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ABSTRACT

ABSTRACT

Solid feeds (SF), comprising roughages and concentrates, represent an increasingly
important source of nutrients for veal calves. From a welfare and economic perspective,
there is a strong incentive to replace a considerable portion of the milk replacer (MR) by SF
in the diet. However, interactions between MR and SF complicate the prediction of the
nutritional value of these ration components, and adverse effects on health may occur
when combining MR and SF. To investigate these interactions, various combinations of
MR, concentrates, and roughages were tested in a series of large-scale studies.

When provided with unrestricted access to MR, concentrates, maize silage, hay, and straw
over a 6-month period, calves markedly changed their preferences over time, and
individual differences appeared very large. However, the ratio between digestible crude
protein and digestible energy in the diet of choice appeared remarkably constant
between calves. Another set of studies aimed at defining age-related changes in utilization
efficiency of SF. It was demonstrated that stimulating early rumen development (before 12
wk of age) improves the nutritional value of each kg of SF in later life. In another study, it
was shown that the nutritional value of SF increases with age. This effect is likely related to
improved fermentation of fibrous SF. Increasing SF intake lead to an increase in the passage
rates of concentrates and straw through the rumen.

Compared to the feeding of MR alone, nitrogen (N) economy of veal calves can be
improved by feeding a low-protein SF, creating a N shortage in the rumen. Urea-N, likely
originating from the MR, was demonstrated to recycle back into the rumen for microbial
protein production. In a subsequent study, it appeared that the feeding of a high-protein
SFimproved ruminal degradation of fibrous SF relative to a low-protein SF at equal protein
intake, balanced via the MR. Urea recycling was demonstrated to be unable to completely
compensate a N shortage in the rumen. An important interaction between MR and SF can
be the influence of SF on the proportion of MR flowing in the rumen, where it is fermented
and potentially causes health problems. The current standard to measure this so-called
‘ruminal drinking' is the Co recovery method, which requires sacrificing the calves. Several
non-terminal methods to quantify ruminal drinking were evaluated in three consecutive
experiments. From a meta-analysis of Co recovery data, it was shown that on average 17%
of the MR fed flows into the rumen instead of the abomasum. No associations with SF or
MR intake related variables were found. Potential adverse effects of replacing MR by SF
include abomasal damage, particularly in the pyloric area. This generally increases with
the intake of SF, particularly in the presence of sharp, abrasive particles, and more so with
a 20:80 than with a 50:50 mixture of roughage:concentrate. Results indicated that early
rumen development can offer some protection in later life.
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In conclusion, when taking interactions between MR and SF into account, it appeared
possible to replace a considerable portion of MR by SF without compromising calf
performance and health.
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General Introduction







GENERAL INTRODUCTION

VEAL SECTOR

In Europe, 806 000 tons of veal is consumed annually. Veal originates from calves that
are slaughtered before 12 months of age. Veal is consumed predominantly in [taly,
France, and Germany. In Europe, veal production is concentrated in the Netherlands,
France, Italy, and Belgium, and average production is approximately 6 million veal calves
annually. In addition, veal is produced in North-America (Sans and De Fontguyon, 2009).
The Netherlands is a large producer of veal globally, with more than 900 000 calves in 2013
(Figure 1.1). Approximately 90% of the veal produced in the Netherlands is exported (LEI,
2010; Sans and De Fontguyon, 2009). The dairy sector and the veal sector are historically
linked because most veal calves were surplus dairy bull calves fed milk-based milk replacer
(MR). At a national perspective, however, this traditional link in the Netherlands has
become less strong, since large numbers of new-born calves are imported from Germany,
Poland, and the Baltic States. Furthermore, dairy products as the main ingredients for MR
are increasingly replaced by ingredients of vegetable origin.
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Figure 1.1 Development of the number of veal calves present at January 1% from 1981 to
2011 in the Netherlands (left), and a comparison between the number of white and rose
veal calves over the last 5 years (right). Source: Statistics Netherlands.

Two types of veal are distinguished: rosé and white veal. These names refer to the color of
the meat, influenced by differences in the diet composition. White veal originates from
calves younger than 8 months of age that are fed a diet consisting of primarily MR, whereas
rosé veal originates from calves younger than 12 months of age that are weaned at around
12 weeks of age and then fattened on solid feed (SF). Rosé veal is considerably cheaper
than white veal, but the production costs are also lower because of the reduced feeding
costs. Rosé veal production started in the 1990s and has evolved since then to a current
market share of over 30% of the Dutch veal sector (Figure 1.1).
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This thesis considers white veal production only. White veal is produced at specialized
veal farms. The white veal sector is highly integrated, with processes such as production
of MR, slaughtering, meat processing, and transport organized within one enterprise.
Predominantly male calves are purchased from dairy farms at 2 weeks of age and reared
at specialized veal farms for 19 to 27 weeks for the production of veal. Calves are purchased
by companies, and farmers receive a fee for rearing the calves according to the company’s
guidelines on feeding and management. The most commonly used veal housing system
globally is group housing on slatted floors in pens of 2 to 8 calves after a period (2 to 6 wk)
of individual housing.

DIET

The paleness of white veal is achieved by feeding a diet consisting primarily of low-iron
MR, which is typically provided twice daily. Veal calves are traditionally fattened on a diet
consisting only of MR. In the past, MR was based on skim milk powder, a by-product of
butter production, partly because the marketing of skim milk powder was subsidized to
stimulate dairy production in Europe. From the 1970s onwards, there was a shift from the
use of skim milk powders in MR towards whey powder, a by-product of cheese production,
de-lactosed whey powder, and vegetable sources (mainly soluble or dispersible products
originating from soy and wheat).

Today, SF represents an increasingly important part of the diet for white veal calves. This
may be explained, first, by the increasing prices of MR ingredients, especially over the past
5 years. Figure 1.2 shows that prices for whey powder have doubled since 2009. For skim
milk powder, prices have also increased to over €3 per kg.

A second reason is the introduction of a welfare-associated EU Directive introduced in
1997 that stimulated inclusion of SF in the ration of veal calves at the expense of MR. Veal
calves only provided with MR often show non-nutritive and abnormal oral behaviors,
including tongue playing and rolling, oral manipulation of inedible objects (trough,
bucket, pen structure), and sham chewing (Kooijman et al,, 1991, Van Putten, 1982, Veissier
et al, 1998, Wiepkema et al., 1987). These behaviors indicate chronic stress and impaired
welfare (Mason and Rushen, 2008). In veal calves, abnormal oral behaviors result from the
absence of SF (Veissier et al,, 1998). Indeed, providing SF to veal calves reduced abnormal
oral behaviors (Kooijman et al.,, 1991, Mattiello et al., 2002, Veissier et al., 1998, Webb et al,,
2012) and improved rumen development (Di Giancamillo et al,, 2003). In 1995, the Scientific
Veterinary Committee concluded that “the lack of SF led to impairments in rumen
development in such a way that veal calves could not express their natural condition of
ruminants” (Scientific Veterinary Committee, 1995). Therefore, a European Directive
(Council Directive 97/2/EC, 1997) was adopted in 1997, which stipulated that veal calves
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Figure 1.2 Development of world market prices of sweet whey powder (non-hygro-
scopic) and skim milk powder (1.25% butter fat) from 20009 till present. Source: USDA, 2014.

should be provided ‘with a minimum daily amount of fibrous feed, ranging from 50 g/day
at 8 weeks of age to 250 g/day at 20 weeks of age’

A substantial increase of the SF component at the expense of MR in veal calf diets could
improve calf welfare and be beneficial in terms of economic performance. However,
optimal feeding strategies using MR combined with SF have not been established yet. No
specifications were made in the Directive concerning the dry matter (DM) content, source,
or particle size of SF. Fiber-rich sources are more effective in preventing abnormal oral
behaviors when compared with concentrate sources of SF (Mattiello et al., 2002, Morisse
etal, 2000, Webb et al,, 2012) and increasing SF intake above 250 g/d decreases abnormal
behaviors further (Webb et al,, 2013). Observations in practice and under experimental
conditions indicate that combining the feeding of SF and MR may induce a number of
health and growth related issues which are caused by complex interactions between the
MR and SF components of the diet. These partly interrelated issues, as further discussed in
the next paragraphs, currently limit the increase of SF in veal calf diets.

HEALTH

Reported mortality rates for veal calves range between 2.5 and 5.3% (Bahler et al,, 2012,
Pardon et al, 20123, Sargeant et al., 1994, Stull and McDonough, 1994, Wilson et al., 1994).
The main causes of mortality in veal calves are pneumonia, ruminal disorders, idiopathic
peritonitis, enterotoxaemia, and enteritis (Pardon et al, 2012b). Various factors may
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contribute to the high incidence of intestinal and respiratory diseases in veal calves. First,
after birth, some calves do not receive colostrum or a limited amount (Wilson et al., 1994).
Colostrum intake is important for the transfer of passive immunity, but also supplies
nutrients, hormones, growth factors, cytokines, enzymes, polyamines and nucleotides.
This in turn can improve the development and function of the gastrointestinal tract, along
with several other aspects (Blum and Hammon, 2000). Second, veal calves present at the
same fattening unit usually originate from a multitude of different dairy farms and,
therefore, carry a variety of infectious agents. Up until arrival at the veal farm, exposure to
pathogens, starvation, transport, and dietary changes are major stress events. These
factors challenge the calves’ immune system and gut barrier function at an early stage of
life. Antimicrobial drug use in the veal sector is highest of all food producing animal
sectors (Pardon et al, 2012a). As a consequence, multidrug resistance is widely present in
the veal industry (Catry et al,, 2007, Cook et al,, 2011, Graveland et al., 2010, van Cleef et al,,
2011). Health aspects related to diet composition are discussed in the next paragraphs.

Rumen Development. At birth, the rumen of a calf has not yet developed (Figure 1.3).
Milk bypasses the rumen by means of the esophageal groove. Papillary growth, rumen
wall muscularization and vascularization, and reticulorumen volume are minimal (Tamate
et al, 1962). When MR is the only source of nutrients, the rumen remains undeveloped
(Sudrez et al,, 2006). Rumen development is initiated by the fermentation of SF, triggered
by establishment of the anaerobic ruminal microbial ecosystem and absorption of
fermentation end products (Baldwin VI et al, 2004). Ruminal papillae development is
triggered by end-products of fermentation, volatile fatty acids (VFA), especially butyrate
(Flatt et al, 1958, Sander et al, 1959), whereas the physical structure of roughages
contributes to the muscular development and expansion of ruminal volume (Stobo et al,,
1966). In veal calves, concentrate feeding in combination with MR has been shown to
result in abnormal development and functioning of the rumen (Suérez et al,, 2006). Poor
rumen development and ‘plaque formation’ (coalescing rumen papillae with embedded
hair, feed particles and cell debris) were found in 60% and 31% of all veal calves, respectively
(Brscic et al,, 2011).

Although the consequences for the calf's health and performance are still largely
unknown, the absorptive capacity of the rumen papillae may be limited in the case of
plaque formation, resulting in accumulation of VFA in the rumen. Adding roughage to the
concentrate decreased the incidence of plaque formation as well as the incidence of a
poorly developed rumen mucosa (Sudrez et al., 2007), whereas type and level of roughage
had a limited effect on rumen mucosa development (Sudrez et al,, 2007). Another factor
associated to SF intake in veal calves is hyperkeratosis, or thickening of the stratum
corneum, which is found in 6% of veal calves (Brscic et al., 2011). Hyperkeratosis creates a
physical barrier, and may restrict VFA absorption and cause papillae degeneration and
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Oesophagus Oesophagus

Figure 1.3 Comparative size of stomach compartments of a pre-ruminant calf (left) and
of an adult ruminant (right).

sloughing (Beharka et al,, 1998). Hyperkeratosis is associated with the abrasive value of the
(concentrate) feed, and may decrease rumen pH as well (Greenwood et al,, 1997). When
the provision of SF in veal calf rations increases, adequate rumen development and
fermentation becomes more important. The onset of rumen development is a process
requiring time and energy, and potentially calves benefit from an early onset in the
fattening period.

Ruminal Drinking. Ruminal drinking (RD), i.e. leakage of MR into the rumen, may result
from failure of the esophageal groove reflex or backflow of MR from the abomasum. In a
clinical case, RD can result in chronic maldigestion (Stocker et al., 1999), ruminal acidosis,
lack of appetite, and recurrent bloat (van Weeren-Keverling Buisman et al, 1991), and
consequently a reduced growth rate. Although clinical cases of RD have been described
extensively (Gentile et al,, 2004, Herrli-Gygi et al., 2006, Van Weeren-Keverling Buisman et
al, 1990, van Weeren-Keverling Buisman et al.,, 1991), quantitative data on subclinical RD
are scarce, partly due to methodological issues. Recent studies have shown that the
incidence of subclinical RD can be substantial in veal calves. On average, between 21 and
35% of an orally supplied dose of COEDTA was recovered in the rumen at slaughter (Sudrez
et al, 2007). In a subclinical case, nutrients from MR are subject to rumen fermentation
which may reduce post-absorptive availability of nutrients. Ruminal drinking may not only
decrease nutrient availability and the efficiency of nutrient utilization for protein and fat
retention, the resulting fermentation of nutrients from MR in the rumen will also affect
rumen functioning and fermentation of SF.
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Addition of a SF component to the veal calf ration may reduce the incidence of acute
clinical symptoms of RD such as recurrent bloat and ruminal acidosis, when the presence
of SFin the rumen can prevent acute problems related to fermentation of MR. However,
the effects of SF quantity and composition on the functioning of the reticular groove
reflex have, to the best of our knowledge, not been reported, and the effects of SF
provision and interactions with MR intake on ruminal drinking are, therefore, unknown. It
has been suggested that the extent of ruminal drinking increases with SF provision and
age of a calf (Guilhermet et al,, 1975), although the number of calves tested was limited in
this experiment. The volume of ruminal milk can be measured as the recovery of an
indigestible dietary marker in the rumen (Sudrez et al., 2007). However, measuring recovery
at slaughter does not allow the repeated measurement of RD of one animal and it is
unknown whether RD is constant over time (i.e. between meals or days). In order to study
subclinical RD and related factors, there is a need for a method to quantify RD that does
not require calves to be sacrificed.

Abomasal Lesions. Ulcers and erosions are commonly found in the abomasa of veal
calves, with prevalence rates ranging from 32 to 76% (Brscic et al., 2011, Marshall, 2009).
Abomasal lesions include erosions, ulcers, and scars. Erosions are defined as discrete
mucosal defects that do not penetrate the muscularis mucosa; they are usually multiple,
circular and appear as small hyperemic indentations in the mucosa (Marshall, 2009). Ulcers
are defined as defects penetrating the entire thickness of the mucosa and extending
through the submucosa, muscularis externa, and serosa; they occur both single and
multiple and are variable in size (Marshall, 2009).

Multiple factors have been associated with abomasal ulcers in bovines such as abomasal
hyperacidity (Ahmed et al,, 2002), bacterial agents such as Clostridium, Escherichia coli and
Campylobacter species (Jelinski et al., 1995), and stress (Braun et al,, 1991, Wiepkema et al,,
1987). In veal calves, the provision of SF has been shown to increase the prevalence of
abomasal lesions (Brscic et al, 2011, Mattiello et al, 2002, Welchman and Baust, 1987),
especially when the SF is rich in fiber (Webb et al,, 2013). It is hypothesized that some
roughage particles exert a mechanically abrasive effect on abomasal mucosa that is
sensitive to ulceration due to overfilling, when large volumes of MR are consumed in one
meal. Apart from reducing MR meal volume, abomasal ulcers may be reduced by
stimulating early rumen development, thus reducing the occurrence of sharp particles
before they enter the abomasum.
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NUTRIENT UTILIZATION

Predicting growth performance becomes increasingly complex with the contribution of
SF to the veal calves' diet. The growth performance of veal calves that are fed a combination
of MR and SF cannot be predicted from feeding values derived from calves fed only SF or
calves fed only MR, because interactions may occur between nutrients at the level of
digestion (i.e. in the digestive tract), or at a post-absorptive (e.g. in the circulation) level.
Some interactions may affect health or may be age-dependent, which further complicates
an accurate prediction of growth performance. The most important interactions and
complicating factors related to the prediction of growth performance are outlined below.

Interactions and Nitrogen and Energy Efficiency. In MR-fed calves, the efficiency of
dietary nitrogen (N) utilization for growth is low, resulting in relatively high N emissions.
Veal production, therefore, contributes to emissions of N in the form of ammonia (NH;)
and nitrous oxide (N,0), with subsequent effects on eutrophication and global warming.
The route of N excretion can be affected by the feeding strategy employed. As an example,
a comparison between N utilization in milk-fed calves and SF-fed calves is made in Figure
14.In MR-fed calves, of every additional 100 g N ingested, 92 g of N is digested of which
30 gis retained for growth (Gerrits et al., 1996). In SF-fed calves, of every additional 100 g N
ingested, 45 g of N is digested of which 25 g is retained for growth (Ortigues et al., 1990).
This means that although digestibility of N is much greater in MR-fed calves than in SF-fed
calves, digested N is retained more efficiently in SF-fed calves.

Milk replacer Solid feed
| 100gN | 100gN
intake intake
1 Al A A
92¢g 8g 459 559
digested faeces digested faeces
1 A 1
309 629 25g 20g
growth urine growth uriné
Veal calves (BW 120 kg) Heifer calves (BW 160 kg)
Gerrits et al., 1996 Ortigues et al., 1990

Figure 1.4 Examples of marginal response to N intake in milk-fed calves (left) and in
SF-fed heifer calves (right).
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The relatively low efficiency of N utilization in MR-fed calves could be explained by several
factors, including a reduced post-absorptive amino acid utilization due to decreased
insulin sensitivity, utilization of amino acids for gluconeogenesis, and an asynchronous
nutrient supply (van den Borne et al,, 2006a, van den Borne et al,, 2012). In addition, the
efficiency of post-absorptive N utilization in milk-fed calves is known to decrease with age
(van den Borne et al,, 2006b). In milk-fed calves, almost all of the urea produced by the liver
is excreted in the urine. In ruminant animals, however, a major part of urea produced by
the liver enters the gastrointestinal tract through either direct transfer from blood across
the epithelial tissues or via saliva. In the gastrointestinal tract, urea is degraded to NH;
through the action of microbial urease, and can be used for microbial protein synthesis.
This recycling mechanism provides a source of N for microbial protein synthesis when N
supply from the diet is insufficient (Lapierre and Lobley, 2001). Potentially, urea recycling
could contribute quantitatively to improvement of N utilization efficiency when MR-fed
calves are provided with low-N SF. A low-N SF is insufficient to meet N requirements for
microbial digestion in the rumen and could stimulate the re-use of N from urea. This, in
turn, may not only reduce the amount of N excreted but also the proportion excreted as
volatile urinary urea N. In addition, the effect of route of protein administration (i.e. via SF
or MR) is of interest, since N availability may limit microbial growth and fermentation
capacity in the rumen when urea recycling is inadequate in quantity or timing. It is
currently unknown how interactions between SF and MR affect protein deposition in
calves. Also, the route of protein administration (SF vs. MR) may impact whole body
protein metabolism.

Furthermore, energy obtained from SF versus MR may differently affect energy utilization.
The main energy sources for milk-fed calves are lactose and fats, whereas the main energy
sources for ruminants are VFA. When providing SF, 2 to 12% of gross energy from SF is lost
as methane (Johnson and Johnson, 1995). Furthermore, energy required for maintenance
may increase because of the maintenance requirements of increased rumen tissue in
calves fed SF.

Passage Rates. The gastrointestinal passage rate of diet components, i.e. the rate at which
digesta leave a compartment of the gut, largely determines both the site and extent of
degradation of diet components, as well as the efficiency of microbial protein synthesis.
Therefore, the development of a nutrient-based evaluation of veal calf rations requires
knowledge about specific retention times of each dietary component. When increasing
the dietary proportion of roughages and/or concentrates, gaining insight in rumen
degradation kinetics becomes increasingly important. The passage rate of MR may be
affected by roughage and concentrate intake. Furthermore, ruminal drinking may affect
the passage rate of roughages and concentrates as it affects degradation processes in the
rumen. As in fully ruminants (Colucci et al, 1990, Huhtanen and Kukkonen, 1995, Stensig
andRobinson, 1997), passage kinetics are likely to be affected by roughage and concentrate

20
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proportions and level of intake. Currently, there are no data on gastrointestinal passage
kinetics in veal calves for rations including both SF and MR.

VOLUNTARY FEED INTAKE

When designing SF based rations for veal calves, both maximum growth performance
and gastrointestinal development need to be achieved. Maximizing growth rate is realized
through high MR whereas the development of a healthy rumen requires intake of both
concentrates and roughages (Suarez et al, 2006, Sudrez et al,, 2007) which can only be
realized at lower MR intakes. An early onset of rumen development may be beneficial to
SF utilization at a later stage. On the other hand, nutrient utilization of MR is most efficient
early in life (van den Borne et al, 2006a) and MR has a greater energy-density compared to
SF sources. The combination of high amounts of MR and SF in a calf ration is associated to
gastrointestinal problems such as abomasal lesions, plaque formation, and hyperkeratosis
of the rumen wall (Prevedello et al, 2012). So far, studies on calf nutrition have primarily
used experimental contrasts to study separate effects of dietary components. An
alternative is to study the intake of dietary components in a free-choice setting; this can
provide important information about feed preferences, as demonstrated in sheep (Cooper
et al, 1996, Villalba and Provenza, 1996, Villalba and Provenza, 1999) and in weaned calves
(Atwood et al, 2001). In free-choice experiments with calves, MR has never been a ration
component despite its obvious potential contribution to energy intake. MR and SF may
differentially affect satiety and voluntary feed intake. For example, SF intake could be
restricted by digesta load in the rumen (Dado and Allen, 1995). In addition, calves may
regulate feed intake based on specific nutrient intake. In weaned calves, large individual
differences in feed preferences were observed but ratios of protein to energy intake are
very similar for all calves (Atwood et al,, 2001). In dairy cows, dietary inclusion of both
unsaturated and saturated fatty acids has been shown to decrease DM intake (Allen, 2000,
Benson and Reynolds, 2001, Harvatine and Allen, 2006), whereas intestinal and intravenous
glucose infusions did not affect intake (Allen, 2000). Identification of cues driving the
motivation for intake of roughage, concentrates and MR can contribute to fundamental
understanding of (individual differences in) feed preferences in calves. In addition, there is
a lack of information concerning the mechanisms that drive or limit voluntary feed intake
in calves.

21
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OBJECTIVE AND OUTLINE

The objective of this thesis was to provide a scientific basis for the development of novel
feeding strategies combining MR and SF, optimizing the use of feed resources, and
alleviating health problems related to interactions between SF and MR. To this end, effects
of SF provision, when combined in a diet with MR, to protein and energy metabolism were
quantified. Secondly, ruminal drinking was quantitatively assessed and an attempt was
made to identify underlying mechanisms. Thirdly, dietary effects on abomasal damage,
rumen development, and passage kinetics were studied. Finally, preferences for MR and
SF sources were studied in calves to gain fundamental understanding of cues driving feed
preferences.

In Chapter 2, an experiment revealing the effects of onset of rumen development on
growth performance and abomasallesions is described. In Chapter 3, effects of low-protein
SF provided on top of a MR diet on energy and N utilization using indirect calorimetry are
evaluated. Then, in Chapter 4, the contribution of urea kinetics and urea transporters to N
utilization in calves fed MR and SF are evaluated. In Chapter 5, indirect and direct methods
to quantify ruminal drinking are evaluated. In Chapter 6, an experiment evaluating feed
preferences and their consequences for health and performance in calves from 2 wk to 6
months of age are presented. In Chapter 7, effects of SF level and composition on growth
performance are evaluated in a large-scale paired-gain experiment. In Chapter 8, an
isonitrogenous comparison was made to quantify the effect of level of SF intake and level
of protein in SF and MR on urea recycling and N retention. In Chapter 9, effects of SF level
and composition on ruminal drinking and passage kinetics of MR, concentrates and straw
as well as organ characteristics were quantified. Chapter 10 includes a general discussion
with emphasis on protein and energy metabolism, the quantitative assessment of ruminal
drinking, and discussion of feed preferences and voluntary feed intake. Finally, general
conclusions are drawn from this thesis.

22
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CHAPTER 2

ABSTRACT

The experiment was designed to study the importance of early rumen development and
of the composition of solid feed intake on growth performance and abomasal health in
milk-fed veal calves. One hundred and six Holstein-Friesian male calves were included in
the experiment, and studied during 2 successive 12-wk periods (period 1 and period 2). In
a 2 x 2 factorial arrangement, effects of partially replacing milk replacer by solid feed
during period 1 and partially replacing dry matter (DM) intake from maize silage and
barley straw by concentrate during period 2 were tested. Solid feed during period 1
consisted of maize silage, barley straw, and concentrate (25:25:50 on a DM basis). Solid
feed during period 2 consisted of maize silage and barley straw (50:50 ratio on DM basis)
for the non-concentrate groups, and maize silage, barley straw and concentrates (25:25:50
on a DM basis) for the concentrate groups. At the end of period 1 (n = 16) and at the end
of period 2 (n = 90), parameters of animal performance, rumen development, rumen
fermentation, ruminal drinking, and abomasal damage were examined. Partially replacing
milk replacer by solid feed during period 1 resulted in early rumen development (ERD) at
the end of period 1, characterized by increased rumen weight, and an increased epithelial
and absorptive surface area. Both ERD and partially replacing roughage by concentrates in
period 2 increased the rumen development score at the end of period 2. Although ERD
calves consumed more solid feed and less milk replacer during period 1 and 2 than
non-ERD calves, carcass weight gains at 25 wk were identical, and utilization of the solid
feed provided appeared similar to that of milk replacer. Partially replacing roughage by
concentrates in period 2 increased dressing percentage and warm carcass weight.
Plague formation at the rumen mucosa was unaffected by ERD or partially replacing
roughage by concentrates and generally low in all calves. The prevalence of large scars in
the abomasum in ERD calves was decreased compared with non-ERD calves. This may
indicate that ERD provided protection against abomasal lesions. In conclusion, early
compared with late rumen development improves feed utilization and may be beneficial
for abomasal health.

Keywords: veal calf, roughage composition, rumen development, abomasum
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INTRODUCTION

Since 1997, the European Union legislation stipulates provision of a minimum daily amount
(50 to 250 g) of fibrous feed for veal calves on milk replacer (MR) diets in order to improve
animal health and welfare. As no further specification was made, ingredients like maize
silage and straw would both comply with legislation. With increasing prices of MR
ingredients, an increasing economic incentive exists to replace MR by fibrous feed,
hereafter referred to as solid feed (SF). SF provision has been shown to decrease oral
stereotyped behaviors and improve rumen development and rumination (Kooijman et al,,
1991; Veissier et al,, 1998; Blokhuis et al., 2000), and can affect animal health and performance
in both a positive and negative way.

When feeding concentrate feed as the only SF source to veal calves, Sudrez et al. (2006b,
2007) observed poorly developed rumen mucosa and so-called plaque formation (i.e.
patches of focal mucosa inflammation with coalescing and adhering papillae covered by
feed particles, hair, and cell debris). In addition, they observed that 21 to 35% of the
ingested milk enters the reticulorumen, rather than the abomasum (Sudrez et al., 2007).
Excessive ruminal drinking may lead to impaired digestion, metabolic acidosis (Gentile et
al, 2004) or villus atrophy (van Weeren-Keverling Buisman et al,, 1990). Furthermore, the
provision of roughages to veal calves increased the prevalence of abomasal lesions
(Welchman and Baust, 1987; Mattiello et al., 2002; Brscic et al,, 2011). Their mechanically
abrasive effect in combination with consumption of large volumes of milk may cause local
ischaemia and subsequent focal necrosis (Welchman and Baust, 1987; Breukink et al., 1991).
We hypothesized that poor rumen development deteriorates abomasal health and
compromises digestive utilization of SF. Optimizing rumen development in veal calves
requires information regarding the effects of dose, composition (specifically the
concentrate-to-roughage ratio), and timing of SF provision. Whereas the separate effects of
roughage and concentrate intake are well documented in replacement heifers and beef
cattle (Zitnan et al, 1998; Coverdale et al,, 2004; Hill et al,, 2008), information for veal calves
is limited to an age of 12 wk (Suérez et al., 2006a,b, 2007) or to selected sources and intake
levels (Blokhuis et al., 2000; Cozzi et al., 2002; Labussiére et al., 2009). Due to potential
interactions between MR and SF, occurring either at the level of digestion or post-
absorption, the contribution of SF to nutrient supply may differ from that in ruminants
exclusively fed concentrates and roughage.

Therefore, the aims of the present study were: 1) to investigate the influence of early
compared with late rumen development on feed utilization and the incidence of
abomasal lesions of veal calves during later life and 2) to investigate the difference
between concentrate and roughages on animal performance and abomasal health in
veal calves.
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MATERIALS AND METHODS

The experiment was conducted at the experimental farm of Wageningen University &
Research Centre in Lelystad, the Netherlands. Experimental procedures complied with the
Dutch law on experimental animals.

Animals, Diets, and Observations

Animals. One hundred and six male Holstein-Friesian veal calves were included in the
experiment. Calves were purchased in 2 batches from commercial dairy farms to obtain a
uniform group of calves of the same age (average age and BW upon arrival: 12 + 0.3 d, and
46 + 0.2 kg, respectively). Within each batch, calves were housed in groups of 5 calves, and
groups were randomly assigned to dietary treatments. The experiment consisted of 2
successive 12-wk periods, period 1 (P1) and period 2 (P2) respectively. Calves were housed
in group pens with wooden-slatted floors measuring 3 x 3 m, without bedding material.
During P1, calves were kept individually in 0.9-m? temporary pens placed inside the group
pen, which were removed at the start of P2. Environmental temperature in the stable was
maintained at least at 15 °C. Animal health was checked daily by animal care takers. During
the first 10 d after arrival, all calves were treated with oxytetracycline (broadspectrum
antibiotic) and colistin (polypeptide antibiotic). Hemoglobin concentration in blood was
monitored across the trial at wk 5, 10, 18, and 24 and corrected to comply with the
minimum European Union level of 4.5 mmol/L at the end of the fattening period.
Dietary Treatments. Dietary treatments are presented in Table 2.1. In a 2 x 2 factorial
arrangement, effects of a partial replacement of MR by SF during P1 (early rumen
development, ERD), and a partial replacement of dry matter intake from maize silage and
straw by concentrate in the diet during P2 (CONC), were tested. Additionally, a reference
treatment was included, with partial replacement of MR by SF during P1 (ERD) and without
any SF provision during P2. The reference treatment was included to generate reference
values for rumen development, abomasal lesions, and performance at the end of P2, and
was excluded from any statistical comparison. All diets were provided on top of an MR
diet. During P1 and P2, SF intakes were maximized at 750 and 500 g of DM/d in P1 and P2,
respectively. The amount and composition of SF, and the duration of P1 (12 wk) were
based on previous results of Sudrez et al. (2006b, 2007), who observed good rumen
development in veal calves at 12 wk of age in a comparable setting. For treatments with
SF supplementation in P1, milk schemes were reduced to stimulate the intake of SF (Table
2.1).Inaddition, 16 calves were included in the experiment during P1 and then slaughtered,
to provide a reference value for comparison of rumen development at the end of P1 with
other results. These 16 calves were assigned to either an MR diet (non-ERD; n=4) or an MR
diet partially replaced by SF (ERD; n=12; Table 2.1).
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Table 2.1 Experimental design, including milk replacer schemes and solid feed supply
during period 1 and 2 for dietary treatments

Treatment'

Non-ERD Non-ERD ERD ERD

Item Non-CONC CONC Non-CONC CONC Reference*
n? 20 20 20 20 10
Period 1 (wk 1-12)

MR? A A B B A

Solid feed* - - MSC 750 MSC 750 MSC 750
Period 2 (wk 13-25)

MR? B B B B B

Solid feed* MS 500 MSC 500 MS 500 MSC 500 -

"ERD = early rumen development [partial replacement of milk replacer (MR) by solid feed during period 1 (P1, the
first of two 12-wk periods)]; CONC= partial replacement of DM from maize silage and straw by concentrate in the
diet during period 2 (P2). The reference treatment was excluded from any statistical comparison.

2This excludes the calves of the non-ERD non-CONC (h=4) and ERD non-CONC treatment (n=12) that were
slaughtered at the end of P1 to determine rumen development.

*Milk replacer: A: milk replacer supply increased from 0.39, 0.51,0.72,0.94, 1.18, 1.40, 1.50, 1.54, 1.65, 1.75, 1.86 and
199 kg/d in wk 1 to 12, respectively; B: milk replacer supply increased from 0.36, 0.46, 0.48, 0.50, 0.59, 0.70, 0.75,
0.88, 1.01, 1.19, 1.40 and 1.60 kg/d in wk 1 to 12, respectively; and from 1.80, 1.80, 2.03, 2.32, 246, 2.58, 2.71, 2.85,
2.99,3.13,3.20, 3.20, 3.20, 3.20 kg/d in wk 13 to 24, respectively.

“Solid feed: MSC 750: 750 g DM/d MSC (maize silage, straw and concentrate mixture 25:25:50 on a DM basis); MS
500: 500 g DM/d MS (maize silage: straw 50:50 on a DM basis); MSC 500: 500 g DM/d MSC. To avoid selective
intake of solid feed sources and to minimize orts, the expected DM intake was calculated weekly based on the
realized DM intake in the previous wk and a projected weekly increase.

The diet was offered to the calves in 2 equal portions (at 0600 and 1600 h). Milk replacer
was fed individually in buckets. Solid feed sources included maize silage, barley straw,
concentrate or a mixture thereof. For the maize silage and straw mixture diets, maize
silage and straw were mixed on a 50:50 DM basis. For the maize silage, straw and
concentrate diets, maize silage, straw and concentrate were mixed on a 25:25:50 DM basis.
Ingredient and nutrient compositions of the MR and SF sources are presented in Table 2.2.
The concentrate was provided as pellets and the roughages were chopped. Solid feed
was provided individually in buckets during P1. During P2, calves received roughage
groupwise in a trough. Intake of SF was registered daily per calf during P1 and per group
during P2. To avoid selection of dietary components and to minimize orts, the expected
DM intake was calculated weekly based on the realized DM intake during the previous wk
and a projected weekly increase. During the first 4 wk of P1, MR was reconstituted in the
same volume of water for every treatment, and from wk 5 onwards calves were allowed
ad libitum access to water for 2 h around noon.
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Table 2.2 Analyzed nutrient composition of milk replacers, concentrates and roughages

Milk replacer Concentrate

Nutrient' P12 P23 P14 p2°% Straw Maize silage
CcpP 218 208 195 171 26 76
Crude fat 192 213 42 40 9 31
Crude ash 75 71 34 33 134 38
Starch and sugars - - 333 410 4 306
Neutral detergent fibre - - 250 217 755 408
Acid detergent fibre - - 108 87 462 228
Acid detergent lignin - - 11 10 54 20
Ca 10.2 8.6 14 19 34 22
P 74 6.8 44 4.7 04 19
Fe, mg/kg of DM 39 >15 121 132 124 144

'Presented as g/kg of DM unless specified otherwise.

2Ingredient composition of milk replacer in P1 (period 1): 50% whey protein concentrate, 26.6% whey powder,
17.1% oils and fats, 5% low lactose whey powder, 1.3% premix (provided per kilogram of milk replacer: lactose:
410 g; vitamin A: 25,000 IU; vitamin D3: 2,000 IU; vitamin E: 80 mg; vitamin C: 80 mg; Ca: 79 g; P: 6.3 g; Na: 6.1 g; K:
18.5 g; Mg: 1.4 g; Zn: 80 mg; Cu: 4 mg; Mn: 10 mg; Se: 0.1 mg; Fe: 2.8 mq).

*Ingredient composition of milk replacer in P2 (period 2): 19% whey protein concentrate, 36.8% whey powder,
20.5% oils and fats, 13.3% low lactose whey powder, 4% wheat protein, 2.5% soy protein concentrate, 2% starch,
0.3% L-lysine, 0.2% DL methionine, 1.5% premix (provided per kilogram of milk replacer: lactose: 410 g; vitamin
A: 25,000 IU; vitamin D3: 2,000 IU; vitamin E: 80 mg; vitamin C: 80 mg; Ca: 7.9 g; P: 6.3 g; Na: 6.1 g; K: 18.5 g; Mg: 1.4
g; Zn: 80 mg; Cu: 4 mg; Mn: 10 mg; Se: 0.1 mg; Fe: 2.8 mq).

*Ingredient composition of concentrate in P1 (period 1): 10% maize, 20% maize feed meal, 20% barley, 5% oat
husk meal, 20% lupines (CF < 70, CP < 335), 25% malt culms (CP < 200).

*Ingredient composition of concentrate in P2 (period 2): 30% maize, 10% maize feed meal, 20% barley, 20%
lupines (CF < 70, CP < 335), 20% malt sprouts (CP < 200).

Slaughter Procedure. At the end of P1, 16 calves were slaughtered to provide a reference
for the start of P2. The remaining calves (n = 90) were slaughtered at the end of P2. Calves
were transported about 75 km (ca. 1 h) to a slaughter facility and euthanized by stunning
(captive bolt pistol) and subsequent exsanguination. Carcasses were weighed. To quantify
ruminal drinking (leakage of MR to the rumen), 3.0 g (P1) or 5.0 g (P2) of Co, complexed as
CoEDTA (prepared according to Udén et al, 1980), was dissolved into the final MR meal,
provided 30 min before transport. Time between final MR meal and slaughter averaged 4
h (2 to 6 h). To avoid reflux of MR containing CoEDTA from the abomasum into the
forestomachs at slaughter, calves were lifted by the forelegs immediately following
exsanguination. Subsequently, ligations were made at the level of the thoracic entrance,
the omasal-cardia of the abomasum and the reticulo-omasal orifice. The weight of the
reticulorumen was recorded with and without contents. Rumen contents were
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quantitatively collected and solid and liquid phases were separated using a metal sieve
(1.5 mm). A sample of the rumen liquid was used for pH measurement, acidified with
H;PO, (5%), and stored frozen for analysis of VFA, lactic acid, and ammonia. A reconstituted
sample of rumen contents was prepared by proportional sampling of the liquid and solid
phases, which was oven dried and stored for Co analysis. Blood samples were taken for
analysis of hemoglobin levels. Measurement of carcass weight and visual classification of
meat color was performed by a certified employee of the Central Office for Slaughter
Livestock Services (BV CBS, Zeist, the Netherlands).

Analytical Procedures

Calves were weighed every 4 wk, and once-per-week samples of MR, diet ingredients, and
orts were collected and pooled for analysis of chemical composition.

Ruminal Fluid. Concentrations of VFA and lactic acid were quantified by HPLC as described
previously by Sudrez et al. (2007). Ammonia concentrations were determined by a
modified Berthelot method (Robinson et al., 1986). Rumen Co pool size (kg) was calculated
from rumen DM pool (kg) and Co concentration (mg/kg of DM); Co recovery was expressed
as a percentage of the Co pulsed dose. Cobalt concentration was determined in rumen
contents by inductively coupled plasma atomic emission spectroscopy, as described by
Sudrez et al. (2007).

Rumen Wall Evaluation. The rumen was dissected along the dorsal line, emptied, and
rinsed with cold water. The histological assessment and subsequent microscopic
examination of rumen mucosa and sites of sampling of the rumen wall for further
morphometric analysis were carried out as described by Suérez et al. (2006b). Briefly, the
mucosal surface was examined visually and the presence and density of rumen papillae
were scored on a 5-point scale from poor to excellent: 1, 1.5, 2, 2.5, and 3. The prevalence
of plaque formation was assessed visually. The morphometric analyses were conducted in
3 slides cut from a 2 x 2-cm section of rumen wall tissue from the saccus ruminis dorsalis,
saccus ruminis ventralis and the atrium of the rumen. The slides were embedded in
paraffin and subsequently stained with hematoxylin. Morphometric analyses were
performed at a magnification of 2.5x (Olympus microscope; Olympus Corp., Tokyo, Japan)
by using the image analysis software Image Pro Plus (Media Cybernetics Inc,, Silver Spring,
MD). The measurements for each slide comprised 1) the ratio of mucosa length to serosa
length (RMSL) as a measure of the total absorptive surface, which was determined as the
length of the mucosal surface within a slide divided by the length of the corresponding
serosa (the latter being about 2 cm); 2) mucosa thickness, measured at 3 randomly chosen
sites per slide; and 3) muscle layer thickness, measured at the same sites as for mucosa
thickness.

Abomasal Lesions. The abomasal wall was visually inspected macroscopically for
erosions, ulcers, and scars, each in the following size categories: small = modification < 0.5
cm?; medium = 0.5 cm? < modification < 1.0 cm?; large = modification > 1.0 cm?.
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Statistical Analysis

Group pens were considered the experimental units and means or percentages per pen
were analyzed. The reference treatment was excluded from any statistical comparison. For
continuous variables an ANOVA model was used. For percentages, a generalized linear
model (GLM) was used, with a logit link and a multiplicative dispersion parameter with
respect to the binomial variance function.

Analysis of variance comprised estimation by maximum likelihood and testing by the
F-test, assuming normality and equal variances. Logistic regression comprised estimation
by maximum quasi-likelihood and testing by the quasi-likelihood ratio test or the Wald
test. Dispersion parameters were estimated from the Pearsons generalized chi-square
statistic (McCullagh and Nelder, 1989). Analysis of variance or GLM included fixed effects
for batches, ERD in P1, CONC, and the interaction between the latter 2 factors. In all
analyses, nonsignificant interactions (P > 0.05) were excluded from the model. For several
measures (including the prevalence of plaque and prevalence of medium and large
abomasal erosions), GLM did not converge due to the presence of too many zeros in the
data. In these cases, the Fisher exact test was used as an approximate test to examine
differences between treatment groups. All calculations were performed with GenStat
(Genstat Committee, 2000).

RESULTS

Characterization of Calves at 12 wk (P1)

The results on macroscopic and microscopic rumen development are presented in Table
2.3. Empty rumen weight was increased significantly in ERD calves (P < 0.01). The RMSL in
both the rumen atrium and the dorsal location was increased in ERD calves (P < 0.01).
Ruminal plaque formation was not observed at 12 wk (Table 2.3). During P1, the ADG of
non-ERD calves was 12% higher than average daily gain (ADG) of calves supplemented
with SF (P < 0.001, Table 2.4). Feed conversion ratio (FCR) was lower in non-ERD when
compared with ERD calves (P < 0.001).

Feed Intake and Growth Performance

The least squares means of DM intake (DMI), ADG, and FCR are presented in Table 2.4.
Compared with non-ERD calves, ERD calves showed an increase in ADG of 100 g/d
(P < 0.05) during P2 and a tendency towards a lower FCR (P < 0.10). The CONC increased
dressing percentage (P < 0.01) and carcass weight (P < 0.05). No effect of dietary treatment
on carcass fat retention was observed (results not shown).

At the end of P2, hemoglobin levels were in the range of 5.0 to 5.4 mmol/L (SEM 0.11) for
treatments with SF provision in P2, and the average hemoglobin level for reference calves
was 49 mmol/L (SEM 0.20). Early rumen development coincided with an increase in

34



EARLY RUMEN DEVELOPMENT

Table 2.3 Effects of early rumen development (ERD) in period 1 on macroscopic and
microscopic parameters of the rumen mucosa in veal calves, determined at the end of
period 1 (12 wk)

Dietary treatment’

Item Non-ERD ERD SEM

N 4 12

Macroscopic parameter
Empty rumen weight, g 668° 1018° 52.2
Rumen development? 1.0 1.5 -
Rumen plaque, % of calves 0 0 -
Rumen Co recovery, % 22 10 43

Microscopic parameter

Rumen dorsal location

RMSL? 2.2° 3.9 0.38

Mucosa thickness, um 286P 898° 125.7

Muscle thickness, um 1292 1700 253
Rumen ventral location

RMSL? 39 54 0.56

Mucosa thickness, um 1084 1210 153.0

Muscle thickness, um 1408 1714 219.7
Rumen atrium

RMSL? 4.7° 7.7° 0.71

Mucosa thickness, um 1271 1786 195.3

Muscle thickness, um 2276 2596 192.0

*®Means in the same row with different superscripts differ (P < 0.01).

' Dietary treatments were as follows: Non-ERD = milk replacer only: milk replacer supply increased from 0.39, 0.51,
0.72,0.94, 118,140, 1.50, 1.54, 1.65, 1.75, 1.86 and 1.99 kg/d in wk 1 to 12, respectively; ERD = partial replacement
of milk replacer by solid feed. Solid feed supply of 750 g DM/d of MSC (maize silage, straw and concentrate
mixture 25:25:50 on a DM basis) on top of a milk replacer diet: milk replacer supply increased from 0.36, 0.46, 0.48,
0.50,0.59,0.70,0.75,0.88, 1.01, 1.19, 140 and 1.60 kg/d in wk 1 to 12, respectively.

?Average of a discrete examination scale of 5 scores from poor to excellent: 1,1.5,2,2.5, and 3.

3RMSL = ratio of mucosa to serosa length.

hemoglobin level (54 vs. 50 mmol/L for ERD vs. non-ERD; P < 0.05). Meat color was
assessed visually on a discrete scale. Average meat color values ranged between 4.4 and
4.8 (SEM: 0.14; results not shown) with an average score for reference calves of 4.4 (SEM:
0.25). Meat color was not affected by ERD or CONC.
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EARLY RUMEN DEVELOPMENT

Rumen Fermentation Parameters

The effects of dietary treatments on rumen fermentation parameters are shown in Table
2.5. The CONC increased molar proportions of butyrate, valerate, and methyl butyrate
(P < 0.001) at the expense of acetate (P < 0.01). Lactate concentrations were unaffected by
the dietary treatments. In comparison with roughage only, CONC significantly increased
ammonia concentrations (P < 0.01), and decreased pH (P < 0.01). The weight of fresh
reticulorumen contents at slaughter was affected by ERD, but not by CONC. The CONC
increased Co recovery from 13.5 to 18.4% (P < 0.05). Early rumen development did not
affect Co recovery at the end of P2.

Macroscopic and Microscopic Evaluation of the Rumen Wall

An overview of macroscopic and microscopic rumen wall parameters determined after P2
are shown in Table 2.6. The macroscopic rumen development score was higher in ERD
compared with non-ERD calves (P < 0.001), and increased with CONC (P < 0.05). However,
this did not coincide with significant changes in morphometric measures of rumen
development, which exhibited large variation.

Empty rumen weight was unaffected by ERD or CONC. The prevalence of plaque formation
numerically increased from 10 to 22% of the calves by CONC. Rumen plaque formation
was not observed in calves fed the reference diet.

Abomasal Lesions

The effects of dietary treatments on abomasal lesions are shown in Table 2.7. In general,
great variation existed in the prevalence of abomasal lesions. Early rumen development
did not affect the percentage of calves with abomasal erosions or ulcers at the end of
P2. However, ERD significantly decreased the prevalence of large scars at the end of P2
(6 vs. 20% for ERD vs. non-ERD, P < 0.05). Furthermore, CONC resulted in a higher
percentage of calves with small scars (P < 0.05).
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