient composition
in table 1. Chemical composition, of the pelleted concentrate is provided in table 2. Pelleted
concentrate was offered ad libitum via automated concentrate feeders (Urban GmbH & Co. KG,
Germany); with one feeder per pen, each feeder serving 8 calves. The TMR had similar nutrient
composition, in terms of net energy (MJ/kg DM), digestible protein, starch, and digestible cell
walls (g/kg DM), as the pelleted concentrate but differed in DM and physical form. The TMR was
optimised for calves between 100 and 150 kg and was composed of cereals, protein feed, first cut
grass silage, and a vitamin and mineral supplement, see ingredient composition in table 1. The
chemical composition of the TMR is provided in table 2. The TMR was also provided ad libitum, in
long troughs, with one trough per pen in the FREE treatment. In addition, all calves were offered
ad libitum access to calf-friendly hay (Grønhø Plus, DLG, Denmark), chemical composition is
provided in table 2, which was provided in racks; one rack per pen. Calves were also offered ad
libitum access to water, provided in two water bowls at the front of each pen with automated
refill.

Transition to experiment 2A
Following the termination of experiment 1A at the end of week 10, prior to the commencement of
experiment 2A, calves entered a transition phase for a period of 3 days. During experiment 1A
calves were accustomed to using the automated concentrate feeders used in experiment 2A, so no
manual training was required. To help ease the transition from the pelleted starter concentrate
(from experiment 1A) to the pelleted concentrate used in experiment 2A, a mixture of both
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concentrates, in a ratio of 50:50, was provided through the automated concentrate feeders. After
3 days, solely pelleted concentrate for experiment 2A was provided in the automated feeders. The
TMR was offered ad libitum from the beginning of the transition period in long troughs. Water and
hay were offered ad libitum, as aforementioned.

4.2.3 Experiment 2B
In experiment 2B, free access to a pelleted concentrate and TMR (FREE) was compared with
feeding solely TMR (TMRT) to weaned Holstein bull calves from 10 to 18 weeks of age. There were
16 calves assigned to each of the two treatments, with all 32 calves completing the experiment. As
in experiment 2A, calves had ad libitum access to concentrate dispensed from an automated
feeder (Urban GmbH & Co. KG, Germany); chemical composition is provided in table 2. Calves also
had ad libitum access to the TMR, chemical composition is provided in table 2, which was provided
in long troughs, one per pen for the FREE treatment and two troughs per pen for the TMRT
treatment. Nutrient composition of the TMR and pelleted concentrate is expected to be similar to
that of experiment 2A; however, comparison of nutrient composition between experiments was
not available at the time of submission of this thesis. Hay was provided as per experiment 2A,
however, the type of hay was changed from ‘plus’ hay in experiment 2A to a ‘standard’ hay of
lower nutrient quality in experiment 2B (Grønhø Standard, DLG, Denmark; note only a preliminary
chemical composition was available at the time this thesis was submitted). Water was provided ad
libitum as per experiment 2A.

Transition to experiment 2B
Following the termination of experiment 1B (end of week 10), prior to the commencement of
experiment 2B, calves entered a transition period of 1 week duration (week 11). During this
transition period calves on the TMRT treatment were slowly weaned from pelleted starter
concentrate (fed during experiment 1B) by reducing the quantity of concentrate offered in the
troughs. A mix of pelleted concentrate from experiment 1B (starter) and experiment 2B (grower)
was provided in troughs for calves fed the FREE treatment. The aim of mixing concentrate from
experiment 1B with concentrate from experiment 2B was to reduce any potential for gastrointestinal problems due to changes in feed. The TMR, hay, and water were offered ad libitum as
per experiment 2A. Figure 2 A) and B) show the transition protocol for the FREE and TMRT
treatments, respectively. Note the ratios (50:50, 75:25, 100:0) in figure 2 A) indicate the
proportion of concentrate used in experiment 2B to the concentrate used in experiment 1B,
provided in the troughs.
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A)

B)

Figure 2: Transition protocol from experiment 1B to 2B. A) Protocol for Holstein bull
calves assigned to free choice between pelleted concentrate and total mixed ration
(FREE). B) Protocol for Holstein bull calves assigned to total mixed ration (TMRT). NB:
the ratios (50:50, 75:25, 100:0) in figure 2 A) indicate the proportion of concentrate
used in experiment 2B to the concentrate used in experiment 1B, provided in the
troughs.
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Table 1: Ingredient composition of the pelleted concentrate and the total mixed ration (TMR) used in
experiment 2A and 2B.

Ingredient (%)
Spring Barley, rolled
Spring Barley, ground
Soybean meal, dehulled
Wheat, rolled
Wheat, ground
Sugarbeet, dried
Grass silage, first cut
Grass meal
Rapeseed meal
Maize, ground
Molasses, from sugarbeet
Fatty acid distillates
Calcium carbonate
Mono-calcium phosphate
Sodium chloride
Premix
Chalk
Type 1 (Mineral Mix)

Pelleted concentrate

TMR

30.26
25.56
15.00
8.54
8.0
5.0
2.0
1.6
1.49
0.69
0.54
0.34
-

21.49
15.07
18.89
31.10
8.15
1.45
0.39
0.78
1.45

4.3 Measurements
4.3.1 Diet composition
To determine DM and nutrient content of feed, weekly samples of TMR, concentrate, and hay
were taken over the course of experiments 2A and 2B. A chemical analysis was performed to
determine the amount of nutrients and minerals: Ca, P, Mg, K, Na (Eurofins, Denmark). Chemical
compositions of the TMR, pelleted concentrate, and hay for both experiments (limited for
experiment 2B) have been provided in table 2. Note that the nutrient composition reported for
the pelleted concentrate was provided from the manufacturer, and for the TMR based on planned
composition, as chemical analyses were not yet available. The chemical analysis of hay used in
experiment 2B is preliminary, as, complete composition was not available. It is important to point
out that the pelleted concentrate and TMR were designed to be similar in net energy (NE) content,
digestible protein, starch, and digestible cell walls (g/kg DM), but different in DM content and
physical form.
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Table 2: Chemical composition of the pelleted concentrate, total mixed ration (TMR), and hay used in
experiment 2A and 2B.
1

Pelleted
Concentrate
Composition
DM (%)
Crude ash (% of DM)
Energy (SFU/kg)
SFU/kgDM
NE (MJ/kg)*
Protein
CP (% of DM)
Digestible protein (g/kgDM)
AAT (g/kgDM)
Fat
Crude fat (% of DM)
Fatty acids (g/kgDM)
Carbohydrates
Sugars (g/kgDM)
Starch (g/kgDM)
Crude fibre (% of DM)
NDF (% of DM)
Digestible cell walls (g/kgDM)
Minerals (g/kg)
P
Mg
Na
K
Ca

2

3

TMR

Hay (2A)

Hay (2B)

87.2
7.80
1.00
1.15
7.89

70.0
0.780
1.11
6.15

87.4
8.65
0.614
0.703
4.84

92.1
10.4
-

21.8
173
130

176
121

14.2
88

13.85
-

4.36
34.4

21.9

3.43
-

-

66.5
337
7.22

75.4
335

188

183

128
27.5
53.1
-

58.95
-

5.00
1.60
2.50
10.0

3.63
7.81

2.78
2.24
18.8
1.88
3.61

-

*calculated using 1 SFU = 7.89 MJ NE
NB: Pelleted concentrate and TMR were designed to be similar in net energy (NE) content, digestible
protein, starch, and digestible cell walls (g/kg DM), but differed in DM and physical form.
1
Nutrient composition reported for the pelleted concentrate was provided from the manufacturer.
2
Chemical composition of the TMR is based on planned composition, as chemical analyses were not yet
available.
3
Chemical composition of hay used in experiment 2B is preliminary, as, complete composition was not
available.
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4.3.2 Live weight and average daily gain
In both experiment 2A and 2B calves were weighed on two consecutive days prior to the start (10
weeks of age) and at the end of the experimental period (18 weeks of age) to determine an
accurate weight, taking into account daily variation. Calves were weighed weekly (every Friday),
after morning feeding (around 10am) using portable electronic scales. These weights were used to
determine average daily gain (ADG, g/d) and total gain (kg) over the experimental period.

4.3.3 Feed intake
Experiment 2A
Individual intake of concentrate was recorded via the automated concentrate feeder. The feeder
registered a calf as entering the feeder using its electronic identification tag and upon registration
the feeder dispensed a portion of concentrate of a given weight (approximately 23 g per portion).
Each visit and the number of portions dispensed were recorded by the computer system
connected to the Urban CalfMom which controlled the automated concentrate feeders. A limit of
10 kg of concentrate per calf per 24 hour period was programmed into the Urban CalfMom. A 24
hour period was considered by the Urban CalfMom to be from 0900h to 0900h the following day.
Intake of hay was measured on a group basis for each pen every Monday, Wednesday, and Friday
by weighing what was offered and rejected. From this, average intake of hay could be estimated
on a per pen basis. Daily intake of TMR was recorded on a group basis for each pen by weighing
what was offered and rejected every day. Fresh TMR was provided daily and mixed on farm at
DKC. Replacement of TMR occurred between 0800h and 0900h each day. Hay was replaced three
times per week, during weighing of hay.

Experiment 2B
Individual intake of concentrate was recorded via the automated concentrate feeder, as per
experiment 2A. Intake of hay was also measured as per experiment 2A. Fresh hay was offered
daily when required. Daily intake of TMR was recorded on a group basis for each pen on the FREE
treatment, as per experiment 2A. Replacement of TMR occurred between 0800h and 0900h each
day, and hay was replaced three times per week, during weighing of hay.

4.3.4 Blood sampling
Blood samples for each calf were taken at the beginning (end of week 10) and in the final week
(week 18) of experiment 2A and 2B. Note that data has only been included from experiment 2A, as
the analysis of samples from experiment 2B had not been performed at the time of submission of
this thesis. Blood samples were taken by a skilled technician via the Vena jugularis and all animals
were handled individually; sampling took place between 10 to 11 am. Two samples were taken at
each sampling, one for serum and one for plasma analysis. Samples for serum analysis were taken
using plastic vacuum tubes and kept at room temperature until reaching the laboratory. Samples
taken for plasma analysis were collected using plastic vacuum tubes containing sodium heparin,
and immediately put on ice following sampling and on route to the laboratory. All samples were
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labelled and placed in the deep freezer at -20°C. Blood plasma was analysed for glucose, NEFA,
BHBA, and urea by spectrophotometry with an auto analyser ADVIA 1800 in the laboratory at
Aarhus University, Foulum.

4.3.5 Faecal sampling
Experiment 2B
Faecal sampling took place at the beginning of transition period (end of week 10), end of the
transition week (week 11), week 12, and week 18 of the experimental period. The colour and
consistency of the faeces was assessed as well as the DM content. Rectal temperature was taken
prior to faecal sampling. All calves were handled individually and sampling took place during
weighing. Faeces were sampled from the rectum, using a gloved index finger to stimulate the calf
if required. Samples were collected in plastic cups and the research identification number
recorded. Samples were weighed following collection, including the cup, and dried at 60°C in a
forced air oven for a period of 72 hours. Following drying, samples were weighed again, as well as
the cup, to determine dry matter content.
Directly following collection, the colour and consistency of the faeces was assessed according to
the following criteria:
Colour of the manure:
1. Red /pink (blood)
2. Grey
3. Yellow
4. Brown
5. Green
6. Black (very dark)
Consistency of the manure:
1. Manure is thin and aqueous
2. Manure is thin with gruel consistency, more like manure than score 1
3. Consistency resembles thick porridge
4. Manure is thick and finger prints can be seen when touched
5. Manure is very solid; finger prints are more distinct than score 4.
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In addition to faecal scoring, the hind area of the calf (back legs and rump area) was scored based
on cleanliness, at the beginning and end of the experimental period. The hind scoring took place at
the same time as the faecal sampling, according to the following criteria:
1.
2.
3.
4.
5.

Clean
Only a very small area of the hind is dirty
A moderate area of the hind is dirty
A large area of the hind is dirty
Majority of the hind is dirty

4.3.6 Slaughter performance
Following the termination of experiment 2A and 2B, all calves were sent to a commercial veal
producer until slaughter. Data on average daily gain up to slaughter, carcass weight, and carcass
quality (based on EUROP conformation) were collected. Note that only data for experiment 2A has
been reported, as data from calves used in experiment 2B is not yet available. Therefore, only
slaughter data from experiment 2A has been used to assess the long term effects of feeding PELL
or FREE, from 10 to 18 weeks of age, on slaughter performance.

4.4 Animal health
All calves were monitored daily for general health and any signs of distress by trained staff at DKC.
If disease symptoms were observed then rectal temperature was taken and recorded for further
treatment if necessary. Any ill animals were treated by skilled staff from DKC under veterinary
direction. It should be noted that only 31 experimental calves completed experiment 2A, due to
the unexpected death of one of the calves towards the end of experiment 1A. A dummy calf of
similar age and weight was used a replacement to even group numbers, but was not included in
the experimental data.
Table 3: Number of cases of respiratory disease requiring veterinary treatment in experiment 2A and 2B.

Treatment
Experiment
Respiratory, Pneumonia

FREE
2A
0

2B
16
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PELL
2A
1

TMRT
2B
11

4.5 Statistical analyses
Data were analysed using SAS Version 9.3, SAS Institute Inc. Experiment 2A and 2B were analysed
separately. Effects were deemed significant at P<0.05, and tendency towards significance at
P<0.10.
For individual observations (blood plasma metabolite concentrations):
1) GLM:

𝑌 = 𝜇 + (𝑃𝑟𝑒𝑡𝑟𝑒𝑎𝑡 × 𝐵𝑙𝑜𝑐𝑘) + 𝑇𝑟𝑒𝑎𝑡 + 𝜖
Where:
Pretreat: represents prior experimental treatment: 2x2 factorial experiment (STEP,
CONV; RES, URES)
Block: represents herd of origin and date of birth
Treat: represents feeding treatments: PELL versus FREE
For individual observations with repeated measures (LW, ADG):
2) MIXED:
𝑌 = 𝜇 + (𝑃𝑟𝑒𝑡𝑟𝑒𝑎𝑡 × 𝐵𝑙𝑜𝑐𝑘) + 𝑇𝑟𝑒𝑎𝑡 + 𝜀1 + 𝑤𝑒𝑒𝑘 + (𝑇𝑟𝑒𝑎𝑡 × 𝑤𝑒𝑒𝑘) × 𝜖
Where:
Pretreat: represents prior experimental treatment: 2x2 factorial experiment (STEP,
CONV; RES, URES)
Block: represents herd of origin and date of birth
Treat: represents feeding treatments: PELL versus FREE (experiment 2A) and FREE
versus TMRT (experiment 2B)
ε1: animal variation and animal was considered random.
Week: experimental week
The covariate structure used was autoregressive order [(AR (1)]
For observations on a per pen basis (Feed intake, feed efficiency):
3) MIXED
𝑌 = 𝜇 + 𝐵𝑙𝑜𝑐𝑘 + 𝑇𝑟𝑒𝑎𝑡 + 𝜖3 + 𝑤𝑒𝑒𝑘 + (𝑇𝑟𝑒𝑎𝑡 × 𝑤𝑒𝑒𝑘) + 𝜀
Where:
Block: represents herd of origin and date of birth
Treat: represents feeding treatments: PELL versus FREE (experiment 2A) and FREE
versus TMRT (experiment 2B)
ϵ3: is pen variation, and pen was considered random.
Week: experimental week
Covariate structure: compound symmetry (CS)
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Note that in the initial analysis of the carry over effects of prior experimental treatment (2x2
factorial experiment; STEP, CONV; RES and URES), the “Pretreat × Block” term was divided into
“Pretreat”, “Block”, and “Pretreat × Block” to specifically assess the pre-treatment effects.
The method used to test fixed effects of SE and degrees of freedom was the Kenward-Roger. Type
2 tests of fixed effects were used.
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5.0 Results
5.1 Carry over effects of pre-weaning treatments
There were no significant carryover effects of the milk feeding methods (STEP vs CONV and RES vs
URES) applied in experiment 1A and 1B on the performance of calves in experiment 2A and 2B,
respectively. The reasoning for this may be due to the gradual weaning implemented in both
experiments for all treatments, whereby, calves were weaned from milk over a period of two
weeks. This gradual weaning process likely enabled calves to slowly increase their solid feed
intake, regardless of the pre-weaning treatment applied, meaning that by the commencement of
experiment 2A and 2B there may have been little difference between the milk feeding treatments
in terms of performance parameters. It is also worth noting that the results of experiment 1A and
1B indicated there were no significant effects of the milk feeding treatments applied on feed
intake or LW gain during experiment 1A and 1B.
Due to there being no significant effect of pre-weaning treatments on post-weaning performance,
the following results of experiment 2A and 2B are based on statistical models where prior
experimental treatment has not been included.

5.2 Live weight gain and feed efficiency
The difference in LW between the FREE and PELL treatments (experiment 2A) and between the
FREE and TMRT treatments (experiment 2B) was not statistically significant (P>0.05), see table 4.
In experiment 2A calves on the FREE treatment had a numerically higher LW at the end of the
experimental period (week 18), compared to calves on the PELL treatment (180 vs 175 kg,
respectively). The LW of calves in experiment 2A, by week and treatment, is shown in figure 3. In
experiment 2B, calves on the FREE treatment also had a numerically higher LW compared to calves
on the TMRT treatment (178 vs 171 kg, respectively). In experiment 2B, there was a significant
(P<0.05) treatment by week interaction, indicating the effects of the FREE and TMRT treatment on
LW differed depending on stage of the experiment; this may have been due to the outbreak of
respiratory disease, as later discussed. The LW of calves in experiment 2B, by week and treatment,
is shown in figure 5. Total gain, calculated as the difference between LW at the start (week 10)
and LW at the end (week 18) of the experimental period, was numerically higher for calves on the
FREE treatment compared to PELL (84.2 vs 80.2 kg, respectively) in experiment 2A and also for
FREE compared to TMRT (81.8 vs 74.8 kg, respectively) in experiment 2B. Note that no statistical
comparison was made for total gain.
There was no significant difference in ADG between the FREE and PELL treatments, although, the
FREE treatment tended (P<0.10) towards a higher mean ADG, see table 4. There was a significant
effect of treatment (T) in experiment 2B, with calves on the FREE treatment having higher mean
ADG than calves on the TMRT treatment (1463 vs 1346 g/d, respectively). The ADG by week and
treatment for experiment 2A and 2B is shown if figure 4 and figure 6, respectively.
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Feed efficiency (FCE) was not significantly different between the FREE and PELL treatments in
experiment 2A nor between FREE and TMRT treatments in experiment 1B, see table 4.
Numerically, the calves on the PELL treatment had a higher FCE based on kg LW gain / kg feed (as
fed) compared to calves on the FREE treatment. Likewise, in experiment 2B calves on the FREE
treatment had numerically higher FCE based on kg LW gain / kg feed (as fed) compared to calves
on the TMRT treatment. This is likely a result of the differences in DM of the rations. Differences in
FCE based on DMI and SFU intake between FREE and PELL and between FREE and TMRT
treatments were numerically small. There was a significant week effect on FCE in both experiment
2A and 2B; figure 7 and figure 8 demonstrate the change in FCE over the course of experiment 2A
and 2B, respectively.
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Table 4: Live weight (LW), average daily gain (ADG), total gain, and feed efficiency (FCE) of Holstein bull calves fed either a pelleted concentrate
(PELL), total mixed ration (TMRT), or free choice between both the pelleted concentrate and total mixed ration (FREE).
Experiment 2A
Treatment
FREE
PELL
SE
LW (kg)
Week 11
Week 18
Total gain (kg)
ADG (g/d)
Week 11
Week 12
Week 13
Week 14
Week 15
Week 16
Week 17
Week 18
Mean (wk11-18)
Feed efficiency *
FCE (kg/kgFeed)1
FCE (kg/kgDMI)2
FCE (kg/SFU)3

Experiment 2B
T

P-value
W

T×W

107
180
84.2

106
175
80.2

4.60

NS

<0.0001

0.084

-

-

-

-

1545
1446
1143
1393
1411
1580
1777
1865
1520

1560
1317
1174
1460
1526
1469
1660
1413
1447

95.6

0.078

<0.0001

0.061

29.5

0.078

0.283
0.360
0.322

0.332
0.380
0.344

0.015
0.021
0.019

NS
NS
NS

0.008
0.007
0.007

NS
NS
NS

Treatment
FREE
TMRT

SE

T

P-value
W

T×W

106
178
81.8

105
171
74.8

3.82

NS

<0.0001

0.023

-

-

-

-

1203
1464
1580
1554
1339
1521
1641
1401
1463

1051
1554
1670
1054
1071
1698
1367
1307
1346

116

0.009

<0.0001

0.052

31.1

0.009

0.267
0.362
0.327

0.249
0.353
0.322

0.004
0.009
0.009

NS
NS
NS

<0.0001
<0.0001
<0.0001

NS
NS
NS

SE; denotes standard error of least squares mean values
T; denotes P-values for diet treatment effects
W; denotes P-values for the effects of experimental week
T×W; denotes P-values for interaction effects of diet treatment and experimental week.
*Feed efficiency (FCE) was calculated as kg live weight gain either: 1Per kg feed consumed, as fed; 2Per kg dry matter intake; 3per unit intake of
Scandinavian Feeding Unit.
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Figure 3: Live weight of Holstein bull calves fed either a pelleted concentrate (PELL), or free choice between
a pelleted concentrate and total mixed ration (FREE 2A), post-weaning from 11 to 18 weeks of age.
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Figure 4: Average daily gain (g/calf/d) of Holstein bull calves fed either a pelleted concentrate (PELL), or free
choice between a pelleted concentrate and total mixed ration (FREE 2A), post-weaning from 11 to 18 weeks
of age.
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Figure 5: Live weight of Holstein bull calves fed either a total mixed ration (TMRT), or free choice
between a pelleted concentrate and total mixed ration (FREE 2B), post-weaning from 11 to 18 weeks of
age.
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Figure 6: Average daily gain (g/calf/day) of Holstein bull calves fed either a total mixed ration (TMRT), or
free choice between a pelleted concentrate and total mixed ration (FREE 2B), post-weaning from 11 to 18
weeks of age.
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Figure 7: Feed efficiency (FCE) of Holstein bull calves fed either a pelleted concentrate (PELL), or
free choice between a pelleted concentrate and total mixed ration (FREE 2A), post-weaning
from 11 to 18 weeks of age. FCE calculated as kg of liveweight gain per kg feed, as fed
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Figure 8: Feed efficiency (FCE) of Holstein bull calves fed either a total mixed ration (TMRT), or
free choice between a pelleted concentrate and total mixed ration (FREE 2B), post-weaning
from 11 to 18 weeks of age. FCE calculated as kg of liveweight gain per kg feed, as fed. NB:
concentrate intake from troughs, provided during the transition protocol implemented in
week 11, was excluded.
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5.3 Feed Intake
In experiment 2A, concentrate intake (kg/day/calf) was significantly (P<0.005) higher for calves on
the PELL treatment compared to those on the FREE treatment (4.04 vs 2.56 kg/calf/day,
respectively), see table 5. Concentrate intake (kg/calf/day) for FREE and PELL treatments, over the
course of experiment 2A and for the FREE treatment applied in experiment 2B is shown in figure 9.
The intake of TMR (kg/calf/day) did not differ significantly between the FREE and TMRT
treatments in experiment 2B, however, stage of experiment (week) had a significant effect. There
was a significant treatment by week interaction for the intake of TMR (kg/calf/day) in experiment
2A. The intake of TMR (kg/calf/day), as fed, for FREE and TMRT treatments over the course of
experiment 2B and for calves fed FREE in experiment 2A (FREE 2A), is shown in figure 10.
There was a tendency (P<0.10) for calves on the PELL treatment to consume more hay
(kg/day/calf) compared to those on the FREE treatment in experiment 2A. Hay intake between
FREE and TMRT in experiment 2B did not differ significantly.
Total DMI (kg/day/calf) was not significantly different between treatments, although the FREE
treatments had numerically higher DMI compared to the PELL (experiment 2A) and TMRT
treatment (experiment 2B), see table 5. There was a tendency for a week by treatment interaction
for total DMI in experiment 2A. It is important to emphasise that feed intake data has been based
on a per pen basis, within experiment (i.e. 4 pens); therefore, the test for treatment effect per se
is somewhat weak, whereas the test for treatment x week interaction is stronger. The proportion
of DMI from individual feed components for experiment 2A is shown in figure 11, and for
experiment 2B in figure 12.
The total intake of SFU did not differ significantly between treatments, although the FREE
treatments had numerically higher SFU intake compared to the PELL treatment (4.77 vs 4.29 SFU,
respectively) in experiment 2A and TMRT (4.95 vs 4.48 SFU, respectively) treatment in experiment
2B, see table 5. There was a tendency for a treatment by week interaction in experiment 2A for
total SFU intake. The total intake of SFU (SFU/calf/day) on a weekly basis is shown in figure 13 for
experiment 2A and 2B. The proportion of the total SFU intake coming from concentrate was
significantly higher for the PELL compared to the FREE treatment (4.02 vs 2.56 SFU) in experiment
2A, however, on a percentage basis, there was only a tendency for PELL to have higher % SFU
intake coming from concentrate compared to the FREE treatment. Three was a significant
treatment by week interaction for the proportion of total SFU intake coming from concentrate in
experiment 2B. In experiment 2B the proportion of total SFU intake coming from TMR did not
differ between the FREE and TMRT treatments. There was a significant treatment by week
interaction for the proportion of total SFU intake coming from TMR in experiment 2A.
In experiment 2A the contribution of hay to total SFU intake tended to be higher for the PELL
compared to the FREE treatment (0.266 vs 0.084 SFU), but was significantly different between
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PELL and FREE on a percentage basis (6.31 vs 1.97%, respectively). The proportion of SFU intake
coming from hay, both on a unit basis and percentage basis, was not significantly different
between the FREE and TMRT treatments in experiment 2B.
Note that block had a significant effect on concentrate intake, and the proportion of concentrate
contributing to total SFU intake observed in experiment 2A, likely a result of calves in block 1 being
heavier than in block 2, given the block factor in the model includes the effect of birth date and
herd of origin
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Table 5: Feed intake of individual dietary components, total dry matter intake (DMI), and intake of Scandinavian feeding units (SFU) of Holstein bull calves fed either a
pelleted concentrate (PELL), total mixed ration (TMRT), or free choice between both the pelleted concentrate and total mixed ration (FREE).
Experiment 2A
Treatment
FREE
PELL

SE

T

0.005
0.179
0.026
0.139
0.005
0.126
0.023
0.135
0.005
0.140
0.016
3.93
3.94
0.273

0.003
0.058
0.074
NS
0.004
0.059
0.075
NS
0.003
0.058
0.074
0.086
0.078
0.007

Experiment 2B
P-value
W

T×W

Treatment
FREE TMRT

NS
0.009
NS
0.060
NS
0.009
NS
0.053
NS
0.009
NS
NS
NS
NS

1.77
3.92
0.210
4.47
1.54
2.75
0.186
4.95
1.76
3.05
0.131
36.7
60.5
2.77

SE

T

0.298
0.289
0.009
0.066
0.260
0.202
0.008
0.078
0.298
0.225
0.005
5.59
5.63
0.048

0.149
NS
NS
NS
NS
NS
NS
NS
NS
NS
NS
NS
NS
NS

P-value
W

T×W

1

Feed intake (kg/calf/d)
From concentrate 2**
From TMR
From hay
Total DMI (kg/calf/d)
From concentrate**
From TMR
From hay
Intake SFU (total/calf/d)
From concentrate**
From TMR
From hay
% SFU From concentrate
% SFU From TMR
% SFU From hay 3

2.56
2.75
0.134
4.28
2.24
1.93
0.119
4.77
2.56
2.14
0.084
52.9
45.1
1.97

4.02
0.00*
0.426
3.88
3.51
0.00*
0.378
4.29
4.02
0.00*
0.266
93.6
0.00*
6.31

0.0006
0.009
NS
<0.0001
0.0006
0.009
NS
<0.0001
0.0006
0.009
NS
NS
NS
NS

0.00*
5.60
0.187
4.08
0.00*
3.92
0.166
4.48
0.00*
4.36
0.116
0.00*
97.3
2.68

0.020
<0.0001
<0.0001
<0.0001
0.020
<0.0001
<0.0001
<0.0001
0.020
<0.0001
<0.0001
0.069
0.035
<0.0001

0.020
NS
0.061
NS
0.020
NS
0.059
NS
0.020
NS
0.054
0.069
0.053
NS

TMR; total mixed ration
SE; denotes standard error
T; denotes P-values for diet treatment effects
W; denotes P-values for the effects of experimental week
T×W; denotes P-values for interaction effects of diet treatment and experimental week.
NS: indicates no significant effect; significance declared at P<0.05, and tendencies at P<0.10
1
Feed intake has been calculated excluding the concentrate provided in troughs during the transition protocol implemented in week 11 of experiment 2B.
2
Concentrate intake was based on a per pen per week basis, as with other feeds, not individual intake
3
Model used to calculate the % contribution of hay to SFU intake did not include a ‘block’ factor (herd of origin) for experiment 2A, the model used for experiment 2B did
include a ‘block’ factor.
*The intake of TMR for calves on the PELL treatment, and concentrate for calves on the TMRT treatment was designated to be zero.
**Denotes there was a significant effect of block in experiment 2A
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Figure 9: Concentrate intake (kg/calf/d, as fed) of Holstein bull calves fed either a pelleted concentrate
(PELL; experiment 2A) or free choice between a pelleted concentrate and total mixed ration (FREE 2A;
experiment 2A and FREE 2B; experiment2B) from 11 to 18 weeks of age post-weaning. NB: concentrate
intake from troughs in week 11 (transition period) in FREE 2B has not been included.
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Figure 10: total mixed ration (TMR) intake (kg/calf/day, as fed) of Holstein bull calves fed either a TMR
(experiment 2B) or free choice between a pelleted concentrate and total mixed ration (FREE 2A; experiment
2A and FREE 2B; experiment2B) from 11 to 18 weeks of age.
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Figure 11: Total dry matter intake (DMI; kg/calf/day), including the proportion of hay, total mixed ration
(TMR), and concentrate, of Holstein bull calves in experiment 2A, fed either a pelleted concentrate (PELL) or
free choice between a pelleted concentrate and total mixed ration (FREE) from 11 to 18 weeks of age postweaning.
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Figure 12: Total dry matter intake (DMI; kg/calf/day), including the proportion of hay, total mixed ration
(TMR), and concentrate, of Holstein bull calves in experiment 2B, fed either a total mixed ration (TMR) or free
choice between a pelleted concentrate and total mixed ration (FREE) from 11 to 18 weeks of age postweaning.
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Figure 13: Total intake of Scandinavian Feeding Units (SFU; /calf/day) of Holstein bull calves fed either a pelleted
concentrate (PELL), free choice between a pelleted concentrate and total mixed ration (FREE 2A; experiment 2A,
FREE 2B; experiment 2B), or a total mixed ration (TMR), from 11 to 18 weeks of age post-weaning.

5.4 Blood metabolites
The results for blood metabolites in experiment 2A are shown in table 6. Note that data has only
been included from experiment 2A, as the analysis of samples from experiment 2B had not been
performed at the time of submission of this thesis. Results will not be discussed beyond this
section.
Glucose concentration (mM) was significantly (P<0.05) higher in the FREE compared to PELL
treatment at the end of week 10, taken as the start of the transition period into experiment 2A, as
well as at week 18 (final week of experiment 2A). The concentrations of BHBA (mM) at week 18
was significantly (P<0.05) higher in calves fed the PELL compared to the FREE treatment. The
concentrations of NEFA (μekv/L) and urea (mM) in blood did not differ significantly between
treatments, either at week 10 or week 18. The difference in concentration of metabolites between
week 18 and week 10 was calculated, to demonstrate the change in blood metabolite
concentration due to the potential effects of both the feeding treatments applied in experiment
2A and age.
𝐷𝑖𝑓𝑓𝑒𝑟𝑒𝑛𝑐𝑒 = (𝑐𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 𝑜𝑓 𝑚𝑒𝑡𝑎𝑏𝑜𝑙𝑖𝑡𝑒 𝑤𝑒𝑒𝑘 18) − (𝑐𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 𝑜𝑓 𝑚𝑒𝑡𝑎𝑏𝑜𝑙𝑖𝑡𝑒 𝑤𝑒𝑒𝑘 10)

There was no significant difference between treatments for the difference in metabolite
concentrations between week 10 and week 18, indicating no effect of post-weaning treatment on
plasma glucose, NEFA, BBA, or urea.
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Table 6: Blood metabolite concentrations; glucose, non-esterified fatty acids (NEFA), beta-hydroxybutyric
acid (BHBA), and urea, measured at the end of week 10 and week 18 of the experiment 2A, of Holstein
bull calves fed either a pelleted concentrate (PELL) or free choice between a pelleted concentrate and
total mixed ration (FREE).
Experiment 2A
Treatment
P-value
FREE
PELL
SE
T

Metabolite
Glucose, mM
Week 10
5.96
5.65
0.089
0.020
Week 18
6.47
5.99
0.103
0.003
Difference*
0.513
0.342
0.112
NS
NEFA, μekv/L
Week 10
82.6
67.6
11.1
NS
Week 18
45.8
53.1
4.78
NS
Difference*
-36.8
-14.4
12.7
NS
BHBA, mM
Week 10
0.433
0.434
0.019
NS
Week 18
0.429
0.505
0.025
0.042
Difference*
-0.004
0.071
0.030
0.086
Urea, mM
Week 10
3.77
3.76
0.209
NS
Week 18
4.26
3.91
0.226
NS
Difference*
0.489
0.156
0.291
NS
*Calculated as difference in metabolite concentration between week 18 and week 10

5.5 Faecal scores
The results of the faecal scoring and hind score of calves in experiment 2B is shown in table 7.
Statistical analyses have not been performed for this data. The results presented here will not be
further discussed. During the transition period until the end of week 11, it appears there is little
change in DM content of the faeces for calves on the FREE treatment (25.4 vs 25.8%, respectively),
while there is a slight increase in DM content of the faeces for calves on the TMRT diet (25.9 vs.
31.4%, respectively). This increase in faecal DM may be indicative of the longer particle size in the
TMR compared to the pelleted concentrate, and possibly a lower digestibility of these longer
particles.
Faecal consistency appeared slightly higher for calves on the FREE treatment (3.1) compared to
those on the TMRT treatment (2.5) at the start of the transition period. At the end of week 11 (end
of the transition period), it appears faecal consistency increased for the TMRT calves, which would
correlate to a higher DM content of the faeces.
Faecal colour appears similar across both treatments. The cleanliness of the hind area of calves
(hind score) did not differ between treatments nor stage of the experiment.
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Table 7: Faecal and hind scoring of Holstein bull calves in experiment 2B, fed either free choice between a
pelleted concentrate and total mixed ration (FREE) or solely a total mixed ration (TMRT).

FREE
Faecal dry matter (%)
Start of transition period (week 11)
End of week 11
Week 12
Week 18
Faecal consistency 1
Start of transition period (week 11)
End of week 11
Week 12
Week 18
Faecal colour2
Start of transition period (week 11)
End of week 11
Week 12
Week 18
Hind score3
Start of transition period (week 11)
Week 18

Experiment 2B
TMRT

25.4
25.8
24.3
21.9

25.9
31.4
27.2
22.0

3.1
2.9
3
2.9

2.5
3
3
3

4.2
4
4
4

4.3
4
4
4

1.8
2.2

1.9
1.8

1

Faecal consistency: scores based on a scale from 1 to 5, where: 1= manure is thin and aqueous; 2=
manure is thin with gruel consistency and more like manure than score 1; 3=consistency resembles
thick porridge; 4=manure is thick and finger prints can be seen when touched; 5=manure is very solid;
finger prints are more distinct than score 4.
2
Faecal colour: scores based on a scale from 1 to 6, where: 1=red/pink; 2=Grey; 3=yellow; 4=brown;
5=green; 6=black/very dark
3
Hind score: scoring of the cleanliness of the hind legs and rump based on a scale from 1 to 5, where:
1=clean; 2=very small area is dirty; 3=moderate area is dirty; 4=a larger area is dirty compared to score
3; 5=majority of the hind area is dirty.

5.6 Performance at slaughter
The results of slaughter performance for animals in experiment 2A are presented in table 8. Note
that slaughter data from calves used in experiment 2B is not yet available, therefore, only
slaughter data from experiment 2A has been used to assess the long term effects of feeding PELL
or FREE, from 10 to 18 weeks of age, on slaughter performance. Statistical analyses have not been
performed for this data, and the results will not be discussed beyond this section.
Overall, the difference in carcass weight (dressed out; kg) between the PELL and FREE treated
calves was numerically small and, there seems to be no long term effects of feeding PELL and FREE
in the early post-weaning period on carcass weight, age at slaughter, net carcass gain (from birth
to slaughter; g/calf/day), or carcass conformation (EUROP). In addition, ADG from birth, and ADG
from entrance to the commercial veal farm did not differ to a large extent between the PELL and
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FREE treatments. Both treatment groups met LW requirements and 77 % of calves met EUROP
conformation requirements for premium slaughter price from Danish crown, and LW
requirements for EU subsidy. The performance data (table 8) indicates high growth rates that are
comparable to that seen on a well-managed rosé veal farm in Denmark. The average net carcass
gain of the PELL and FREE (637 and 623 g/calf/day) calves is higher than the average in Denmark
(614 g/calf/day) (DLBR Slagtekalve 2016).
Table 8: Carcass weight (dressed out; kg ± SD), age at slaughter (days ± SD), net carcass gain (g/calf/day),
average daily gain (g/calf/day ± SD) from the termination of experiment 2A until slaughter (ADGPE),
average daily gain (g/calf/day ± SD) from birth until slaughter (ADGB), and carcass conformation (EUROP
± SD) of Holstein bull calves fed either a pelleted concentrate (PELL) or free choice between a pelleted
concentrate and total mixed ration (FREE) from 11 to 18 weeks of age and slaughtered below 10 months
of age.
Net carcass*
ADGPE
gain (g/calf/day)
(g/calf/day)

EUROP
ADGB
conformation
(g/calf/day)

Carcass
weight (kg)

Age
(days)

208 ± 18
199 ± 12

291 ± 6
292 ± 7

643 ± 71
612 ± 50

1435 ± 156
1372 ± 119

1286 ± 123
1234 ± 88

3.2 ± 0.6
3.1 ± 0.4

204 ± 11

290 ±
11
289 ± 8

632 ± 42

1432 ± 67

1268 ± 71

3.3 ± 0.7

FREE
204 ± 10
634 ± 47 1404 ± 110
1275 ± 82
Average
PELL
206 ± 14 291 ± 9
637 ± 54 1433 ± 109
1277 ± 93
FREE
201 ± 11 291 ± 8
623 ± 48 1388 ± 111
1255 ± 85
SD; standard deviation
PE
ADG post experiment, from entry to commercial veal farm until slaughter.

3.1 ± 0.4

Block 1
PELL
FREE
Block 2
PELL

B

3.2 ± 0.6
3.1 ± 0.4

ADG from birth until slaughter.
*Net carcass gain calculated from birth to slaughter, based on an average birth weight of 43 kg.
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6.0 Discussion
The liveweight (LW) and average daily gain (ADG) of calves in experiment 2A and 2B will be
discussed separately. Feed intake including total dry matter intake (DMI), proportion of individual
feeds (pelleted concentrate, total mixed ration (TMR), and hay) contributing to total DMI, and
energy intake are discussed. In addition, feed efficiency and blood metabolites are briefly
discussed.

6.1 Liveweight and average daily gain
6.1.1 Experiment 2A
Figure 3 demonstrates the change in LW over the course of the experimental period, and clearly
shows there is little difference between the PELL and FREE treatments in experiment 2A.
Fig 4 shows the ADG for the PELL and FREE treatment in experiment 2A. Generally speaking there
is little numerical difference in weekly ADG between the two treatments over the course of the
experimental period (except for week 18, later discussed). The slightly higher ADG of calves on the
FREE treatment in week 12 compared to those on the PELL treatment may be attributable to the
slightly higher energy intake of this group, see figure 13, but if this were the case one would
expect a higher ADG of this group in week 13 compared to the PELL treatment, based on feed
intake patterns. It is more likely that this is due to other factors (such as gut fill affecting observed
LW gain). It is important to note that in both experiments 2A and 2B, calves were weighed only
once per week (twice at the beginning, week 10, and at the end, week 18, of the experimental
periods), therefore, it is difficult to attribute such small differences in weekly ADG to solely feeding
treatment. Daily variation in weight may have played a role in the small differences in weekly ADG
observed between treatments in experiment 2A. While every attempt was made to weigh the
calves at the same time of day each week, this was not always possible, and given weighing
occurred approximately one to two hours after feeding, it is possible that some calves manage to
consume enough feed to increase their body weight so much so that a higher ADG is calculated
than what is true of that animal. In addition, the small number of calves per treatment (16) in each
experiment means that one or two calves with very low or very high ADG can influence the overall
average of the group.
In Overvest et al. (2016), the ADG of male Holstein calves fed a mixed ration of textured starter
concentrate and chopped grass hay from 8 to 12 weeks of age achieved of 1200 g/calf/day. Note
that this textured starter was similar in DM and crude protein as the pelleted concentrate used in
the present study, however, comparison of energy content is not possible, due to differences in
the units of measured energy between studies. While impossible to make a direct comparison
between the growths of calves fed the PELL diet in the present study and those fed the mixed diet
in Overvest et al. (2016), the ADG of calves fed a mixed diet of textured starter and hay gives an
indication as to the level of ADG that can be achieved when calves have access to both
concentrate and hay.
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The ADG of calves in both the PELL and FREE treatments appears to decrease in the first 3 weeks
of the experimental period. The reason for this is not entirely clear, as DMI in both treatments
should result in higher gains than those observed. Calves were believed to be healthy during this
period and climate is not believed to have played a role. It is possible there was an issue with the
electronic scales used to weigh the calves. The decline in ADG of the PELL treatment in week 18
can be attributable to a small number of calves (3) that succumbed to respiratory related disease
(received veterinary treatment after the end of experiment 2A), and as a result had very poor ADG
(an average of 524 g/d) at this time. This is also the likely factor contributing to a slightly higher
final LW in the FREE compared to the PELL treatments (180 vs 175 kg, respectively).
Taking these results into account, we conclude that calves fed either a combination of pelleted
concentrate and TMR or solely a pelleted concentrate will attain similar growth rates.

6.1.2 Experiment 2B
In experiment 2B there seems to be a greater difference in LW between the FREE and TMRT
treatments, although this difference is not statistically significant, LW of FREE calves exceeds that
of TMRT calves from week 14 to 18 of the experimental period. This may be related to the pattern
of ADG seen between these weeks. Calves on FREE had a numerically higher LW, compared to
calves on the TMRT treatment, at the end of the experimental period (178 and 171 kg,
respectively).
There was a significant effect of treatment on ADG (P<0.05), although perhaps some caution
should be taken in this statement, as the treatment by week interaction is also nearing significance
(P-value of 0.052). Overall, calves on the FREE treatment appear to perform better in terms of
ADG, averaging 1463 g/calf/day compared to the TMRT which averaged 1346 g/calf/day. The
decline in ADG in week 17 of and 18 of calves fed the TMRT treatment, and in week 18 for calves
on the FREE treatment are attributed to a small number of calves with very poor ADG, possibly
due to illness.
The lower ADG of calves fed the TMRT diet compared to FREE is in agreement with Overvest et al.
(2016), who noted significantly lower ADG post-weaning (8 to 12 weeks of age) in male Holstein
calves fed a silage-based TMR (0.7 kg/calf/day) compared to a mixed ration comprising second-cut
chopped grass hay and a textured starter concentrate (1.2 kg/calf/day). It is important to note that
the reason for differences in ADG of calves on the TMRT treatment in the present study than that
observed by Overvest et al. (2016) may have been due to the lower DM content of their TMR
compared to the TMR used in the present study (51.5% vs 70.0%, respectively), affecting overall
DMI (1.78 vs 4.08 kg DM/calf/day, respectively). In addition, the more pronounced difference in
ADG between the TMR and mixed ration treatments in Overvest et al. (2016), compared to the
observed difference in ADG between TMRT and FREE treatments in the present study, may be due
to differences in nutrient content between their diets, with their TMR having higher fibre (NDF
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and ADF) and lower metabolisable energy (ME) content per kg DM than the mixed ration
(Overvest et al., 2016). In the present study, the content of digestible cell walls (g/kg DM), starch
(g/kg DM), digestible protein (g/kg DM), and SFU content (SFU/kg DM) were similar. It is difficult
to comment on whether fibre content also played a role in the differences observed between the
TMRT treatment in the current study and the TMR diet of Overvest et al. (2016), as a direct
comparison of NDF and ADF is not possible.

ADG (g/day)

Of particular interest is the trend in ADG across weeks 13 to 16 of the experiment 2B. There is a
large drop in ADG from week 13 to 14, especially for calves on the TMRT treatment (ADG reduced
from 1670 to 1054 g/day, respectively) likely due to the incidence of respiratory disease among
many of the calves. Figure 14 demonstrates the number of veterinary treatments administered
over the experimental period in correlation with the pattern of ADG of calves in experiment 2B.
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Figure 14: Average daily gain (ADG) of Holstein bull calves fed either total mixed ration (TMRT) or
free choice between a total mixed ration and pelleted concentrate (FREE 2B) in experiment 2B.
Circles indicate the number of veterinary interventions required for each feed treatment, green
for FREE 2B and purple for TMRT, according to week of the experiment.
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It can be seen that the decrease in ADG of calves on the TMRT treatment over week 13 to 14
corresponds to veterinary intervention in week 14. It is evident that calves in both treatments
were affected by respiratory disease, yet calves on the FREE treatment did not have such a
pronounced reduction in ADG compared to calves on the TMRT treatment. Figure 14 also shows
there were a large number of veterinary treatments in week 15 of the experimental period. There
was little change in the ADG of calves of the TMRT treatment (remained numerically lower than
the FREE treatment), while there was a drop in the ADG from week 14 to 15, and this is likely a
result of the large number of cases of respiratory disease in this treatment which overwhelmed
the calves’ ability to maintain the higher growth rate observed in week 14. This indicates that
when calves were compromised by disease, they were less able to maintain growth rates if fed a
TMR than if given free choice between a TMR and pelleted concentrate.
It is possible that calves on the TMRT diet are limited in their ability to consume enough TMR,
maybe due to the higher moisture content, to meet the same energy intake as calves that had
access to a pelleted concentrate. This is indicated by the energy content per unit of fresh feed,
with the pelleted concentrate containing 1.0 SFU units/kg while the TMR was formulated to
contain 0.78 SFU units/kg. Overvest et al. 2016 also stated that the higher moisture content, in
combination with higher fibre and, therefore, lower ME content (per kgDM basis), of their silagebased TMR diet meant calves needed to consume proportionally more DM than calves on a mixed
diet of textured concentrate and second-cut chopped grass hay, and that the required increase in
DMI to meet equal energy intake between diets was likely beyond biological feed intake capability
of the calves (Overvest et al., 2016). Note that in the present study, as nutrient compositions of
the pelleted concentrate and TMR were similar based on net energy (MJ/kg DM) digestible
protein, starch, and digestible cell walls (g/kg DM), the factors that may limit total DMI of calves
on the TMRT may be related to moisture content, and therefore ‘bulkiness’.
In the present study, the higher moisture content and presence of some longer particles,
compared to the pelleted concentrate, would increase the ‘bulkiness’ of the TMR, which may then
influence the capacity of calves on the TMRT treatment to consume this diet, compared to calves
with access to a pelleted concentrate. In this experiment, despite succumbing to respiratory
disease, overall DMI did not decrease for either the FREE or TMRT treatment across week 13 to 15.
However, the TMRT diet had numerically lower DMI and therefore lower SFU intake across this
period, compared to the FREE treatment, see fig 12, which may explain why calves on the FREE
treatments seemed more capable of maintaining a higher ADG compared to the TMRT calves over
this period.
In addition, the additional time needed for calves to consume a TMR diet, in terms of chewing
activity and rumination time, given both short and long particles comprise a TMR, while the
pelleted concentrate is comprised of mostly short particles. A study by DeVries and von
Keyserlingk (2009) noted longer time spent feeding (minutes/day), slower feeding rate (kg
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feed/minute), and longer meal durations in pre-pubescent Holstein heifer calves fed a TMR
comprising of grain concentrate and chopped grass hay, compared to a diet in which the grain
concentrate and chopped grass hay were offered separately (choice) (Devries and von Keyserlingk,
2009). The TMR diet contained proportionally more long and medium sized particles compared to
the choice diet offered, and also contained more fibre (NDF; % DM), but was similar in DM content
as the choice ration (Devries and von Keyserlingk, 2009). In addition, Overvest et al. (2016) noted
male Holstein calves fed a TMR diet, compared to a mix of textured concentrate and chopped
grass hay, had significantly longer feeding time (minutes/day), and lower rate of DM intake
(gDM/min).
Taking this into account, it is proposed that in the present study, the time required to consume the
TMR diet became conflicting when calves on the TMRT treatment succumbed to pneumonia,
making an increase in DMI difficult for these animals, which exacerbated the effects of this disease
on ADG. Taking into account these factors, it is therefore concluded that, when compromised by
disease, calves consuming solely a TMR diet compared to those with free access to both a TMR
and pelleted concentrate had reduced growth rates.

6.2 Feed intake
6.2.1 Concentrate intake
Concentrate intake (kg/day/calf) is shown in figure 9 for the two FREE treatments (experiment 2A
and 2B) and the PELL treatment (experiment 2A). In experiment 2A, concentrate intake was
significantly (P>0.05) greater for calves on the PELL treatment compared to those on FREE. This
indicates that while calves on the FREE treatment had equal access to the pelleted concentrate,
there was some level of substitution of the concentrate for the TMR. Week of the experimental
period had a significant effect on concentrate intake in experiment 2A; it is possible this is
attributable to the increase in feed intake over the course of the experiment as would be expected
with growing animals. The intake of concentrate, as a proportion of DMI, varies across week for
calves in the FREE treatment in experiment 2A, as seen in figure 11, and may indicate fluctuations
in preference for concentrate over TMR. Interestingly, in experiment 2B across weeks 14 and 15,
when there were a large number of sick calves requiring veterinary treatment, the proportion of
concentrate contributing to total DMI for calves on the FREE treatment did not differ to a large
extent from previous weeks, indicating that their preference for a less ‘bulky’ feed did not change.
There was a significant effect of block on concentrate intake for FREE and PELL treatments in
experiment 2A (3.54 vs 3.05 kg/calf/day for block 1 and 2, respectively), both on an as fed basis
and as a proportion of DMI, as well as on the proportion of concentrate contributing to total SFU
intake. It is possible that this block effect was due to calves in block 1 being heavier than in block
2, therefore, consuming more concentrate.
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While caution should be taken in the comparison of the two FREE treatments, it is interesting to
note the variation in concentrate intake and proportion of concentrate contributing to DMI,
between experiment 2A and 2B. Generally speaking calves on the FREE treatment in experiment
2A (FREE 2A) had a higher concentrate intake (2.56 kg/calf/day) compared those in experiment 2B
(FREE 2B; 1.77 kg/calf/day). Calves on FREE 2B had a lower concentrate intake (and overall DMI) in
week 11 (transition period) compared to calves on FREE 2A, see figure 9, and this may be
attributable to the exclusion of concentrate intake from the troughs provided to all treatment
groups during week 11 (transition period) of experiment 2B, as outlined in the protocols in figure
10. Had this concentrate from the troughs been included, the concentrate intake of FREE 2B on a
DM basis would have been 1.94 kg/calf/day of concentrate (compared to 0.75 kg/calf/day without
the addition of what was offered in troughs), and this would have increased overall DMI to 3.15
kgDM/calf/day, similar to the 3.17 kgDM/calf/day observed in experiment 2A.
While the transition protocol implemented in experiment 2B may explain the differences in
concentrate intake between FREE 2A and FREE 2B in week 11, it does not indicate why FREE 2B
calves seemed to consume lower levels of concentrate than calves in FREE 2A. Prior to experiment
2A calves had been exposed to the automated concentrate feeder (in experiment 1A) and perhaps
this prior introduction meant calves were accustomed to using the feeder from the start of
experiment 2A. Conversely, in experiment 2B calves had no previous introduction to the
automated concentrate feeder, therefore, they had to be manually trained in how to use it during
the transition phase (week 11) to experiment 2B. Perhaps this provides some explanation as to the
lower concentrate intake over the experimental period for FREE 2B compared to FREE 2A. If
concentrate intake from the post-weaning period (week 10) in experiment 1A and 1B are
considered, it could have been expected calves in FREE 2B to consume more concentrate than
FREE 2A, given concentrate intake was generally higher in week 10 of experiment 1B (2.78
kg/calf/day) compared to experiment 1A (1.97 kg/calf/day). Again, it is possible the higher intake
of concentrate in experiment 1B was due to calves being offered concentrate in troughs rather
than through the automated feeder, as in experiment 1A and that the switch from trough feeding
to feeding from the automated feeder in experiment 2B influenced concentrate intake for FREE 2B
calves. It is also worth noting that there were observed differences in concentrate intake of FREE
calves between blocks in experiment 2B, although this was not statistically significant, with one
group taking longer to commence using the automated feeder than the other. It is possible that
there were some technical issues with one of the concentrate feeders, such as unrewarded visits.
This may have led to the development of a preference for this group to consume TMR over
concentrate (observed in the higher intake of TMR by calves in FREE 2B compared to calves in
FREE 2A). Although this did not result in a block effect in experiment 2B, it is possible that the
lower concentrate intake of this group lowered the average intake for the FREE treatment in
comparison to that of experiment 2A.
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6.2.2 TMR intake
The intake of TMR (kg/day/calf) in experiment 2A and 2B is shown in figure 10. The difference in
TMR intake between the FREE and TMRT treatments in experiment 2B is not significant, but calves
on the TMRT diet consumed numerically more TMR than those on the FREE diet.
The proportion of DMI coming from TMR and the proportion of total SFU intake from TMR was not
significantly different between FREE and TMRT treatments in experiment 2B. The intake of TMR as
a proportion of DMI appears numerically higher in FREE 2B calves compared to FREE 2A calves,
and as aforementioned, it is believed that this stemmed from complications with the automated
concentrate feeder that may have deterred calves from using the feeder and, therefore,
developing a preference for TMR.

6.2.3 Hay intake
While hay constituted a small proportion of DMI in both experiment 2A and 2B, see figure 11 and
figure 12, there was a tendency (P<0.1) for calves on the PELL treatment to consume more hay
than the FREE treatment in experiment 2A (426 g/d/calf vs 134 g/d/calf). This indicates calves on
the PELL treatment had a desire to consume feed of longer particle size than that of the pelleted
concentrate and perhaps this relates to the oral stimulation provided by the hay. Calves on the
FREE treatment had access to a TMR with longer particle size than the pelleted concentrate,
therefore, may have had less desire to consume the hay provided. In experiment 2B hay intake did
not differ significantly between FREE and TMRT treatments, 210 vs 187 g/d/calf, respectively. It is
possible that this was due to both treatments having access to the TMR which provided some oral
stimulation and reduced the desire to consume hay. Interestingly, calves on the FREE treatment in
experiment 2B had a higher intake (numerically) of hay compared to FREE calves in experiment 2A
(210 vs 134 g/d/calf), despite hay in experiment 2B being of poorer quality than experiment 2A.

6.3 Feed efficiency
Generally speaking, there was no effect of treatment in either experiment 2A or 2B on the FCE of
calves, either on per kg feed intake basis or per kg DMI basis. The similar FCE between FREE and
TMRT calves in experiment 2B indicates that the intake of the TMRT diet is more likely a limiting
factor for growth, rather than digestibility of the feed itself. This is supported by the observation
of Overvest et al. (2016) who noted no significant difference in FCE in the post-weaning period (8
to 12 weeks of age) in calves fed either a TMR or mixed diet of textured concentrate and secondcut chopped grass hay. Of interest in the drop in apparent FCE of the TMRT group in weeks 14 and
15 of experiment 2B, which corresponds to the outbreak of respiratory disease in both the FREE
and TMRT groups. The lower FCE of the TMRT calves further supports the notion that calves on
the TMRT treatment, when compromised by disease, perform more poorly compared to calves fed
the FREE treatment.
The week of experiment did have a significant (P<0.05) effect on mean FCE in both experiments.
Without statistical comparison across experimental weeks it is difficult to conclude where this
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week effect comes from. It is important to note that for experiment 2B, FCE in week 11 does not
adjust for concentrate intake from the troughs provided in this transition period. Had this
concentrate intake been adjusted for, FCE for the FREE treatment would be estimated around 2.46
kg LW gain/kg feed and for the TMRT treatment, 1.957 kg LW gain/kg feed. Therefore, it is
possible that the week effect on FCE in experiment 2B may be due to the FCE calculated in week
11. However, it is also possible that this week effect stems from week 14 to 15 of experiment 2B,
where there was a high incidence of respiratory disease, and the FCE of the FREE calves is
numerically higher than those on the TMRT treatment.

6.4 Blood metabolites
The plasma glucose concentrations observed for calves on both the PELL and FREE diets are within
the range observed in other studies using milk-fed male calves (Zanker et al., 2001), growing bulls
fed grass silage and concentrate (Ronge and Blum, 1989), and heifer calves fed milk and
concentrate (Quigley and Bernard, 1992), of similar age to those in the present study.
Concentrations of plasma glucose were significantly different between PELL and FREE treatments
both at week 10 and week 18 (table 6). Calves on the FREE treatment appear to have higher
plasma glucose concentration compared to calves fed PELL, which may be related to their
numerically higher energy (SFU) intake. It is important to note, however, that the difference in
concentration of plasma glucose is not significant between week 10 and week 18, this indicates
that treatment (PELL versus FREE) and age did not have an effect on plasma glucose
concentrations. The time of sampling may have an effect on the observed concentrations of
plasma glucose. In this experiment, blood samples were taken between 10 and 11 am, meaning
calves would have had access to fresh feed offered that morning for a period of 1 to 2 hours. It is
possible that a postprandial rise in glucose concentrations affected the observed results, which
has been noted in previous studies in milk-fed veal calves (Blum and Hammon, 1999; Zanker et al.,
2001).
Plasma concentrations of NEFA were not significantly different between treatments or stage of
experiment in experiment 2A. Generally speaking, the values observed in this study fall within the
realm observed in other studies using bull calves, of similar age, fed pelleted concentrate with or
without hay (Quigley et al., 1992).
There was a significant difference in plasma BHBA concentrations between the FREE and PELL
treatments at week 18.The difference between BHBA concentrations between week 11 and 18 has
only a tendency (P<0.1) to be significant. It is possible that significantly higher BHBA concentration
in PELL treated calves stems from the significantly higher concentrate intake in this group,
compared to calves on the FREE treatment. It is possible that the concentrate increased the
production of butyrate in these calves (Baldwin et al., 2004; Drackley, 2008). One might expect
higher plasma BHBA concentrations at week 18 compared to week 10 (there is only a tendency,
P<0.1), due to the higher feed intake (Eckert et al., 2015). The BHBA concentrations observed in
this study are comparable to those observed in heifer calves fed milk and concentrate (Quigley
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and Bernard, 1992), and calves (male and female) fed various mixed rations and pelleted
concentrate (Borland and Kesler, 1979).
Plasma urea concentrations, as an indicator of protein intake (or mobilisation, although unlikely in
this experiment), were not significantly different between PELL and FREE treatments, or between
week 10 and week 18 of experiment 2A. The values observed in this study are comparable to
previous studies using growing bulls fed grass silage and concentrate (Ronge and Blum, 1989), and
milk-fed male calves (Zanker et al., 2001) of similar age to the calves used in the present study.
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7.0 Conclusions
In conclusion, feeding Holstein bull calves either PELL or FREE from 11 to 18 weeks of age resulted
in similar overall performance in terms of LW and ADG. Thus, we reject our initial hypothesis that
the FREE treatment would improve calf growth in the post-weaning period compared to solely a
pelleted concentrate. Feeding TMRT compared to FREE resulted in lower ADG and calves that are
compromised by disease perform more poorly in terms of ADG if fed solely a TMR compared to
free choice between pelleted concentrate and TMR. Thus, we confirm our hypothesis that calves
consuming solely TMR will have reduced post-weaning growth rates if compromised by disease,
compared to calves with free access to both a TMR and a pelleted concentrate. Feeding calves
step-down or conventional methods of milk feeding in the pre-weaning period did not affect postweaning performance; therefore, we reject our initial hypothesis that calves fed milk replacer by
step-down method pre-weaning would perform better post-weaning than calves fed milk replacer
by conventional methods (flat rate), regardless of post-weaning feeding strategy. Due to no
statistical analyses being performed on the performance and carcass characteristics of slaughtered
rosé calves in experiment 2A, and the lack of data for these parameters for experiment 2B, it is not
possible to give a conclusive answer to our hypothesis that there would be no long term effects of
early-post weaning feeding strategy on performance and carcass characteristics of calves
slaughtered at 10 months of age.

8.0 Perspectives
Under the context of Danish rosé veal production, this study has demonstrated that feeding
Holstein bull calves either a pelleted concentrate or free choice between a pelleted concentrate
and total mixed ration, between the ages of 11 to 18 weeks, is likely to benefit growth
performance in this early post-weaning period. In addition, despite feeding a total mixed ration
equal in net energy (MJ), digestible protein, starch, and digestible cell walls (g/kg DM) as a
pelleted concentrate, it was not possible to maintain average daily gain at the same level as calves
that had access to both the pelleted concentrate and total mixed ration.
Further investigation into this topic is required to substantiate the results observed in this study.
Perhaps of further interest would be a direct comparison of a pelleted concentrate treatment and
TMR treatment and the investigation of feeding behaviour, including time spent feeding, lying, and
ruminating or chewing while lying, between the different treatments applied in this study. It would
be of interest to focus further on health parameters of calves fed a TMR compared to free choice.
In addition, an economic evaluation of feeding costs versus benefits, such as improved growth
response and improved health status, should be considered as this will impact the feasibility of
Danish veal producers to adopt changes in feeding methods in the early post-weaning period.

52

References
Appleby, M. C., D. M. Weary, and B. Chua. 2001. Performance and feeding behaviour of calves on ad libitum
milk from artificial teats. Applied Animal Behaviour Science 74: 191-201.
Atwood, S. B., F. D. Provenza, R. D. Wiedmeier, and R. E. Banner. 2001. Influence of free-choice vs mixedration diets on food intake and performance of fattening calves. Journal of Animal Science 79:
3034-3040.
Bach, A., A. Gimenez, J. L. Juaristi, and J. Ahedo. 2007. Effects of physical form of a starter for dairy
replacement calves on feed intake and performance. Journal of Dairy Science 90: 3028-3033.
Baldwin, V. R. L., K. R. McLeod, J. L. Klotz, and R. N. Heitmann. 2004. Rumen development, intestinal growth
and hepatic metabolism in the pre- and postweaning ruminant. Journal of Dairy Science 87,
Supplement: E55-E65.
Beauchemin, K. A., L. Eriksen, P. Norgaard, and L. M. Rode. 2008. Short communication: Salivary secretion
during meals in lactating dairy cattle. Journal of Dairy Science 91: 2077-2081.
Beauchemin, K. A., M. Maekawa, and D. A. Christensen. 2002. Effect of diet and parity on meal patterns of
lactating dairy cows. Canadian Journal of Animal Science 82: 215-223.
Blum, J. W., and H. Hammon. 1999. Endocrine and metabolic aspects in milk-fed calves. Domestic Animal
Endocrinology 17: 219-230.
Borland, K., and E. M. Kesler. 1979. Complete rations for holstein calves 8 to 18 weeks of age. Journal of
Dairy Science. 62: 304-309.
Bull, L. S., L. J. Bush, J. D. Friend, B. Harris, and E. W. Jones. 1965. Incidence of ruminal parakeratosis in
calves fed different rations and its relation to volatile fatty acid absorption. Journal of Dairy Science
48: 1459-&.
Castells, L., A. Bach, A. Aris, and M. Terre. 2013. Effects of forage provision to young calves on rumen
fermentation and development of the gastrointestinal tract. Journal of Dairy Science 96: 52265236.
Coppock, C. E., D. L. Bath, and B. Harris. 1981. From feeding to feeding systems. J. Dairy Sci. 64: 1230-1249.
Coverdale, J. A., H. D. Tyler, J. D. Quigley Iii, and J. A. Brumm. 2004. Effect of various levels of forage and
form of diet on rumen development and growth in calves. Journal of Dairy Science 87: 2554-2562.
Cozzi, G. et al. 2002. The provision of solid feeds to veal calves: I. Growth performance, forestomach
development, and carcass and meat quality. Journal of Animal Science 80: 357-366.
Daneshvar, D. et al. 2015. The effect of restricted milk feeding through conventional or step-down methods
with or without forage provision in starter feed on performance of Holstein bull calves. Journal of
Anim. Science 93: 3979-3989.
Devries, T. J., and M. A. G. von Keyserlingk. 2009. Short communication: Feeding method affects the
feeding behavior of growing dairy heifers. Journal of Dairy Science 92: 1161-1168.
Dijkstra, J. 1994. Production and absorption of volatile fatty-acids in the rumen. Livestock Production
Science 39: 61-69.
Drackley, J. K. 2008. Calf Nutrition from Birth to Breeding. Veterinary clinics of north america: Food animal
practice 24: 55-86.
Eckert, E., H. E. Brown, K. E. Leslie, T. J. DeVries, and M. A. Steele. 2015. Weaning age affects growth, feed
intake, gastrointestinal development, and behavior in Holstein calves fed an elevated plane of
nutrition during the preweaning stage. Journal of Dairy Science 98: 6315-6326.
Fertner, M., N. Toft, H. L. Martin, and A. Boklund. 2016. A register-based study of the antimicrobial usage in
Danish veal calves and young bulls. Preventive Veterinary Medicine 131: 41-47.
Frandson, R. D., W. L. Wilke, and A. D. Fails. 2009. Anatomy and physiology of farm animals. 7th edition ed.
Wiley-Blackwell.

53

Greter, A. M., K. E. Leslie, G. J. Mason, B. W. McBride, and T. J. DeVries. 2010. Effect of feed delivery
method on the behavior and growth of dairy heifers. Journal of Dairy Science 93: 1668-1676.
Hill, T. M., H. G. Bateman, J. M. Aldrich, and R. L. Schlotterbeck. 2008. Effects of the amount of chopped hay
or cottonseed hulls in a textured calf starter on young calf performance. Journal of Dairy Science
91: 2684-2693.
Hill, T. M., H. G. Bateman, J. M. Aldrich, and R. L. Schlotterbeck. 2010. Effect of milk replacer program on
digestion of nutrients in dairy calves. Journal of Dairy Science 93: 1105-1115.
Jasper, J., and D. M. Weary. 2002. Effects of ad libitum milk intake on dairy calves. Journal of Dairy Science
85: 3054-3058.
Jensen, M. B. 2006. Computer-controlled milk feeding of group-housed calves: The effect of milk allowance
and weaning type. Journal of Dairy Science 89: 201-206.
Jensen, V. F., E. Jacobsen, and F. Bager. 2004. Veterinary antimicrobial-usage statistics based on
standardized measures of dosage. Preventive Veterinary Medicine 64: 201-215.
Khan, M. A., A. Bach, D. M. Weary, and M. A. G. von Keyserlingk. 2016. Invited review: Transitioning from
milk to solid feed in dairy heifers. Journal of Dairy Science 99: 885-902.
Khan, M. A. et al. 2007a. Structural growth, rumen development, and metabolic and immune responses of
Holstein male calves fed milk through step-down and conventional methods. Journal of Dairy
Science 90: 3376-3387.
Khan, M. A. et al. 2007b. Pre- and postweaning performance of Holstein female calves fed milk through
step-down and conventional methods. Journal of Dairy Science 90: 876-885.
Khan, M. A., D. M. Weary, and M. A. G. von Keyserlingk. 2011a. Hay intake improves performance and
rumen development of calves fed higher quantities of milk. Journal of Dairy Science 94: 3547-3553.
Khan, M. A., D. M. Weary, and M. A. G. von Keyserlingk. 2011b. Invited review: Effects of milk ration on
solid feed intake, weaning, and performance in dairy heifers. Journal of Dairy Science 94: 10711081.
Kristensen, N. B., J. Sehested, S. K. Jensen, and M. Vestergaard. 2007. Effect of milk allowance on
concentrate intake, ruminal environment, and ruminal development in milk-fed holstein calves.
Journal of Dairy Science 90: 4346-4355.
Lundborg, G. K., E. C. Svensson, and P. A. Oltenacu. 2005. Herd-level risk factors for infectious diseases in
Swedish dairy calves aged 0-90 days. Preventive Veterinary Medicine 68: 123-143.
Maekawa, M., K. Beauchemin, and D. A. Christensen. 2002. Effect of concentrate level and feeding
management on chewing activities, saliva production, and ruminal ph of lactating dairy cows l.
Journal of Dairy Science 85: 1165-1175.
McDonald, P. et al. 2011. Animal nutrition. 7th edition ed. Pearson Education Limited.
Montoro, C., E. K. Miller-Cushon, T. J. DeVries, and A. Bach. 2013. Effect of physical form of forage on
performance, feeding behavior, and digestibility of Holstein calves. Journal of Dairy Science 96:
1117-1124.
Murphy, M. 2004. From birth to puberty. Advances in Dairy Technology 16: 153-160
Nejad, J. G. et al. 2012. Effects of processing of starter diets on performance, nutrient digestibility, rumen
biochemical parameters and body measurements of brown swiss dairy calves. Asian Australas.
Journal of Animal Science 25: 980-987.
Nissanka, N., R. Bandara, and K. Disnaka. 2010. A comparative study on feeding of total mixed ration vs
conventional feeding on weight gain in weaned friesian heifers under tropical environment. Journal
of Agricultural Sciences 5.
Overvest, M. A., R. Bergeron, D. B. Haley, and T. J. DeVries. 2016. Effect of feed type and method of
presentation on feeding behavior, intake, and growth of dairy calves fed a high level of milk.
Journal of Dairy Science 99: 317-327.
Polkinghorne, R. J., and J. M. Thompson. 2010. Meat standards and grading: A world view. Meat Science 86:
227-235.

54

Quigley, J. D., and J. K. Bernard. 1992. Effects of nutrient source and time of feeding on changes in blood
metabolites in young calves. Journal of Animal Science 70: 1543-1549.
Quigley, J. D., T. M. Steen, and S. I. Boehms. 1992. Postprandial changes of selected blood and ruminal
metabolites in ruminating calves fed diets with or without hay. Journal of Dairy Science 75: 228235.
Quigley, J. D., T. A. Wolfe, and T. H. Elsasser. 2006. Effects of additional milk replacer feeding on calf health,
growth, and selected blood metabolites in calves. Journal of Dairy Science 89: 207-216.
Rasmussen, J., and A. Harrison. 2011. The benefits of supplementary fat in feed rations for ruminants with
particular focus on reducing levels of methane production. ISRN Veterinary Science 2011: 613172.
Ronge, H., and J. Blum. 1989. Insulin-like growth factor-l during growth in bulls. Reproduction Nutrition
Development. 29: 105-111.
Roth, B. A., N. M. Keil, L. Gygax, and E. Hillmann. 2009. Influence of weaning method on health status and
rumen development in dairy calves. Journal of Dairy Science 92: 645-656.
Sander, E. G., R. G. Warner, H. N. Harrison, and J. K. Loosli. 1959. The stimulatory effect of sodium butyrate
and sodium propionate on the development of rumen mucosa in the young calf. Journal of Dairy
Science 42: 1600-1605.
Silper, B. F. et al. 2014. Effects of milk replacer feeding strategies on performance, ruminal development,
and metabolism of dairy calves. Journal of Dairy Science 97: 1016-1025.
Sjaastad, O. V., Hove, K., Sand, O. 2010. Physiology of domestic animals. Scandinavian Veterinary Press.
Stobo, I. J., J. H. Roy, and H. J. Gaston. 1966. Rumen development in the calf l: The effect of diets containing
different proportions of concentrates to hay on rumen development. The British Journal of
Nutrition 20: 171-188.
Stone, W. 2004. Nutritional approaches to minimize subacute ruminal acidosis and laminitis in dairy cattle.
Journal of Dairy Science 87: E13-E26.
Suárez, B. J. et al. 2006. Effects of supplementing concentrates differing in carbohydrate composition in
veal calf diets: ll. Rumen development. Journal of Dairy Science 89: 4376-4386.
Tamate, H., A. D. McGilliard, N. L. Jacobson, and R. Getty. Effect of various dietaries on the anatomical
development of the stomach in the calf. Journal of Dairy Science 45: 408-420.
Terre, M., L. Castells, M. A. Khan, and A. Bach. 2015. Interaction between the physical form of the starter
feed and straw provision on growth performance of Holstein calves. Journal of Dairy Science 98:
1101-1109.
Terre, M., M. Devant, and A. Bach. 2007. Effect of level of milk replacer fed to Holstein calves on
performance during the preweaning period and starter digestibility at weaning. Livestock Science
110: 82-88.
Thomas, D. B., and C. E. Hinks. 1982. The effect of changing the physical form of roughage on the
performance of the early-weaned calf. Animal Production 35: 375-384.
Zanker, I. A., H. M. Hammon, and J. W. Blum. 2001. Delayed feeding of first colostrum: are there prolonged
effects on haematological, metabolic and endocrine parameters and on growth performance in
calves? Journal of Animal Physiology and Animal Nutrition 85: 53-66.

55

Appendices
Annex 1: Ingredient composition of pelleted concentrate used in experiment 2A and 2B,
provided from the manufacturer.
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Annex 2: Nutrient composition of pelleted concentrate used in experiment 2A and 2B, provided
by the manufacturer.

Annex 3: Feed ingredients of total mixed ration (TMR), based on formulation, used in
experiment 2A and 2B.
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Annex 4: Nutrient composition, based on formulation, of the total mixed ration used in
experiment 2A and 2B.
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Annex 5: Chemical composition of the hay (Grønhø Plus, DLG, Denmark) used in experiment 2A
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Annex 6: Preliminary chemical composition of the hay (Grønhø Standard, DLG, Denmark) used in
experiment 2B.
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Annex 7: Accepted abstract to be presented as a poster at the EAAP annual meeting, Tallinn,
Estonia, 2017.
Abstract title: Performance of weaned dairy bull calves fed concentrate or free choice of
concentrate and TMR.
Authors: Jensen, A., Juhl, C., Drake, N., Jensen, M.B., Vestergaard, M.
In rosé veal calf production, transition from a liquid-based milk replacer diet to a dry feed-based
diet poses a potential risk; calves not only change diet but are often shipped, mixed, or re-grouped
before weaning. Some rosé veal farms feed calves a total mixed ration (TMR) from weaning, while
others feed pelleted concentrate or a combination of both. The objective of this study was to test
how weaned dairy bull calves performed from 10 to 18 wk of age when offered either a pelleted
concentrate (PELL) or free choice between pelleted concentrate and TMR (FREE). A total of 32
calves were purchased from 3 dairy herds at 12±1 days of age and 48±1 kg LW (Mean±SE). Until
weaning at 8 wk of age, calves were offered a total of 224 L milk replacer (21 % CP, 20 % fat). Until
10 wk of age, calves had free access to a pelleted concentrate (19% CP) and artificially-dried
chopped hay (14% CP). Milk and concentrate intakes were recorded individually via automated
feeders. At wk 10 (95±2 kg LW), calves were assigned to either PELL or FREE. The pelleted
concentrate and the TMR had (kg DM basis) similar NE (7.9 MJ), CP (218 g), and starch content
(335 g), but varied in DM (87 vs. 70%). A total of 31 calves completed the experiment. During wk
10-18, hay comprised 8.8% of DMI for PELL and 2.6% for FREE, while TMR intake comprised 43% of
DMI from pellets+TMR for FREE calves. Concentrate intake was 4.25 and 2.76 kg DM/d (P<0.001)
for PELL and FREE, respectively. TMR intake was 1.98 kg DM/d for FREE calves. LW at 18 wk of age
was 181 and 175 kg (P<0.32) and ADG from wk 10 to 18 was 1.54 and 1.41 kg/d (P<0.31) for PELL
and FREE, respectively. The lower concentrate intake of FREE may pose a risk of a lower growth
rate compared with PELL but this could not be confirmed in the present study. Any long-term
consequences for growth, feed utilization, and carcass value also need to be studied.
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