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ABSTRACT

A series of experiments have been conducted which examined the 
function of roughage in the diet of the early-weaned calf and determined 
the optimum specifications relating to roughage inclusion in the diet. 
Evaluation of the conventional voluntary roughage feeding system indi
cated an unacceptable degree of variation in performance and intake 
characteristics which was decreased by the feeding of a complete pellet 
diet containing chopped roughage (20 mm). Feeding a complete diet also 
encouraged the earlier development of rumen function, resulting in 
enhanced feed intakes with associated increased liveweight gains. The 
principal advantage of complete diet feeding was associated with its 
physiological effect in the rumen, where the feeding of a predeter
mined roughage:concentrate ratio encouraged an expeditious rise in 
rumen pH status. Rumen buffering capacity of individual diets accounted 
for as much of the variation in feed intake as the energy content of the
diet. The presence of roughage also enhanced the efficiency of feed
utilisation (protein and energy) of the concentrate fraction.
Slaughter studies indicated that complete diets, which gave rise to 
higher ruminal levels of butyric acid, inspired a rumen fermentation 
pattern more conducive to rumen papillary growth. The optimum dietary 
crude fibre specification for maximising liveweight gain was 150 g per 
kg, which detailed levels of roughage inclusion of 220 g per kg straw 
and 300 g per kg hay; there was only a slight advantage to the use of 
hay as a roughage source rather than straw. The results suggest that
the particle size of roughage should not be less than 8 mm when fed
in a ccmplete pellet diet to calves.
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INTRODUCTION

In developing the early-weaning systan of rearing calves, 
considerable research emphasis has been placed on the value of 
offering calves access to a highly palatable concentrate mixture to 
encourage solid feed intake and early rumen development. Much work 
has been carried out concerning weaning criteria, such as age, weight 
and concentrate intake, and protein and energy standards have been 
firmly established.

Against this background, recanmendations regarding the feeding 
of roughage have been much less specific, and statanents prevail such 
as "good-quality, well-cured and leafy hay should be offered frcm one 
week of age onwards" (Roy, 1980) on an ad libitum basis, or that it is 
better restricted to a daily intake of 0.7 kg per 100 kg liveweight 
(Preston, 1963). Such voluntary feeding systems are imprecise, and 
allcw a considerable margin for variation in roughage intake and 
subsequent performance between individual calves. Furthermore, the 
decline in popularity of hay as a feed for older animals in recent 
years precludes its universal availability, and in practice, the 
feeding of straw to calves has become more widespread. Simultan
eously, the increased value of calves and achievement of target 
growth rates to meet the requirements of beef systems or dairy 
calving patterns, does not permit toleration of such casual 
instructions.

The importance of roughage to the early-weaned calf must 
therefore be evaluated in relation to production criteria, followed 
by the formulation of a specific diet to satisfy these particular 
requirements, in order to ensure that the full growth potential of 
the calf is realised.
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CHAPTER 1 

Digestion in the Calf

Digestion involves the physical and chemical breakdown of 
complex feedstuffs into simple molecules which can be absorbed and 
assimilated by the animal. For this purpose, the alimentary tract 
of the ruminant includes four stomach compartments: the rumen,
reticulum, omasum and abcmasum. In the neonatal calf, only the 
abomasum with a capacity of about 0.70 total stomach volume, is 
functional, whereas in the adult bovine the abcmasal capacity is 
reduced to about 0.08 of the total (Radostits and Bell, 1970). The 
abcmasum may be considered to be the true stomach in that it more 
closely resembles the monogastric stomach than the other compartments 
(Hill, 1961a); the three other compartments represent a modification 
of the alimentary tract which allows ruminants to utilise diets 
containing large amounts of cellulose (Church, 1969).

1.1. The pre-ruminant calf

Nutrition of the pre-ruminant calf is dependent upon provision 
of a liquid diet, whether it be cow's milk or a milk replacer, the 
efficient digestion of this diet involves the use of a rumen by-pass 
mechanism, the oesophageal groove.

1.1.1. The oesophageal groove

This groove consists of a fold of skin which extends from the 
cardia, or base of the oesophagus, to the reticulo-cmasal orifice 
(Roy, 1980). The reflex closure of the groove occurs when the 
soluble proteins and salts of milk are given, and can be effec±ed 
by stimulation of the glossopharyngeal nerve (Canline and Titchen, 
1951). Seme sodium salt solutions may also stimulate groove 
closure (Phillipson, 1961) and until the calf is about 8 weeks old, 
the reflex is also stimulated by water (Roy, 1980). The response is 
probably evoked as part of the behavioural pattern of sucking, and 
not as part of the thirst pattern, because water does not elicit as 
strong an effect as milk. A great variation also exists between 
calves in response to various stimuli, and the reflex action becomes 
weaker as the calf becomes older (Roy, 1980).
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Elicitation of the closure response is important, as it prevents 
the entrance of ingested milk into the rumen where it could ferment 
and cause digestive upsets (Stobo, Roy, Ganderton and Jayne-Williams,
1975).

1.1.2. Abomasum
The abomasum resembles closely the simple stomach of non-ruminants 

in its blood and nerve supply, and possession of a mucosal lining with 
peptic and pyloric gland regions. A peculiarity of the abomasum however, 
is the way the mucosa of the peptic region is thrown into large folds.
They are believed to function as regulators of ingesta flow, to 
prevent stratification of incoming ingesta, and provide a large 
secretory area for gastric juice (Hill, 1961a) ; the increased flow of 
digesta into the abomasum appears to be the most important stimulus 
to gastric secretion.

Digestion actually commences before the milk reaches the 
abomasum by the action of a salivary lipase, pregastric esterase 
(PGE), which is released into the buccal cavity. In young calves,
PGE is a major enzyme involved in the pre-digestion of butterfat, but 
it gradually becomes subsidiary to pancreatic lipase. The action of 
the enzyme is specific to the triglycerides of butterfats, cleaving 
the butyrate groups into butyric acid and smaller amounts of higher 
fatty acids (Roy, 1980) . The optimum pH for PGE activity is 4.5 to 
6.0, which means that it can still act within the abomasum (Radostits 
and Bell, 1970). Sucking from a teat stimulates the secretion of a 
greater amount of PGE enzyme than does drinking from a bucket, and 
there is no evidence to indicate that this enzyme functions beyond 3 
months of age (Radostits and Bell, 1970).

On entering the abomasum, the digesta undergoes coagulation; 
this involves clotting of the milk protein casein with entrapped fat, 
and normally occurs within 3 to 4 minutes of a meal being ingested 
(Roy, 1980). The clot is produced by the action of gastric mucosal 
secretions which consist of the proteolytic enzymes pepsin and rennin, 
and hydrochloric acid (Porter, 1969; Roy, 1974). Acid is necessary 
to activate the enzyme precursons in the mucosa, acts as a co-factor 
with pepsin when precipitating casein, and is also a bacteriostat.
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Rennin or chymosin converts the soluble protein caseinogen into casein, 
which then combines with milk calcium to form an insoluble para- 
caseinate complex (Roy, 1975). The proportions of rennin and pepsin 
secreted may vary markedly between calves and with age (Porter, 1969; 
Hill, Noakes and Lowe, 1970), but this has not been associated with 
an impaired efficiency of digestion.

The optimum pH for coagulation iS 6.5 for rennin and 2.1 for 
pepsin (Roy, 1980); proteolytic activity is favoured at pH 3.5 for 
rennin and pH 2.0 for pepsin (Hill et alf 1970). The pH of the 
abomasum prior to feeding is 2.0 to 2.8, but this rises rapidly over 
the 30 minutes following ingestion, to a maximum of 4.5 to 6.2, before 
declining to the prefeeding level over a period of 3 to 5 hours 
(Mylrea, 1966). The initially high pH encourages clotting, while 
proteolysis is favoured with increasing acidity (Hill et al, 1970).

Contraction of the clot releases whey into the duodenum; complete 
passage of whey fluid containing lactose and whey protein takes 7 to 
9 hours (Roy, 1980). The curd follows the whey taking about 12 to 18 
hours to pass out of the abomasum (Hill et a1, 1970).

Thus, the abcmasum acts as a reservoir for ingested food, and 
controls release of digesta into the duodenum; this ensures that the 
intestinal enzyme systems are not swamped.

1.1.3. Intestinal digestion and absorption

Once in the duodenum, the acid digesta is mixed with pancreatic 
and intestinal juices, and bile frcm the gall bladder. These alkaline 
secretions serve to neutralise the gastric acid in the digesta, 
providing a suitable pH for further enzyme action. The enzymes 
involved are: intestinal lactase which breaks down milk sugar, lactose, 
into its constituent monosaccharides, galactose and glucose; proteases 
which are responsible for release of amino acids frcm the whey 
proteins and any remaining casein, and pancreatic lipase which 
hydrolyses fats into fatty acids and glycerol (Radostits and Bell,
1970).

Absorption of the nutrients takes place as the chyme, moved by 
muscular contractions of the gut wall, proceeds along the small
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intestine. The volume of fluid entering the large intestine is only 
about 0.20 of that originally ingested (Porter, 1969).

This completes digestion of a milk diet in the pre-ruminant calf, 
the bulk of which is carried out in the abanasum and duodenum.

1.2. The ruminant calf

The age at which transition to the ruminant method of digestion 
occurs is largely dependent on the diet a calf receives (Lengemann and 
Allen, 1959) . The longer the period during which a calf has access to 
a plentiful supply of milk, the less will be its inclination to supple
ment its diet with solid food. Given a restricted quantity of liquid 
diet, calves will begin to eat solid food, if palatable, at about 7 
days of age (Roy, 1980). These dry foods pass into the rumen, where 
micro-organisms beccme established and convert fibrous and starchy 
foods into an available form of energy, mainly volatile fatty acids.

1.2.1. Anatcmy of the digestive tract

The differential development of the bovine stcmach compartments 
is shewn in Table 1. There is a rapid increase in the size of the 
rumen and reticulum as soon as the animal ingests dry feed. The 
abanasum gradually regresses in relative rather than absolute size, 
and the omasum develops slowly, taking longer to reach relative mature 
size than the reticulum or rumen (Church, 1969). Adult cattle stcmach 
contents are distributed in the proportions 0.81 to 0.87 in the rumen 
and reticulum, 0.10 to 0.14 in the omasum, and 0.03 to 0.05 in the 
abomasum (Warner and Flatt, 1965) .

The reticulum and rumen are joined by a fold of tissue (reticulo- 
rumen fold) with the result that ingesta may flew freely frcm one to 
the other; consequently they are normally considered as one entity.

While the reticulcr rumen is known to be the site of microbial 
activity, the function of the other two parts of the stcmach has not 
been defined clearly. The omasum appears to act as a site for 
reduction of feed particle size, and as an absorption vessel (Hill,
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1961b). The function of the abomasum seems to be similar to that of 
the simple stomach of monogastric species, in that enzymatic diges
tion of protein may be carried out (Church, 1969).

The exterior anatomy of the rumen is shown in Figure 1. The 
grooves shown are anatomical structures separating the organ into 
sacs, and are synonymous with pillars on the interior. The pillars 
are composed of thick muscular bands of tissue that project into the 
rumen and serve to aid in the contraction of the various sacs, in 
order to facilitate circulation of ingesta within the reticulo- 
rumen (Church, 1969).

The type of cells lining the reticulo-rumen and cmasum are 
classified histologically as keratinised,stratified, squamous 
epithelial cells, a type that does not produce mucus and is non- 
glandular. The epithelium of the reticulum is raised into folds 
forming cells with four, five and six sides, thus giving rise to 
the term honeycomb (Church, 1969) . In addition, the epithelium is 
raised into numerous finger--like projections (papillae) ; these increase 
the surface area through which nutrients can be absorbed (Roy, 1980) . 
The papillae are most dense in the ventral parts of the caudal and 
ventral sacs, where presumably the most absorption occurs. Papillae 
frcm the various sacs can be distinguished from one another on the 
basis of shape and size; they vary frcm large ones (nearly 1.5 cm 
long) posterior to the reticulo-rumen fold, to small, sparse, homy  
papillae in the dorsal sac. Seme are foliate, others are narrow or 
filiform, and others are conical or club-shaped (Church, 1969;
Hungate, 1966),

The interior of the omasum is partially filled by a variable 
number of longitudinal folds or leaves [laminae omasi) . A cross- 
section of a full organ shows that the spaces between the laminae 
are tightly packed with finely ground ingesta; the laminae have only 
a relatively few horny papillae (Church, 1969),

The reticulo-rumen orifice opens into the neck of the omasum, 
frcm which digesta may either pass between the leaves, or into the 
abomasum through the neck of the cmasum, A groove extends from the 
reticulo-omasal opening to the omaso-abcmasal opening, and is



Figure 1. Exterior anatomy of rumen
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presumed to provide a direct pathway for finely divided solids and 
liquids from the reticulum to the abcmasum (Church, 1969) . A 
reduction in size of food particles occurs in the abcmasum before 
movement down the intestine for subsequent enzymatic digestion and 
absorption (Becker, Marshall ard Arnold, 1963).
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CHAPTER 2 

Growth and development of the rumen

Consideration of rumen development is facilitated by categorisa
tion into microbial, muscular and mucosal development. It should be 
emphasised however, that in reality these aspects of rumen development 
are inter-dependent and occur in parallel.

2.1. Microbial development

The development of an adult rumen microbial population is of 
•paramount importance to the calf since it cannot utilise a ruminant 
diet in the absence of rumen organisms capable of producing the break
down products it requires. Discussion will be centred on the general 
development of the microbial population to a stable adult level, and 
the factors influencing this; it is not intended to present a detailed 
nomenclature of the rumen flora and fauna.

Rumen micro-organisms are adapted to live anaerobically at a 
temperature of 39 to 40°C and pH 5.0 to 7.0 in the presence of adequate 
concentrations of fermentation products, and at the expense of the 
ingesta provided by the ruminant host. As a result of this complex 
of conditions characteristic to the rumen habitat, the rumen micro
organisms are limited in their environmental distribution (Hungate, 
1966). Furthermore, the formation of resistant forms is not manifest, 
as no cyst formation occurs with protozoa and there are only very 
few examples of sporing for bacteria. Consequently, a fairly direct 
contact between animals is necessary for infection, for example eating 
food contaminated with saliva, mutual grooming or inhalation of aerosol 
suspensions (Warner, 1965). The practice of removing calves fran their 
dams very soon after birth may therefore be considered detrimental to 
the process of natural inoculation.

Within the normal rumen environment there exists a population of 
about 1010 bacteria and 106 protozoa, which hydrolyse cellulose and 
other plant structural polysaccharides and ferment soluble sugars 
producing volatile fatty acids, mainly acetic, propionic and butyric, 
plus seme "higher acids" (see 3,1), together with the gaseous products
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methane and carbon dioxide (Bauchop, 1977). In addition to producing 
fermentation products that may be absorbed and utilised by the host, 
digestion of organisms washed out of the rumen occurs in the abomasum 
and small intestine (Pounden, Ferguson and Hibbs, 1950). Protozoa also 
act as significant polysaccharide stores (Heald and Oxford, 1953).

Much of the available evidence on microbial development in the 
literature relates to protozoa; these organisms are readily seen by 
microscopic observation while bacteria are more difficult to study 
in this way, though major changes can be observed. This has resulted 
in a lack of detailed study in the bacterial field, therefore only a 
broad outline of the development of bacteria can be given.

2.1.1. Bacteria

While at birth the rumen is virtually sterile (Eadie and Mann, 
1970), a rumen bacterial population is quickly established frcm direct 
contact with older animals or transmission of organisms by air, soil, 
feed, and water (Hungate, 1966). Free-living bacteria in the environ
ment are generally aerobic, and thus do not contribute as such to the 
development of an adult anaerobic culture. Data collected by Ziolecki 
and Briggs (1961) however, suggests that the microflora of the 
environment influences to seme extent that of the rumen, and this 
influence is particularly strong during the early development of rumen 
flora after birth. The bacterial population initially established in 
the young calf, may therefore be atypical of that found in an adult 
animal.

Consequently, the first organisms to establish are the aerobic 
coli-aerogenes, streptococci and lactobacilli; species of the two 
latter genera may remain in the young animal for several weeks 
(Eadie and Mann, 1970). Over the first three weeks of life however, 
there is a sharp fall in these aerobic bacteria with an increase in 
anaerobes (Lengemann and Allen, 1959) , and it has been observed that 
total anaerobic bacterial counts are higher for calves than mature 
animals (Bryant, Small, Bouma and Robinson, 1958; Williams and 
Dinusson, 1972) . Changes over the following weeks result in an increase 
in counts of cellulolytic bacteria, and a decrease in lactate 
fermenters; adult numbers of cellulolytic organisms may not be reached 
until the calf is around 3 months old (Bryant et al3 1958).
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In conjunction with lactobacilli in the young ruminant is found 
a lactate utiliser, Peptostreptococcus elsdenii (Gutierrez, Davis, 
Lindahl and Warwick, 1959) . While this organism may be dominant in 
the rumen of the young animal it is not present in great numbers in 
the adult (Hobson, Mann and Oxford, 1958) ; its presence may also be 
implicated in the aetiology of bloat (see 2.2.4.).

The most important factor in promoting development of a normal 
adult type flora, is probably the establishment of a suitable rumen 
pH. Spillage of milk into the rumen from the oesophageal groove 
during the first weeks of life results in a lactic acid fermentation 
and a very acid rumen pH (Hungate, 1966). Solid feed consumption and 
development of a stable fermentation pattern leads to a pH rise, and 
roughage is probably more effective than concentrates in this context 
(Hibbs, Conrad, Pounden and Frank, 1956; Warner, 1965). In the work 
of Stobo, Roy and Gaston (1966b), the rise in pH associated with an 
extreme change of diet from a high level of concentrates to hay only, 
resulted in a significant decline in viable counts of streptococci, 
lactobacilli and coliform organisms in the rumen liquor.

Thé minimum pH for the growth of a number of normal rumen 
organisms according to Hobson (1972) is around 6.0, although some 
organisms may survive at lower pH values. Current management trends 
involve the use of high concentrate early-weaning rations to make use 
of the young ruminant's ability to sustain high growth rates; this 
may predispose to excessively acid rumen conditions (Eadie, Hobson and 
Mann, 1970) and may be considered detrimental to the objective of 
establishment of an adult rumen microbial population.

2.1.2. Protozoa

Ruiren protozoa, although present in lower concentrations than 
rumen bacteria, may account for up to 0.60 of the total microbial 
fermentation products and contain up to 0.40 of the total microbial 
nitrogen in the rumen. They are capable of attacking all of the 
major dietary plant components, ingest particulate plant material and 
store large quantities of reserve polysaccharide. Most protozoa may 
also ingest bacteria (Clarke, 1977).
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There are two main groups of protozoa, the flagellates and 
ciliates; the latter are present in the greatest numbers in the adult 
animal. Ciliates may be further subdivided into holotrichs and 
entodinicmorphs; holotrichs store polysaccharide and are present in 
concentrations as high as 105 per ml of rumen fluid. The role of 
the flagellates is not clearly understood but their small mass and 
low numbers mean that their impact on the nutrient pool is 
insignificant when compared with the effects of ciliates and bacteria 
(Clarke, 1977). In young calves with a rumen pH near neutrality, 
flagellates may be fairy abundant in the brief period before ciliates 
develop (Eadie, 1962).

The faunation of a young ruminant does not occur as readily as 
does the establishment of bacteria in the rumen. Protozoa are not 
free-living in the environment, therefore more direct contact with 
older animals is required for transfaunation to occur. Eadie (1962) 
however did observe the establishment of ciliates in the rumen of a 
young calf after a period of isolation under strict conditions, and 
concluded that it seemed possible for small Entodinia to be carried 
on moisture droplets in the atmosphere.

Observation on three calves raised under "normal" conditions by 
Bryant, Small, Bouma and Robinson (1958) revealed that ciliate protozoa 
were not established until contact with mature animals after 13 weeks, 
"Normal" conditions here bear close resemblance to management 
conditions today, in that the calves were removed frcm their dams within 
24 hours of birth and put into individual pens. They were housed in 
a b a m  which contained no mature ruminants, but were managed by 
attendants who worked with adult ruminants.

Rumen liquor pH appears to be more critical in the case of 
protozoal establishment, since the total bacterial population is more 
able to adapt to pH changes by shifts in relative numbers of species. 
Protozoa are thus dependent to a certain extent on the environment 
created by the bacterial population. Protozoa cannot tolerate acidity 
(Purser and Moir, 1959); this has been confirmed by the work of Eadie, 
Hobson and Mann (1967) who found that neither ciliates nor flagellates 
developed under the pH 5.0 conditions experienced with concentrate 
feeding, but with a roughage diet resulting in a rumen pH of 6.0 or 
over, Entodinium-and isotricha spp were established. The association
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between protozoa and roughage intake at an early age was also noted 
in earlier work by Pounden and Hibbs (1948) and Conrad, Hibbs and 
Frank (1958). Similarly, the absence of protozoa under liberal milk 
feeding (Lengemann and Allen, 1955; 1959) might be due to the low pH 
resulting from a lactic type of fermentation. Ciliate numbers are 
inversely related to the numbers of lactobacilli in the rumen, which 
in turn are directly related to the proportion of concentrates in the 
diet. Entodinicmorphs seem to be more affected by the low pH values 
than the holotrichs (Abe, Shibui, Iriki and Kumeno, 1973).

The level and frequency of feeding may also have marked effects 
on the establishment of a protozoal population. Factors resulting in 
a faster rate of passage of food through the rumen such as ad libitum 
feeding (Ishaque, Thomas and Rook, 1971), and grinding and processing 
of feed (Christiansen, Vfoods and Burroughs, 1964) , have been shown to 
lead to a decrease in the numbers of rumen protozoa. This has been 
attributed to the long regeneration time of up to one day required by 
large protozoa, resulting in their being washed out of the rumen before 
division occurs (Christiansen et al3 1964). The excessively acid pH 
associated with ad libitum concentrate feeding is another possible 
factor accounting for their lower numbers (Thomas and Rook, 1977), 
while on a diet of long hay, protozoa can survive at all levels of 
feeding (Hungate, 1966). It has also been stated that heat treatment 
in the pelleting process tends to favour bacterial rather than 
protozoal utilisation of starch (Hungate, 1966).

Increasing the frequency of feeding from twice a day to ten times 
a day has been shown to increase the counts of Entodinia in the rumen 
liquor (Putnam, Gutierrez and Davis, 1961). An explanation for this is 
offered by the work of Purser and Moir (1959), where evidence is 
presented showing a marked diurnal fluctuation in the ciliate population. 
Protozoal concentrations after feeding fell to 0.33 of their pre
feeding levels, indicating that their capacity to multiply was strongly 
inhibited by the low pH experienced 2 to 4 hours after feeding.
Protozoa require a fairly constant supply of nutrients in a favourable 
environment; starvation or prolonged under-nutrition may also reduce 
numbers drastically (Warner, 1965).
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The above discussion obviates the need for careful consideration 
of prevailing rumen pH conditions in the development of rumen function; 
the importance of roughage, in raising rumen pH and stabilising the 
rumen environment, would seem to be significant in this respect.

2.1.3. Inoculation

Intensification of animal production requires the removal of the 
calf from its dam soon after birth. This suggests the possibility of 
an advantage to the calf of artificial inoculation for an early 
establishment of a complete rumen flora and fauna.

Rumen contents for inculation may be obtained from an adult 
fistulated animal, by stomach tube, or by removing the cud at rumina
tion. Variable results have been achieved in experiments carrying 
out cud inoculation.Belen'ki (1953) reports that inoculation of 50,000 
calves with 15 to 20 .g of finely suspended cud fron healthy cows, at 
intervals of a few days for 6 months, resulted in an improvement in 
body weight gains, condition and health as compared with non-inoculated 
controls. An increased live weight gain for inoculated animals has 
also been reported by Volcani and Levi (1953), while Conrad and Hibbs 
(1953) demonstrated an increased cellulose and dry matter digestibility 
of 0.03 units to their inoculated calves over uninoculated controls. 
Conrad, Hibbs, Pounden and Sutton (1950) also observed a small but 
consistent difference in protein digestibility in favour of their 
inoculated group; this was attributed to the increased availability 
of protozoa protoplasm for digestion in the lower tract.

A similar weight of evidence also exists suggesting that there 
are no advantages to inoculation, but it is difficult to assess their 
validity in the absence of standard feeding and management conditions. 
For example, Ackermann and Fike (1955) concluded that there were no 
advantages to inoculation when three different roughage:concentrate 
ratios were used. Another similar experiment by Hardison, Miller 
and Graf (1957) showed no significant differences between inoculated 
calves and controls on ad libitum or restricted grain feeding.
Again, the inoculation of free-grazing calves with cud material frcm 
adult cows did not significantly effect growth rate in New Zealand 
(McArthur, 1957) but the comparison was made using post-weaning
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growth rate frcm 8 to 12 weeks, and isolated calves were not removed 
from their dams for two weeks after birth, providing ample time for 
natural infection to have occurred.

Successful inoculation appears to be entirely dependent on the 
provision of a suitable rumen environment. Protozoa, as previously 
mentioned, are sensitive to low pH conditions, and several inoculations 
may be required for their establishment before the rumen pH is elevated 
frcm its initial low value to an acceptable level nearer pH 6.0. The 
maintenance of a protozoal population after inoculation is largely 
dependent upon the effectiveness of the diet in this respect, and a 
certain proportion of roughage in the diet seems essential for this 
to occur (Eadie and Mann, 1970) .

Rumen inoculation should also benefit protozoa to a greater extent 
than bacteria because the former are not free-living, and closer con
tact is required for transfaunation. Thus, Bryant and Small (1960) 
found that while inoculation had little effect an the establishment 
of bacteria, it had a considerable effect on ciliate protozoa develop
ment. This is in agreement with Pounden and Hibbs (1949) who also 
reported a slaw growth of bacteria after inoculation on an ad libitum 
grain diet. Uninoculated calves have been shown to take as long as 
4 months (Borhami, el-Shazly, Abou Akkada and Ahmed, 1967) and even 
8 months (Pounden and Hibbs, 1950) to develop rumen protozoa, and in 
both these cases there was a weight gain advantage to inoculation.

Quantitative and qualitative measurements relating to the 
development of an adult flora and fauna in the calf, are further comp
licated by the existence of a carpensatory mechanism. Thus Bryant and 
Small (1956) noted that although uninoculated calves were free of the 
usual rumen protozoa, total anaerobic bacterial counts were greater. 
Inoculation resulted in a drop in the bacterial count, with the estab
lishment of protozoa. This is supported by the work of Williams and 
Dinusson (1972) , who obtained higher bacterial counts in rumen ciliated 
protozoa-free animals than faunated ones. Greater environmental 
tolerance by bacteria probably results in their being established in 
greater numbers initially, but it is not clear whether the drop in 
bacterial count is a direct result of faunation, or a gradual substi
tution by protozoa. It is known that protozoa may feed on bacteria 
and there is also competition for the carbohydrate energy source.
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The establishment of a rumen microbial population is also 
affected by the use of antibiotics. Available evidence on the effect 
of antibiotics on the rumen flora and fauna however,is conflicting 
and inconsistent. Rusoff, Davies and Alford (1951) reported increased 
feed consumption and weight gains with aureomycin supplement, although 
this was not accompanied by a change in the rumen flora or fauna. 
Increased protozoal counts, leading to an increase in nitrogen 
digestibility, has been reported for the use of aureomycin in lambs 
by Klopfenstein, Purser and Tyznik (1964) but a further trial failed 
to confirm these findings (Klopfenstein, Purser and Tyznik, 1966). 
Improved nitrogen utilisation using chlortetracycline and bacitracin 
has been cited by Hogue, Warner, Grippin and Loosli (1956) but no 
references to micro-organisms are made here. Purser, Klopfenstein and 
Cline (1965) confirmed a rise in protozoal counts with antibiotics, 
and vhile no differences were observed in viable bacterial counts, 
they concluded that for respective antibiotics, there may be various 
modifications in bacterial population composition. No significant 
advantages to feeding penicillin supplement were observed by Hibbs, 
Conrad and Pounden (1953) but aurecmycin increased feed intake, 
efficiency of food utilisation and weight gains (Hibbs, Conrad and 
Pounden, 1954).

As there is a lack of constructive explanation for these effects 
it is difficult to speculate on the causes. Hibbs et al (1954) 
believed the effect of aurecmycin to be connected with energy 
metabolism by an energy-sparing effect, elicited through the effect 
of aurecmycin on the microflora of the rumen and lowar intestinal 
tract. It is possible that the advantage lies in the increased 
protozoal population on antibiotic supplemented diets, leading to 
increased butyric acid concentrations, and increased availability of 
protozoa protoplasm for digestion in the lower intestinal tract.

2.2. Muscular development

Rumen musculature development appears to depend largely on the 
early intake of solid feed (Brownlee, 1956-f Harrison, Warner, Sander 
and Loosli, 1960), as the walls of the reticulo-rumen of milk-fed 
calves always contain less muscle than those of calves that have 
received solid feed. The nature of the solid material does not
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appear to be of importance, since indigestible material such as wood 
shavings, plastic sponges and nylon bristles have all been shown to 
promote considerable muscular development in calves fed only on milk 
(Harrison et al, 1960; Tamate, McGilliard, Jacobson and Getty, 1962; 
Flatt, 1955).

The feeding of high concentrate diets resulted in greater weight 
of reticulo-rumen tissue than high roughage diets in calves at 12 weeks 
of age according to Stobo, Roy and Gaston (1966b). However the 
thickness of the muscular wall did not actually differ significantly 
between treatments; differences resulted from an increase in length 
and density of the papillae of the mucosal tissue with concentrates. 
These authors concluded, that the rumen musculature is sufficiently 
developed for rumen movements at an early age, as there is a relatively 
small increase in its thickness with time; subsequent increases in 
weight of reticulo-rumen tissue are a function of mucosal development. 
Other workers have also stated that musculature development is 
influenced independently frcm mucosal tissue development (Brownlee, 
1956; Harrison et al, 1960).

2.2.1. Motility

Contractions of the walls of the rumen and reticulum effects a 
mixing of the contents; this aids in inoculating fresh ingesta with 
the mass of micro-organisms in the fermenting digesta, spreads saliva 
through the rumen, enhances absorption by replenishing the fermentation 
acids absorbed by the rumen epithelium, counteracts the flotation of 
solids during fermentation, and assists the comminution and passage 
of digesta along the alimentary tract (Hungate, 1966),

Flatt, Warner and Loosli (1959) carried out a comprehensive study 
of motility in the developing rumen, using Kymograph tracings to record 
pressure changes in the reticulo-rumen. Patterns of contraction were 
irregular and extreme variations existed between individual animals. 
Spasmodic contractions, associated with efforts to regurgitate, were 
noted in calves at 18 days of age. Regular two-phase contractions, 
the normal picture in the adult, were not noticed until 57 days of 
age in calves given hay, and even later (71 days) for those given 
concentrates and hay. It should be noted however that these calves
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were not given solid feed initially until 3 weeks of age; when 
Swanson and Harris (1958) offered solid feed from birth they observed 
organised contractions in 25 out of 26 calves by 4 weeks of age.

Development of motility is obviously synonymous with muscular 
development, and it has been observed that the rumen of the roughage 
fed calf showed stronger contractions and was more sensitive to 
stimuli than that of the milk-fed calf (Dzuick and Sellers, 1955a) .
The importance of long roughage in this respect was noted by Colvin 
and Daniels (1965) who obtained significant differences in rumen 
contraction amplitude between long and ground hay. The fineness of 
grinding was critical; hay ground through 6 rrm screens gave a 
significantly greater amplitude of contraction than a 2 mm screen.
It was postulated that scabrous materials in the diet may maintain or 
reinforce the tonic activity of motor neurons responsible for rumen 
motility.

The basic or primary mixing cycle consists of a fairly regular 
sequence of events occurring about once each minute, more often in 
small ruminants, and at an increased rate during feeding or rumination. 
The cycle starts with two successive contractions of the reticulum, 
the first of which occupies 2 to 3 seconds and is incomplete. The 
second is complete, and occurs before the muscle has entirely relaxed 
frcm the first contraction. It forces much of the reticulum contents 
over the reticulo-rumen fold into the anterior sac of the rumen. After 
the second contraction, the reticulum relaxes (Hungate, 1966).

At the first reticulum contraction, the reticulo-rumen fold con
tracts, and with the second contraction both the fold and anterior 
sac of the rumen contract, as well as the anterior transverse pillar. 
While the anterior pillar is still contracted, the longitudinal 
pillars, the dorsal rumen sac, the posterior pillar, and dorsal 
coronary pillars contract, closely followed by the dorsal blind sac. 
These contractions take about 15 seconds. They diminish the volume 
of the dorsal rumen, and at their termination a greater proportion 
of the digesta is contained in the relaxed ventral sac. During the 
latter part of these contractions, the anterior pillar and the 
anterior rumen sac relax.
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The last contractions in the mixing cycle occur in the ventral 
sac, the ventral coronary pillars, the posterior pillar, and the 
ventral posterior blind sac. This causes the rumen liquid in the 
ventral portion to rise around the main mass of digesta, percolate 
into it, and mix with the more solid materials. The rising liquid 
also spills over into the reticulum and carries with it seine of the 
smaller solids. As a result of these mixing movements, the reticulum 
usually contains more liquid and less solid material than does the 
rumen, and the particles tend to be finer (Hungate, 1966).

2.2.2. Rumination

Rumination is the process of re-chewing the food or chewing the 
cud, and involves regurgitation of ingesta frcm the reticulo-rumen, 
swallowing of regurgitated liquids, remastication of the solids 
accompanied by re-insalivation and re-swallcwing of the bolus 
(Hungate, 1966).

Regurgitation of digesta occurs from the reticulum, and is ini
tiated by contact of coarse particles with the wall of the rumen and 
reticulum. It is accomplished by a complicated set of muscular 
contractions preceding the two reticular contractions of a mixing cycle. 
Contraction of the reticulum elevates the digesta in this compartment 
above the level of the cardia. The cardia opens, and the animal 
contracts the diaphragm and inspiratory muscles, and at the same time 
closes the glottis. This creates a pressure lower than atmospheric 
in the pleural cavity, and since the wall of the oesophagus is quite 
pliable, the decreased pressure is transmitted to the interior of the 
oesophagus. Partly as a result of this lowered pressure, but chiefly 
due to the hydrostatic pressure from the liquid in the reticulum, 
digesta flows into the oesophagus. The cardia closes and the bolus 
is carried to the mouth by reverse peristalsis. The liquid accompany
ing the solids is necessary for transporting them, but most is 
immediately swallowed and the solids are chewed (Hungate, 1966).

Re-chewing during rumination is more thorough than the initial 
mastication during feeding, and each bolus is chewed between 30 and 
85 times with a lateral grinding motion. During rumination, there 
is an increase in secretion of parotid and inferior molar saliva,
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but very little secretion frcm the raucous glands. The subraaxillary 
gland is almost completely inactive (Hungate, 1966).

The development of rumination was observed in 26 young calves 
offered solid feed frcm birth by Swanson and Harris (1958) . Rumina
tion was noticed in 18 of the calves in the first two weeks, and in 
25 of the calves by the end of the second two weeks. Rumination time 
increased to approximately 5 hours per day at 6 to 8 weeks of age, and 
was positively correlated with dry feed consumption. The minimum 
quantity of feed required for development of rumination appeared to be 
as little as 0.5 kg per day, subsequent larger amounts of feed consumed 
resulted in little increase in ruminating time over 5 hours per day. 
Hodgson (1968) made similar observations, and concluded that the time 
spent ruminating and eating increased rapidly until solid feed intake 
reached a level of at least 1,0 kg dry matter. Subsequent increases 
in solid feed intake were achieved by increases in rate of intake, 
and times spent eating and ruminating changed little. This would 
seam to indicate that the practice of weaning calves at a minimum 
daily intake of 0.75 kg per day is a sound reconmendation with regard 
to ensuring adequate rumination development.

The frequency of rumination may be affected by particle size of 
ingested feed. It is now appreciated that rumination may not be 
essential with certain foods, and that microbial fermentation is the 
key process able to proceed independently of rumination. Thus 
Hodgson (1971a) observed that seme calves given ground and pelleted 
hay diets seldom ruminated, while Cullison (1961) failed to observe 
rumination at all on such diets. The practice of feeding these diets 
is not to be recommended however, in view of the possibility of 
increased digestive disturbances such as bloat (see 2.2.4.).

2.2.3. Eructation

Large quantities of gas amounting to between 30 and 50 litres 
per hour in adult cattle, consisting mainly of methane, are produced 
in the ruminant stcmach by microbial digestion of carbohydrate. Carbon 
dioxide is also liberated from bicarbonate by chemical reaction with 
volatile fatty acids. The gas is eliminated by eructation, by 
absorption and elimination through the lungs, and by passage down 
the alimentary tract? however the greatest proportion (>0.90) of the 
gas is eructated (Church, 1969? Hungate, 1966).
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In addition to the sequence of muscular movements already 
described as the rumen mixing cycle, there are often intercalated 
one or more rumen contractions in addition to those directly following 
the two reticulum contractions. Each of these additional contractions 
immediately precedes an eructation. The contraction is chiefly in the 
dorsal sac, and causes the large gas volume above the rumen contents 
to be displaced forward. At the same time, the reticulo-rumen fold 
contracts and lifts up, holding back the forward surge of solid 
digesta. Contraction of the anterior pillar of the rumen is also 
important in holding back the digesta. These movements cause gas to 
move into the dorsal part of the reticulum. The cardia then opens, 
as do the diaphragmatic and pharyngeal sphincters, and the gas escapes 
through the oesophagus (Hungate, 1966).

The eructation reflex is stimulated by distention of the rumen, 
and stimulation of the dorsal vagal trunk with moderate electrical 
stimuli has been noted to increase the rate of eructation (Dzuick and 
Sellers, 1955a).

The ability to eructate in the young calf develops concomitantly 
with rumen motility; failure of the eructation mechanism results in a 
build-up of gas in the rumen leading to the condition kncwn as bloat.

2.2.4. Bloat

There are two sorts of ruminant bloat, frothy and free-gas bloat. 
Frothy bloat results when the fermentation gases, instead of rising 
in the digesta to coalesce with the pocket of free gas at the top of 
the rumen, form small bubbles entrapped in the digesta. Many types of 
fresh lush legumes cause frothy bloat, but it has also been observed in 
some feed-lot animals fed rations containing a high proportion of grain 
and a minimum of roughage (Hungate, 1966).

The aetiology of bloat in adult ruminants has been well studied; 
while seme of these principles may be applied to the young ruminant, 
the existence of an imperfectly developed rumen system means frequently 
an inability to cope with the physiological load. There is hcwever a 
lack of published work concerning the problem of bloat in the young 
ruminant.
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Closure of -the oesophageal groove in the young milk-fed calf 
does not always result in all the milk being diverted into the 
abomasum (Smith, 1959) . Where spillage into the rumen does occur, 
the milk is fermented with the production of a variable quantity of 
gas. If rumen motility patterns are not established, there may be a 
build-up of gas, leading to death by circulatory impairment in severe 
cases. The extremely acid lactic fermentation associated with milk 
may also serve to inhibit reticulo-rumen contractions, as Ash and Kay 
(1959) have shown that fatty acid solutions buffered around pH 4.0 
have this effect.

The work of Preston and colleagues on the development of the 
barley beef system resulted in the advocation of inclusion of a mini
mum amount of roughage to avoid digestive upsets (Preston, Whitelaw, 
Macdsarmid, MacLeod and Charleson, 1961). The physical characterist
ics of the roughage are important; Levy, Amir, Holzer and Neumark (1972) 
noted bloat on ground and pelleted straw and hay diets. The more 
frequent and severe bloat with hay, as compared with straw, was 
attributed to the higher proportion of fine particles in ground hay 
pellets. On the non-pelleted straw diets (loose straw) only two mild 
cases of bloat were seen;, it should be pointed out however that this 
work was carried out with older animals between 290 and 500 kg live- 
weight.

Kay (1969) stated that when the husk was retained as part of the 
grain when pelleting cereal diets, calves did not suffer from bloat, 
whereas ground cereal diets led to a high incidence of digestive dis
orders. It seems that low fibre diets result in reduced rumen 
motility, rumination and salivation (Clarke and Reid, 1974).

The role of saliva in the aetiology of bloat is not conclusive; 
saliva slime or mucus has been cited as a causative factor in frothy 
bloat, where gas becomes trapped as bubbles in the digesta (Gutierrez, 
Davis, Lindahl and Warwick, 1959). Further evidence supports the 
beneficial effect of saliva in preventing stable foam formation (Mendel 
and Boda, 1961), and promoting the release of trapped gas from samples 
of frothing rumen contents (Bartley 1957j van Horn and Bartley, 1961). 
It has also been noted that bloat susceptible cows secreted signifi
cantly less saliva during restand feeding than non-susceptible cows
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(Mendel and Boda, 1961). This must be considered a real problem in 
the young calf, where development of the salivary gland and saliva 
production may not be complete.

Saliva may also exert an indirect effect through its influence 
on rumen pH, as the sodium, potassium and bicarbonate ions contained 
in saliva buffer the acids produced in the rumen. A very acid pH 
(around 4.0) has been noted to have an adverse effect on rumen motility, 
and consequently the animal's powers of eructation. The importance 
of roughage is also emphasised in this respect by virtue of its 
promotion of more rumination leading to greater saliva production. 
Furthermore, rumen motility and saliva production seem to be directly 
related, as distention of the rumen with balloons has been shown to 
inhibit both motility and saliva flow (Ash and Kay, 1959) . A com
parison of the rumen characteristics of healthy and bloating calves 
by Jayne-Williams (1979) revealed rumen pH values of 6.5 to 7.3 for 
the former, while the two bloating animals exhibited values as low 
as 4.8 to 5.3.

Peptostreptococcus els denii has been cited as one of the pre
dominant bacteria in the rumens of young calves (see 2.1.1.) . It has 
also been observed to increase during the onset of feed-lot bloat of 
cattle (Gutierrez, Davis, Lindahl and Warwick, 1959), and has been 
suggested to have a role in the aetiology of bloat. However, it could 
be that this organism is better adapted to live at the low pH conditions 
that seem to be characteristic of the limited roughage-reduced saliva 
bloat syndrome; this would explain its increase in numbers while other 
bacterial species decline. It has been confirmed that P. elsdenii is 
a lactate utiliser, a substrate which predominates at a lower pH 
(Gutierrez et al3 1959). P.  elsdenii is also associated in the same 
study with the production of valeric acid in the rumen, and the con
centration of this acid was seen to increase as the severity of bloat 
increased.

In certain types of dwarf beef cattle, notably Herefords, chronic 
bloat is an inherited characteristic (Hafez, Ensminger and Ham, 1959; 
Fletcher and Hafez, 1960). These animals have a significantly greater 
rate of rumen fermentation than normal calves, and are less tolerant 
to bloat. Examination of rumen characteristics showed holotrichous
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protozoa in bloater dwarfs to be either absent or greatly reduced with 
very sluggish motility, indicating a hostile rumen environment, maybe 
associated with low pH conditions. In non-bloater dwarfs and controls, 
protozoa were active and abundant.

2.3. Mucosal development

Ihe rumen mucosa is the innermost lining of the rumen and is 
distinct frcm the muscle layer that lies underneath it. Structurally 
it is composed of stratified squamous epithelium, the lower layer of 
which, the stratum corneum, is pigmented. In certain areas of the 
rumen, notably the area behind the reticulo-rumen fold, the mucosa 
develops into folds of numerous finger-like projections. These 
projections or papillae provide a large surface area for absorption 
of the products of fermentation from the rumen; early facilitation 
of their development would seem to preclude the ability of the calf 
to utilise these fermentation products. Although the rumen lining 
is referred to as mucosa, the epithelial cells do not produce mucus 
and are non-glandular.

2.3.1. Rumen papillary development

Much confusion existed among early workers with regard to the 
factors responsible for stimulating rumen papillary development.
Flatt (1955) summarised the most prevalent theory by saying that the 
physical nature or bulk supplied by roughage was the chief factor 
concerned in rumen development. Bulk influenced rumen development 
not only by a distending effect and possibly a scratching effect, 
but also by its water absorbing pcwer and physical nature.

It was kncwn that calves fed a normal diet of hay, grain and 
milk developed a mature type rumen function by 2 to 3 months of age. 
Flatt (1955) therefore simulated this situation by using various combi
nations of inert coarse substances in the rumen in the form of nylon 
bristles or plastic sponges, together with intra-ruminal infusions of 
volatile fatty acids (VFA), being the end-products of a normal diet 
fermentation. Calves offered milk, together with rumen insertion of 
nylon bristles or plastic sponges, shewed little or no papillary 
development. Pure solutions of VFA also failed to stimulate papillary 
growth, but ingestion of solid feed was successful, with rumen liquor 
infusion also
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giving a slight response, Flatt concluded that by-products resulting 
frcam micro-biological activity in the rumen appeared to be the primary 
factors responsible for papillary development; pure solutions of VFA 
did not achieve this effect.

Subsequent work by this author (Flatt, Warner and Loosli, 1957; 
1958; 1959) showed marked papillary development on infusion of the 
sodium salts of acetic, propionic and butyric acids into the rumen, 
and it was deduced that the original levels of infusion of VFA were 
too low to stimulate development. This was confirmed by the work of 
Tamate, McGilliard, Jacobson and Getty (1963), where administration 
of 6.7 to 16.1 kg VFA gave similar histological development as calves 
fed hay and starter diets. With 2.5 kg VFA only, administered over 
a period of 12 weeks, as in the work of Flatt (1955), thickening of 
the stratum transitionale was observed, but it failed to produce a 
consistent stratum corneum.

Brownlee (1956) observed rumen papillary development in calves 
fed different diets, and concluded that, as roughage in the form of 
hay was not an important factor, with kale and mangolds providing a 
more powerful stimulus, the indications were that development was 
determined by the energy value of the foods, or the rapidity with which 
they were broken down into absorbable fractions.

Sander, Warner, Harrison and Loosli (1959) administered certain 
compounds to rumen cannulated mi Ik-fed calves, including the three 
most canmonly produced VFA; sodium butyrate and propionate stimulated 
papillary growth but had no similar effect on rumen muscle development. 
This effect seemed to be mediated by metabolism of these compounds, 
especially butyrate, in the rumen wall. The importance of butyrate 
as the metabolite was stressed by the absence of papillary development 
in the presence of glucose absorption and metabolism. It was noted 
also, that increased ruminal VFA concentrations resulted in increased 
blood flow frcm the rumen wall, and the relative rate of increase 
showed butyrate to be more effective than propionate . which was better 
than acetate. A similar experiment by Tamate, McGilliard, Jacobson 
and Getty (1962) showed papillary growth only under high intra-rurninal 
infusions of propionate and butyrate, and a mixture of acetate and 
propionate only, or butyrate only, did not have the same effect.
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These observations are afforded further endorsement by the work 
of Peron and Ruiz (1972) in a study of molasses as a calf diet. 
Papillary development was favoured by a concentrate based diet rather 
than molasses, although the production rate of butyric acid was three 
times greater on molasses. These authors concluded that the combined 
effects of both propionic and butyric acid are required for rumen wall 
development, and that butyric acid alone does not have the same effect. 
However this argument does not stand up to strict scrutiny, because 
rumen VFA concentrations and molar proportions were studied in a 
separate trial to that of papillary development. Furthermore, it is 
stated that there was a much greater liquid volume in the rumens of 
molasses-fed calves, which would influence VFA concentrations and 
presumably absorption rates.

Further work by Peron, Verdura, Ruiz and Preston (1972) with 
steers of 200 kg liveweight, showed a larger number and increased 
length of papillae in animals fed molasses and restricted forage, com
pared with forage only. Again, it is cited that in a separate trial, 
an increased concentration of butyric acid was found in the ruminal 
contents on the molasses-based diet.

Although these more recent observations would seem to be supposi
tions based on limited evidence, the association between propionic and 
butyric acids and mucosal development seems to have been substantiated. 
The production of these acids is greatest on a diet based on a high 
proportion of concentrates, or rapidly fermentable substrate, and as 
such, the association between these acids and papillary size and 
density noted by several authors (Warner, Harrison and Sander, 1959; 
Harrison, Warner, Sander and Loosli, 1960; Stobo, Roy and Gaston,
1966a and b), could be a result of the greater availability and sus
tained higher concentrations of VFA on such diets.

The mode of effect of the acids on the rumen epithelium is not 
entirely understood, Steven and Marshall (1970) examined rumen wall 
material frcm the late foetal lamb and newborn calf. They observed 
that the definite pattern of cell junctions was almost fully developed, 
but in contrast, the internal organisation of epithelial cells differed 
markedly frcm that of the adult. It would seem that the absorption and 
metabolism of VFA is necessary to develop this intracellular apparatus.



- 28 -

A series of detailed observations on the microscopic structure 
of the ruminal mucosa has been carried out by Tamate and colleagues. 
Their data suggested that the proximal cytoplasm of the basal cells 
was very sensitive to physiological changes following intake of feed 
and ruminal fermentation, and that VFA passing through the epithelium 
was probably the instrumental factor (Tamate, Kikuchi and Sakata, 1974). 
The use of high intra-ruminal doses of sodium butyrate was especially 
seen to result in an increase in epithelial cell mitotic index, 
accompanied by dilation of sub-epithelial venules, the development of 
epithelial pegs and the appearance of larger basal cells (Sakata and 
Tamate, 1976a; 1976b; 1978). These changes were considered to be 
closely related to the mitagenic effect of the acid, and were caused 
by an elevated intraruminal concentration, rather than the total 
amount of acid given in one day.

The rumen of the new-born calf has fairly well developed papillae 
(.Warner and Flatt, 1965; Tamate, McGilliard, Jacobson and Getty, 1962) 
probably as a result of a supply of VFA to the foetal rumen tissue 
through the circulation of maternal blood. While the calf is fed 
exclusively on milk however, the papillae regress (Harrison, Warner, 
Sander and Loosli, 1960; Tamate et alf 1962), and it is not until a 
constant supply of VFA is available frcm fermentation of solid feed, 
that development subsequently occurs. Tamate et al (1962) did observe 
same papillary growth in the rumen of one calf receiving whole milk 
intraruminally, presumably stimulated by the end-products of its 
fermentation.

Knox (1960) found that the ability of rumen mucosa to metabolise 
VFA is low in calves at birth, but much greater at 5 weeks of age. 
Furthermore, although the rumen mucosa at one or two days of age did 
not metabolise butyric acid extensively, the tissue frcm a 5 week old 
calf receiving solid feed utilised more butyric acid than did tissue 
from mature steers. Similar findings were made in lambs (Walker and 
Simmonds, 1962; Stangassinger, Beck and Enmanuel, 1979) where utilisa
tion of butyric acid by the rumen mucosa of a newborn lamb was lower 
than in the adult, but exceeded adult levels by 0.80 at 4 weeks of age, 
and maintained this higher utilisation to 10 weeks and probably longer 
(Stangassinger et al, 1979). The utilisation of acetic and propionic
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acids by rumen tissue shewed no marked change due to age (Walker 
and Simmonds, 1962).

The importance of an early development of rumen papillae has 
been recognised by several workers; in seme cases liveweight gain 
has been cited as being dependent on an advanced stage of papillary 
growth (Stabo, Roy and Gaston, 1966a; Kunkel, Tutt, Reagor, Glimp 
and Robbins, 1962). Papillary length was the only criterion which 
bore a positive relationship to the growth of the calves in a study 
of changes in the tissue and volume of their stcmachs by Harrison, 
Warner, Sander and Loosli (1960). Further work with lambs showed 
that the proportion of mucosa in the rumen wall was significantly 
correlated with weight gain, especially during the 28 days before 
slaughter (Sinclair and Kunkel, 1959). Papillary length was signi
ficantly correlated with gain (P<0.05) as was papillary density 
(P<0.01) ; papillary width was also positively correlated but this 
relationship was not statistically significant. In addition, mucosal 
colour was significantly related to gain (P<0.05); the development of 
the pigment may represent the attainment of a certain metabolic 
maturity.

Available evidence demonstrates that rumen VFA stimulate 
absorptive ability, metabolic activity and structural development 
of the rumen epithelium. The interdependence of these three factors 
is reflected in the fact that VFA exert their effect on structural 
development and absorptive ability by stimulating metabolic activity 
of the mucosa, and development of metabolic activity is a prerequisite 
for structural development.

2.4. Factors affecting rumen development

There are numerous factors that may have an effect on rumen 
development, sane of which have already been mentioned, and others, 
especially dietary factors, will be given further consideration in 
later chapters. Previous discussion has been centred on the 
development of intrinsic rurninal characteristics; against this back
ground the effect of extrinsic factors such as age, milk feeding 
systems and the development of solid feed intake must be considered.
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2.4.1. Age

The age of the animal does not have a direct affect on rumen
development, as there does not seam to be a definite time span require
ment after birth before development can occur. Rumen muscular, microbial 
and mucosal development are dependent on the early provision of a suitable 
and adequate feed supply to establish optimum rumen environmental condi
tions. Thus, Leibholz (1975b; 1980) reported that 7 days after offering 
dry feed, about 0.25 of the ingested dry matter was digested in the rumen, 
and this value was increased to 0.40 after 14 days. This last value was 
similar to that obtained for digestion in the rumen of the mature animal.

2. 4.2. Milk, feeding systems'

The options available for milk-feeding young calves are new 
multi-fold. Milk replacers are widely used instead of whole milk and
these may be fed through a teat, by bucket, restricted to once or twice
daily feeds, or with acidified milk substitute, reconstituted once every 
three days and offered ad libitum. Different management systems are 
employed as a result of specific conditions on a particular unit,' with 
the aim of ensuring rapid economic trouble-free calf grewth. Although 
early rumen development is of paramount importance in achieving this 
goal, this is rarely the prime objective of a management system.

The feeding of ad libitum quantities of milk will obviously result 
in a retardation of rumen development as a result of inhibition of solid 
feed intake. Where an ad libitum feeding system is practised, it would 
be wise therefore to gradually restrict the daily amount offered to 
encourage concentrate intake and subsequently weaning.

Inadequate closure of the oesophageal groove may result in up to 
0.20 of the milk entering the rumen (Smith, 1959) . This overspill milk 
results in a lactic acid fermentation (Smith, 1961) inhibitory to the 
grewth of an adult rumen flora and fauna (Hungate, 1966). The advantage 
of a teat-feeding system as opposed to bucket feeding could be signifi
cant in prcmoting more efficient closure of the oesophageal groove, and 
certainly Eadie (1962) noted that teat feeding encouraged the develop
ment of a ciliate protozoa population, in association with a higher 
rumen pH. It was also the experience of Stobo and Rcy (1980), that 
teat feeding was associated with a higher rumen pH and greater rumen 
papillary development than occurred with bucket feeding.
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However Roy (1980) argues that feeding frcm a bucket or teat feeder 
is equally effective in causing a complete closure of the oesophageal 
groove during the first 6 weeks of life; after this age, feeding from a 
teat feeder is slightly more effective. Similarly, Abe, Iriki, Kondoh 
and Shibui (1979) found no difference in the functioning of the oeso
phageal groove in 2 week old calves between teat and bucket feeding, 
provided the calves had been trained to either method for at least one 
week. Slightly more milk entered the rumen if calves were accustomed 
to one procedure and then changed. A further proviso noted by Wise, 
Anderson and Miller (1942) was the height above floor level that the milk 
was offered. Milk rarely entered the rumen with a nipple feeder, but 
frequently with an open bucket at the same level; overspill incidence 
was however increased, constituting 0.41 of milk consumption, when 
feeding frcm a bucket at floor level, whereas a nipple in an elevated 
suckling position reduced this proportion to 0.05.

Certain ingredients used in milk replacer diets may, due to poor 
palatability or other physico-chemical characteristics, fail to stimulate 
proper closure of the oesophageal groove (Jayne-Williams, 1979). In such 
cases the milk replacer itself is responsible for causing digestive 
upsets such as bloat, which depress the calf's performance. Substitution 
of 0.40 or 0.70 of milk protein by yeast protein seems to particularly 
dispose calves to bloat (Stabo, Roy, Ganderton and Jayne-Williams, 1975).

In a comparison between milk replacer fed calves and herd milk fed 
calves, the former showed a more rapid transition to rumen function as 
indicated by higher rumen and blood VFA concentrations in these calves 
(McCarthy and Kesler, 1956).

2.4.3. Solid feed intake

Early intake of solid food is an essential prerequisite of rumen 
development, as the growth of the alimentary tract has been shown to be 
dependent upon the level of solid feed intake achieved rather than the 
reverse (Hodgson, 1968). Frcm his study of the factors influencing the 
intake of solid food by young calves, Hodgson (1968) concluded that the 
early development of solid feed intake in young ruminants was dependent 
upon the integrated development of the mechanisms of prehension, masti
cation and deglutition. This limitation of eating behaviour on solid 
feed intake provides a sound basis for attempts to increase the voluntary 
feed intake of the young calf by the use of appetisers in the diet, or 
by alterations in the physical form of food.
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Feed palatability and presentation most therefore be of a high 
standard to encourage voluntary feed intake. While artificial flavour
ings are rarely added to calf diets, they often may contain molasses 
(Roy, 1980), linseed and skim milk powder (Steenkamer, 1980 , pers comm) 
to stimulate appetite.

There is little agreement in the literature as to whether palata
bility can be increased by pelleting the concentrate mixture. Seme 
experiments have shown that calves eat more in pellet form than as a 
meal (Lassiter, Denton, Brawn and Rust, 1955; Bartley 1973), whereas 
other work has indicated that calves prefer a loose meal to pellets 
(Newman and Savage, 1938; Kay, 1969). A pelleted diet however ensures 
a more uniform consumption of mixtures vhere some of the ingredients 
could be selectively eaten when given in a meal form.

In another study on physical form of diets presented to young 
calves, Hodgson (1973) observed that the response to grinding and 
pelleting a forage diet appeared to be age dependent, and was probably 
related to the development of eating behaviour in the young calf. Young 
animals seamed to adapt more readily to pelleted rather than non-pelleted 
diets, adaptation here being interpreted as the development of efficient 
mechanisms for prehension, mastication and swallowing of food (Hodgson,
197Id). The latter concluded that, even after weaning, the intake of 
solid feed is limited primarily by oropharyngeal factors, and not by 
digestive tract fill.

The size of pellet on offer to calves from 2 to 6 weeks of age 
was not found to be of great importance in a commercial trial comparing 
3 mm and 8 mm pellets (Thickett, 1978, pers comm); however, excessively 
hard pellets did reduce intake. The hardness of a cabbed diet was also 
offered as an explanation for an associated decrease in dry matter intake 
in the work of Kay, MacLeod and Andrews (1972); the validity of this 
observation however must be questioned in light of the comparison being 
effected against the same diet pelleted, and other ccbbed diets contain
ing higher roughage levels, both factors which could have affected dry 
matter intake themselves.

The early development of solid feed intake will also be affected 
by the milk feeding system imposed. Prolonged feeding of milk substi
tute under ad libitum conditions may produce greater weight gains, but
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the economic viability of such a system is in doubt when compared with 
a restricted milk feeding, early-weaning system. A compromise may be to 
allow ad libitum feeding for the first 3 weeks of life, thereafter 
reducing milk intake over the following two weeks to encourage concen
trate consumption (Thickett, Cuthbert, Brigstocke, Wilson and Lindotian, 
1980). Where milk feeding is restricted to a maintenance level, concen
trate consumption is normally sufficiently developed, representing a 
level of at least 0.75 kg per day at 5 weeks, to enable abrupt weaning 
to be effected without the check to growth observed when weaning abruptly 
on an ad libitum system (Harker, 1979).

Hodgson (1965) studied the effect of weaning treatment on the 
development of solid feed intake in calves offered milk ad libitum. 
Weaning was carried out after 3 or 4 weeks over a period of 7 or 14 days. 
Most calves suffered a weight loss at weaning, but this was greatest on 
the 3 week weaning over 7 days, and least on 4 week weaning over 14 days. 
However, it was also noted that the slowest rate of weaning tended to 
delay intake of solid food temporarily. Quayle (1958) found no differ
ence in solid feed intake between an abrupt or gradual weaning system.

A further interesting observation made by Hodgson (1965) was that 
weight loss after weaning was clearly related to age at weaning, but 
not to weaning weight. This indicates that the attainment of a certain 
chronological age is of greater importance than a specific physiological 
development before successful weaning can be affected. In practice, this 
time scale would probably equate to a weaning age of 5 weeks, as earlier 
weaning must be accompanied by very high standards of management (Preston, 
1956b; 1960). Nevertheless, neither weight nor age at weaning in 
Hodgson's work significantly affected subsequent growth. It was apparent 
however, by virtue of a significant correlation (P<0.01) between milk 
intake and post-weaning daily dry matter intake, that appetite and capa
city for solid feed after weaning was conditioned to same extent by the 
maximum level of liquid intake established before weaning. In this 
context, the system of Thicket et al (1980) in allowing manifestation 
of maximum milk intakes for individual calves in the first 4 weeks, 
before gradual weaning, would seem to be very appropriate, and would 
tend to refute belief that an ad libitum system of milk feeding is bound 
to have an adverse affect on solid feed intake.
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2.5. Evaluation of rumen function development

Many workers have attempted to establish criteria by which rumen 
function development may be evaluated. Earlier workers noted that 
there was an inverse relationship between blood glucose levels and 
size and functional development of the rumen (McCandless, Esther and 
Eye, 1950). The milk-fed calf has high initial blood glucose levels 
(4.4 to 5.6 milli moles per litre) and the concentration falls with 
the transition to rumen function to plateau at 2.2 to 3.6 milli moles 
per litre at around 8 to 11 weeks of age (Conrad, Hibbs and Pounden, 
1954; Lambert, Jacobson, Allen and Bell, 1955). However, the large 
proportion of the decline in these whole blood glucose levels is a 
function of the decline in erythrocyte glucose, a smaller decrease in 
plasma glucose levels usually succeeds the fall in corpuscle glucose 
levels (Reid, 1953; Boda, Riley and Wegner, 1962).

The variation associated with blood glucose levels precludes its 
use as an effective indicator method, Preston and Ndunbe (1961) noted 
that with milk feeding, there was a rapid rise in glucose levels after 
feeding followed by an equally rapid fall to pre-feeding levels.
Calves offered concentrates twice daily shewed a depression to a mini
mum 3 hours after feeding, followed by a gradual rise to a maximum 8 
to 12 hours after feeding. With a dried grass diet there were no 
changes observed related to feeding times.

An association between roughage content of the diet and blood 
plasma glucose was noted by Stobo, Roy and Gaston (1966b) . A change 
from a high roughage diet to an all concentrate diet caused a rise 
in glucose levels, while a change from a high concentrate diet to 
roughage resulted in a decline. Leibholz (1975a) reported a decline 
in blood glucose concentration with increasing roughage content of the 
diets; these observations could be associated with the decline in 
propionic acid and increase in acetic acid levels with increasing 
roughage content, resulting in less available glucogenic substrate 
(see 3.4.).

Flatt, Warner and Loosli (1959) carried out a comprehensive study 
of several techniques used in the study of developing rumen function. 
These included volatile fatty acid concentration, rumen motility,
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papillary growth evaluation, mucosal tissue development and in vivo 
reticulo-rumen volume measurements. The criteria that proved most 
sensitive to dietary changes were papillary growth, rumen mucosal 
development, fat-free dry tissue of forestomachs, and reticulo-rumen 
volumes. Rumen mucosa colour, representing pigment development, could 
also be added to this list, as it was significantly related to live- 
weight gain (P<0.05) in the work of Sinclair and Kunkel (1959). Rumen 
mucosal development and papillary growth would seem to provide the 
best guide-lines for evaluation of the calf's ability to effectively 
utilise nutrients for growth.

The growth and development of the rumen would therefore seem to be 
dependent on the intake of solid feed. This provides a substrate for 
microbial grcwth, physical mass for muscular development, and fermen
tation end-products to stimulate absorptive ability, metabolic activity 
and structural development of the rumen mucosa. The importance of 
rumen volatile fatty acids in this respect emphasises the need for a 
more detailed discussion of acid production, absorption and utilisation.
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CHAPTER 3 

Rumen Fermentation

Fermentation in the rumen, which precedes gastric digestion 
in ruminants, makes a large proportion of the substrate of structural 
components of plants available in forms which are directly usable by 
the tissues of the animal. Carbohydrates, proteins, and all other 
fermentable substrates are converted, by micrcbial action, into 
volatile fatty acids (VFA) , methans, carbon dioxide, ammonia, and 
micrcbial cells (Leng, 1970).

3.1. VFA production

Acids in the rumen that are normally classed as VFA include 
formic acid, acetic acid, propionic acid, n-butyric acid, iso-butyric 
acid, 2-methyl butyric acid, n-valeric acid, iso-valeric acid and 
traces of C6 and C 8 acids. Those found in the largest quantities 
are acetic, propionic and butyric acids; the remainder are normally 
grouped as "higher" acids (Church, 1969).

The pathways of VFA synthesis frcm plant material precursors are 
summarised in Figure 2. It is also known that iso-butyric and valeric 
acids may be produced frcm microbial attack of protein in the rumen 
(el-Shazly, 1952). The situation is further complicated by an 
inter-conversion mechanism, for as much as 0.40 to 0.50 of butyric 
acid may be produced from acetic acid (Leng and Brett, 1966); it is 
also possible for butyric acid to be recycled to form acetic acid 
(Brown, Leffel and Lakhsmann, 1958).

The rates of production of VFA may be measured using the isotope 
dilution technique (Leng, 1970). This method depends on an estimation 
of the dilution of an injected isotcpically labelled material (single 
injection method), or the rate of dilution of a continuously infused 
labelled acid. Acids labelled with lkC and tritium 3H have been used. 
Results suggest that the relative rates of VFA production are broadly 
reflected by the molar proportions of acids in the rumen liquor.

Measurements of VFA concentrations in the rumen vary according 
to time and site of sampling. The total concentration of VFA seems
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to be at its highest in the rumen three hours after feeding (Stcbo,
Roy and Gaston, 1966b; Leibholz, 1975a) . According to the work of 
Fenner, Dickinson and Barnes (1967), rumen samples taken 3 hours 
after feeding represented the highest concentration of sane sampled 
components, the lcwest concentration of others, and intermediate of 
others. Total VFA concentration was at its highest level 3 to 4 hours 
after feeding, acetic acid at its lowest level 2 to 3 hours after feed
ing, and butyric at its highest 4 to 5 hours after feeding.

Among sampling sites in the rumen, the total concentration of 
VFA was not significantly different for steers fed hay at 4 hours, 
but at 8 hours the greatest concentration was in the rumen fluid 
nearest the hay material (Wheaton, Bradley, Mitchell, Little and 
Boling, 1970). With concentrate fed animals, the highest concentra
tion of VEA was in the ventral sac, both at 4 hours and 8 hours after 
feeding. These observations are supported by the work of Bryant 
(1964), who also stated that, although differences in VFA concentra
tion existed between sampling sites and time of sampling, the 
relative proportions of individual acids did not vary. It should 
be noted that rumen liquor samples taken by stomach tube will have a 
higher pH and lower VFA concentration than samples taken near the 
most active fermentation sites, or a composite representative rumen 
sample. This results from the contamination of stomach tube samples 
by variable amounts of saliva, and the effect would be more pronounced 
with concentrate based diets (Wheaton et al, 1970).

3.2. Factors affecting VFA production

The dynamic nature of the rumen micrcbial population means that 
the total concentration of VFA, and more especially their molar 
proportions, are constantly changing as the microbes adapt to 
prevailing environmental conditions. The properties of the resultant 
fermentation patterns are best discussed in relation to the following 
modifying factors.

3.2.1. Age of animal

It is not strictly correct to relate development of rumen 
fermentation to age, as it is the intake of solid feed that is 
instrumental in this respect. Where calves are offered solid feed 
ad libitum from a few days old, it seems that rumen VFA concentrations
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shew a rapid increase for 6 to 8 weeks, plateau for a further 2 to 3 
weeks, before dropping slightly to a more stable level (Conrad, Hibbs 
and Frank, 1958; McCarthy and Kesler, 1956) . In terms of actual 
concentration, Godfrey (1961b) noted a rapid rise frcm 12.7 m.moles 
per litre at one week of age, to 67.4 m.moles per litre at 5 weeks; 
after this the concentration remained fairly constant.

It is also appropriate to mention in the context of age, that 
the application of rumen data fran adult animals is not necessarily 
suitable for the calf situation. Observations have indicated that, 
for the same diet, the molar proportions of acids in the rumens of 
calves differed frcm the adult, being associated with lower acetic 
acid levels but greater amounts of lactic, formic and succinic acids 
(Lengonann and Allen, 1955).

3.2.2. Diet

The composition of the ration ingested is probably the most 
important single factor determining the fermentation pattern.
Typically, diets composed solely of forages give rise to the following 
molar proportions (m.mol. per mol):

650-740 acetic acid 
150-200 propionic acid 
80-160 butyric acid

Substitution of concentrates decreases the proportion of acetic 
acid to around 400 m.moles, increases propionic acid from 200 to 400 
m.moles, and increases butyric acid to approximately 300 m.moles 
(Brown, Leffel and Lakhsmann, 1958; Thomas and Rook, 1977). The 
quality of the forage is also important, low quality roughages 
resulting in a high acetic acid fermentation, while with higher 
quality roughages there is a shift towards a propionic fermentation. 
The changes accompanying these shifts are described in Table 2.

The effect of different rations on VFA concentrations and molar 
proportions has been the subject of many studies. Some of this work 
is summarised in Appendix 1. However, it should not be forgotten that 
specific comparisons between different experiments may not be warranted,
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particularly with respect to total VFA concentrations present, as 
animals may have been sampled by stomach tube or rumen fistula, and 
at different times relative to feeding. Consequently, the most valid 
comparisons should be within one experiment by any given author, or 
between experiments published by one author.

Changes in molar proportions of VFA with changes in diet are 
presumably mediated by shifts in the relative numbers of species 
comprising the microbial population. Williams and Dinusson (1973b) 
noted that factors affecting total VFA concentration and changes in 
individual VFA proportions, included the engulfing of bacteria by 
rumen ciliated protozoal species, and the particular protozoal 
species or combination of species established. Stobo, Roy and 
Gaston (1966b) effected a change of diet at 14 weeks for calves that 
had previously received high concentrate diets, to a hay only diet.
This resulted in a significant decline in viable counts of strepto
cocci, lactobacilli and coliform organisms found in the rumen liquor 
at 16 weeks.

The nature and availability of the carbohydrate substrate has 
an effect on its relative use by protozoa and bacteria. Thus diets 
containing a large proportion of glucose or sucrose tend to favour 
a butyric acid type fermentation, while diets containing a high 
proportion of starch result in a shift towards a propionic acid 
fermentation (0rskov, 1975).

3.2.3. Level and frequency of feeding

High levels of feeding, especially when the proportion of forage 
is lew, tend to result in a high propionic: acid (>330 m.mol. per 
mol.) fermentation (Thomas and Rook, 1977, Table 2). Conversely, 
restricting the quantity of concentrates offered, shifts the fermen
tation pattern towards a higher molar proportion of butyric acid.
This effect seems to be mediated by changes in the numbers of ciliate 
protozoa, which are reduced at high levels of feeding (Eadie, Hyldgard- 
Jensen, Mann, Reid and Whitelaw, 1970) . A similar observation was 
made by Ishaque, Thomas and Rook (1971) , where cattle on barley cubes, 
fed to 0.80 of appetite, shewed a higher butyric acid level and a 
large ciliate protozoa population. On at libitum intake there was a
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reduction in ciliates, an increase in rod-type bacteria, and a shift 
towards a higher molar proportion of propionic acid.

The relationship between VFA production and frequency of feeding 
is less clear. Putnam, Gutierrez and Davis (1961) found no apparent 
relationship between the frequency of feeding and rumen VFA concen
trations or ratios. Conversely, increasing the frequency of feeding 
frcm twice daily to 4 or 6 times daily, significantly reduced the 
marked changes in rumen VFA composition associated with giving rations 
containing VFA salts twice daily (0rskov and Allen, 1966b). Under a 
twice daily feeding regime, a diurnal cycle for protozoa division was 
observed, indicating that their capacity to multiply is strongly 
inhibited by the low pH experienced 2 to 4 hours after feeding (Purser 
and Moir, 1959). The principle of feeding little and often would seem 
advantageous in this respect.

3.2.4. Rumen dilution rate

Rumen dilution rate is defined as the proportion of total rumen 
volume leaving the rumen per hour (Harrison, Beever, Thomson and 
Osbourn, 1975) . The term "clearance rate" in the literature also 
appears to be used in the same context, although by definition, this 
represents the proportion of the rumen pool which is replaced per 
hour (Hodgson and Thomas, 1975; Thomas and Rook, 1977, Table 2) .
It seems feasible that both terms are synonymous, since the same 
authors use both expressions, albeit in different publications 
(Hodgson and Thomas, 1972; 1975) .

Although explanation of the clearance rate values in Table 2 at 
5-12 h-1 for forage diets and 2-6 h-1 for concentrate diets are, at 
first glance, difficult to reason, the general consensus of opinion 
seams to be that the rumen fermentation pattern is influenced by both 
dilution rate and clearance rate. In particular, the molar proportion 
of propionic acid was inversely related to the rumen clearance rate 
(Hodgson and Thomas, 1975) and dilution rate (Harrison et al, 1975).
An explanation for this is afforded by Christiansen, Woods and 
Burroughs (1964) in that a more rapid rate of passage might "sweep out" 
protozoa, which have a long regeneration time; this would lead to a
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reduction in butyric acid production and an increase in propionic acid. 
Harrison et al (1975) managed to manipulate rumen fermentation by the 
inclusion of saliva salts in the diet which increased rumen dilution 
rate; this study also confirmed the inverse relationship between the 
molar proportion of propionic acid and rumen dilution rate.

3.2.5. Feed processing

The processing of feed material normally refers to reduction in 
particle size, but heat treatment is also possible. Little information 
is available on changes in rumen fermentation patterns associated with 
the latter, but it may result in an increased protein flew into the 
intestine; this is effected by heat causing the formation of enzyme 
resistant linkages between carbonyl groups of reducing sugars and the 
amino groups of the protein fraction (Thomas and Rook, 1977).

Processing of cereal grains may take the form of crushing, 
rolling or bruising, which break the outer husk, or grinding to 
reduce particle size. These processes tend to result, when fed to 
ruminants, in an increase in the molar proportion of propionic acid 
in the rumen (Thomas and Rook, 1977). Feeding of whole barley grains 
to lambs as opposed to ground grains hcwever, appears to increase the 
proportion of ruminal acetic acid (0rskov, 1975).

Long roughage is generally associated with high acetic acid 
levels (>680 m.mol. per mol.); chopping roughage reduces the proportion 
of acetic acid and increases propionic acid, and grinding roughage 
results in a high propionic acid (>330 m.mol. per mol.) fermentation 
(Thomas and Rook, 1977; Levy, Amir, Holzer and Neumark, 1972).
Grinding roughage may also increase the molar proportion of butyric 
acid in the rumen (Leibholz and Russell, 1978) .

3.2.6. Rumen pH

Changes in rumen pH are accompanied by shifts in the relative 
numbers of species constituting the rumen microbial population (see
2.1.). It follows that different patterns of fermentation will be 
associated with various pH ranges.
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Esdale and Satter (1972) attempted to manipulate rumen 
fermentation by altering rumen pH (using infusions of sodium 
bicarbonate) . VFA production was largely unaffected between pH 6.2 
and 6.8, but between 5.6 and 6.2, acetic acid production was depressed, 
with an increase in the proportions of propionic and butyric acids. 
Furthermore, Esdale and Satter (1972) suggest that these changes were 
the result of long term changes in the rumen micrcbial population, 
although the study also suggested that immediate changes in VFA 
production may be affected by the altered metabolism of existing 
species. This latter adaptation would have an important bearing in 
a ruminant eating concentrates, where rumen pH may tenporarily drop 
after feeding (from an otherwise higher prevailing pH).

These observations are supported by the work of Slyter, Bryant 
and Wolin (1966), who also noted a decrease in total VFA production 
and butyric acid levels below pH 6.0. They suggested that this was 
associated with a specific target site, as acetic and butyric acids 
normally arise fran the cleavage of pyruvate which could be inhibited 
at a lew pH.

It has previously been noted that protozoa are particularly 
sensitive to changes in their environment, especially a drop in pH.
As they may be the principal source of butyric acid production (Eadie, 
Hyldgard-Jensen, Mann, Reid and Whitelaw, 1970) changes adversely 
affecting the protozoal population may decrease the molar proportion 
of butyric acid in the rumen.

Peron (1971b) observed in calves that with diets based on concen
trates or molasses, rumen pH was negatively correlated with the molar 
proportion of propionic acid (r = -0.68) and positively correlated 
with acetic (r = 0.44) and butyric (r = 0.61) acids.

3.2.7. Feed additives

Addition of antibiotics or methane inhibitor compounds to the 
diet may cause changes in the fermentation pattern. Hibbs, Conrad and 
Pounden (1954) observed that the addition of aureorycin to the diet 
of calves caused a shift to a higher butyric and lewer propionic acid 
fermentation pattern. Although no specific explanation was afforded,
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it was believed that the aureonycin had an effect on the microflora of 
the rumen.

The addition of a methane inhibitor to the diet of early-weaned 
calves (Leibholz, 1975a) reduced the total VFA concentration and the 
molar proportion of acetic acid in the rumen liquor, but increased 
propionic, butyric and valeric acid levels. As well as being an 
electron acceptor, reducing the amount of carbon dioxide reduced to 
methane, it was postulated that the compound acted as a direct enzyme 
inhibitor and had a selective toxicity effect on rumen micro-organisms.

Buffer salts may also be added to the feed to mediate changes in 
pH leading to a change in fermentation pattern (see 3.5.2.).

3.3. VFA absorption

The rumen contents are separated by an approximately 0.05 mm 
thick, stratified squamous epithelium, from an extensive blood 
capillary network (Dcfoson, 1961), the structural and physiological 
development of this epithelium being a prerequisite of VFA absorption.

Most of the studies on VFA absorption have measured the dis
appearance of acids from the rumen of sheep in which the reticulo- 
anasal orifice has been ligated to prevent exit of contents into the 
abcmasum. The rumen contents are washed out and replaced with a 
balanced solution of inorganic salts plus concentrations of acetic, 
propionic and butyric acids similar to those in the original contents. 
By suitable addition of the respective acids during the experiment 
their concentration is maintained near the rumen norm. Any acids 
added, plus any decrease in their amounts in the experimental rumen, 
represent the quantity absorbed (Hungate, 1966). For compounds that 
are absorbed in relatively large amounts, or when radioactive labels 
are available in the compound of interest, absorption can be esti
mated by determining the difference in concentration of the test 
ccitpound in portal blood, and either peripheral venous blood, or 
blood frcm arteries such as the carotid (Church, 1966) . Hcwever, 
the limitations associated with quantitative measuranents of VFA 
production fran peripheral, or even portal blood measuranents should
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be recognised, as a result of possible metabolism of VFA in the liver 
and in the rumen wall. Some earlier papers were published in 
ignorance of this fact.

The method of VFA absorption seems to be by passive diffusion 
across the concentration gradient (Stevens, 1970) and it may be 
assumed that, in the long term, VFA are on the whole absorbed in 
direct proportion to their production (0rskov, 1975). Aafjes (1967) 
has postulated a mechanism for VFA transfer across the rumen 
epithelium; this is summarised in Figure 3. It should be noted that 
the enzyme carbonic ahhydrase involved in the absorption is located 
in the rumen villi, not the epithelium. The carbon dioxide pressure 
in the rumen is very high, as 0.50 or more of rumen gas produced 
consists of CO2. The reciprocal addition of the bicarbonate ion to 
the rumen also has the effect of increasing the buffering capacity of 
the rumen fluid.

The rate of absorption of VFA is influenced by several factors, 
the most important of which is probably rumen pH. An increase in pH 
fran the normal range of 5.5 to 6.5 up to 7.0 to 7.5 results in a 
decrease in VFA absorption (Annison, 1965; Sutton, McGilliard and 
Jacobson, 1963) . This may be explained in Figure 3 by the relative 
concentrations of bicarbonate ion in the rumen. At pH values of
7.0 to 7.5, a high concentration of bicarbonate ion would be present 
in the rumen. This would tend to reduce the transfer of bicarbonate 
across the diffusion gradient, and the reciprocal exchange of VFA 
anions; conversely, at a more acid pH (5.5 to 6.5) VFA absorption 
would increase. The latter situation would be evident under 
conditions of rapid fermentation and greater VFA production, and the 
mechanism serves as a feedback regulator. On teleological grounds 
this is a survival mechanism, because VFA are needed as growth factors 
for bacterial species in the rumen.

There is also a variation in uptake depending cn the particular 
VFA concerned, and observations from several experiments are summarised 
in Table 3.



- 48 -

FIGURE 3= MECHANISM OF VFA ABSORPTION

RUMEN

CO,

VFA'

VILLUS

-►  + h 2 o

( Aafjes , 1967 )
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Table 3: Rate of absorption of individual VFA (per unit concentration)

Rate of absorption pH Reference

C2 > C3 > Ci+ 

C2 > C3 > Cit

Alkaline

Alkaline

c4 V n CO

CM
UA Acid

V n CO > c2 5.7-6.7

V O CO > c2 7.2

C4 > c2 V O CO 6.5

C4 > C2 CO
uA 5.8

Ci+ > c 3 > c2 Acid

Barcroft, McAnally and Phillipson 
(1944)

Danielli, Hitchcock, Marshall and 
Phillipson (1946)

Hungate (1966) 

Pennington (19 52)

Sutton, McGilliard and Jaccbson 
(1963)

A possible explanation for seme of the anomalies in this table 
may lie in the varied physiological conditions imposed in the investi
gations. For example, these include using empty washed out rumens 
with infused acids, and several changes of pH ranges. Absorption was 
measured by subtraction of acids present at different times, whereas 
it is possible that inter conversion between VFA may have occurred. 
Earlier workers also calculated rates of absorption by measuring the 
concentration of VFA in the blood leaving the rumen, which precludes 
their possible metabolism in the rumen wall. This fact was not 
appreciated by earlier workers (Barcroft et al, 1944; Danielli et al, 
1946) whose rates of absorption, as indicated by concentrations of VFA 
in the blood leaving the rumen, are inversely related to the amounts 
of the acids which are stated as being metabolised in the rumen wall 
(Annison, Hill and Lewis, 1957).

Consensus of opinion indicates however, that under the normal 
acid physiological conditions found in the rumen, the rates of 
absorption are > C 3 > C2. Hungate (1966) offers an explanation 
for this, in that acetic acid tends to dissociate more than the other 
two acids in the pH range 5.7 to 6.7. A further contributing factor
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suggested by Hungate (1966) could be the lcwer solubility of the acetic 
acid in the lipoidal materials of the cell membranes.

Once the VFA are absorbed, they do not directly enter the portal 
blood system. The concentration of butyric acid is lower, relative to 
acetic and propionic acids, in the portal blood system than in rumen 
contents (Annison, Hill and Lewis, 1957). However, the blood leaving 
the rumen has a significantly higher concentration of ketone bodies 
(Annison et a1, 1957), and in seme cases proportionately more acetate 
than can be accounted for by rumen concentrations (Kiddle, Marshall and 
Phillipsan, 1951). It seems that butyric acid is metabolised in the 
rumen epithelium to produce g-hydroxy butyrate, acetone and acetoacetic 
acid (Walker and Simmonds, 1962; Pennington, 1952). Most of these 
ketone bodies are removed by the liver, as their concentration in the 
peripheral blood system is law (Annison et al, 1957; Barcroft et al, 
1944).

During periods of maximum fermentation, blood flaw from the rumen 
is increased (Dcbson and Phillipson, 1956); increasing the concentra
tion of VFA, lowering the rumen pH, and introducing carbon dioxide, 
were observed to be causative factors. Bensadoun and Reid (1962) 
noted that the portal blood flew rate in a fasted ruminant increased 
to a maximum between 3 and 7 hours after feeding. An attempt to 
quantify this response was made by Sellers (1965). Results showed 
that blood flow and rate of absorption were independent at high VFA 
concentrations, but at VFA concentrations approximating to normal 
rumen levels, a quantitative increasing response was seen.

3.4. VFA utilisation

It has been noted that during absorption frcm the rumen, butyric 
acid is almost entirely metabolised in the rumen wall. The propionic 
acid absorbed into the portal blood system is largely removed and 
metabolised to form glucose in the liver, and it is only acetic acid 
that passes through the liver into the peripheral circulation. The 
main quantitative sites of acetate oxidation are adipose and muscular 
tissues (Maynard and Loosli, 1969).

Following their absorption into the blood stream, all three acids 
can be catabolised through the tricarbox/lic acid (TCA) cycle to
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furnish energy for body processes. This energy is supplied in the form 
of adenosine triphosphate (ATP) molecules (Maynard and Loosli', 1969). 
When acetic acid enters the TCA cycle there results a net gain of 10 
ATP per mole of acid absorbed. The oxidation of propionic acid would 
normally result in the formation of 36 ATP molecules, but following 
conversion to glucose in the liver, the net gain is 17 ATP per mole 
acid absorbed. Butyric acid entering the blood stream as ketone bodies, 
which are eventually metabolised, gives a net production of 25 ATP per 
mole of acid absorbed (Maynard, Loosli, Hintz and Warner, 1979) .

The efficiency of utilisation of the three main fatty acids depends 
on whether they are being used as energy sources for maintenance, or 
grcwth and fattening. When meeting maintenance requirements the 
efficiency of utilisation of VFA appears to be greater than for 
lipogenesis (Armstrong, Blaxter, Me. C.Graham and Wainman, 1958) ; 
furthermore, at above maintenance feeding, acetic acid is utilised 
less efficiently than propionic and butyric acids (Armstrong and 
Blaxter, 1957a and b).

The reascn for this is not clear. Annison and Armstrong (1970) 
suggest from theoretical evidence, that the acids should be used with 
equal effectiveness for grcwth and fattening. Therefore an alternative 
explanation must be sought for the decline in efficiency with which 
metabolisable energy (ME) surplus to maintenance is used to promote 
liveweight gain, as foods become more fibrous. 0rskov and Allen (1966c) 
cbserved no differences between the efficiency of energy utilisation 
from acetic, propionic and butyric acids to promote carcase gains in 
growing sheep. However, they suggest that where the lew utilisation 
of ME in diets high in roughage is related to the proportion of acetic 
acid in the rumen contents, the implied losses of energy may be associ
ated with the formation of acetic acid rather than its utilisation.

The metabolism of each acid is hcwever considerably modified by 
the presence of one or more of the others. Rickard and Temouth (1965) 
investigated the effect of increased dietary VFA in lambs, and noted 
that feed intake did not account for all the liveweight gain 
differences. The butyric acid supplemented diet had the greatest 
energy intake, but the liveweight gain of this group was less than
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the propionic acid supplemented group, which in turn shewed lower 
intakes than the control group. There was a significant correlation 
(P>0.01) between the proportion of propionic acid in the rumen, and 
the efficiency of energy utilisation. It therefore appeared that 
acetic and butyric acids when fed in excess, decreased the efficiency 
of energy utilisation, or that propionic acid increased the efficiency 
of utilisation of the other VEA..

The biochemical implications of this observation are discussed 
by Annison and Armstrong (1970). They state that for acetic and 
butyric acids, the theoretical efficiencies for synthetic body pro
cesses are high, provided that sufficient reducing pcwer in the form 
of NADPH (nicotinamide adenine dinucleotide phosphate) is available. 
NADPH is generated by the metabolism of glucose through the pentose- 
phosphate pathway. Thus, calculated theoretical efficiencies for acetic 
and butyric acids lie in the range 0.78 to 0.80, provided that for each 
3.8 moles of acetic acid, or 1.5 moles of butyric acid, incorporated 
into long chain fatty acid, 1.0 mole of propionic acid is metabolised 
as glucose via the pentose pathway (Annison and Armstrong, 1970). It 
is recognised that when the mixture of rumen VFA is rich in acetic 
acid, the efficiency of energy utilisation is lew; the possibility that 
this is as a result of an inadequate supply of glucogenic materials has 
yet to be substantiated (Thomas and Rook, 1977).

0rskov (1975) has quantified this relationship in the concept of 
Non-Glucogenic Ratio (NGR) of VFA. This ratio is defined as "the total 
amount of substrate absorbed which cannot yield glucose or glucose 
precursors, in relation to the amount of substrate which is absorbed as 
glucose, or can give rise to a net synthesis of glucose".

.*. NGR = acetic + 2 butyric + valeric acid 
propionic + valeric acid

(acids all in molar proportions)

It appears that a ratio for NGR of approximately 2.25 to 3.00 would 
give the best overall efficiency for grcwth and fattening.



- 53 -

3.5. Rumen pH

Reference has already been made to rumen pH and the way in which 
it relates and interacts with other rumen characteristics. Considera
tion here will be confined to development of a stable pH in the course 
of rumen function development, and the dietary factors influencing this.

Godfrey (1961b) recorded a pH rise fran a mean of 5.15 at one 
week of age, to 6.55 at 17 weeks. These initial excessively acid 
rumen conditions have been associated with the lactic acid fermentation 
of overspill milk (Kay and Hobson, 1963), and are considered detrimental 
to the growth of a "normal" rumen flora and fauna (Eadie, Hcbson and 
Mann, 1967) . The minimum pH in this respect has been cited to be as 
high as pH 6.0 (Eadie et al, 1967), but it is known that the bacterial 
population can adapt to lcwer pH conditions (Hcbson, Mann and Oxford, 
1958).

Other workers have observed that rumen pH increases with age 
(Hibbs, Conrad, Pounden and Frank, 1956; Conrad, Hibbs and Frank,
1958), but it is obviously important to effect this rise in the 
shortest time possible. Conrad et al (1958) noted a significant 
drop in pH associated with a rapid rise in total VFA concentration 
at 5 weeks of age; this would constitute a real problem in an early- 
weaning systan, where abrupt weaning leads to an immediate substantial 
increase in concentrate consumption.

Diet composition has a marked effect on rumen pH. In general, 
readily digested and fermented diets such as grain based concentrates, 
result in a very acid rumen pH (5.0 to 5.5). Substitution of the 
concentrates with increasing levels of roughage results in a corres
ponding rise in rumen pH (Jahn, Chandler and Polan, 1970; White,
Reynolds and Klett, 1969) . This has been related to an increased 
rumination of the roughage fraction, leading to greater saliva 
production, which has a buffering effect on the acids produced in the 
rumen (Cullison, 1961). A depression in rumen pH has been associated 
with a reduction in voluntary feed intake of steers (Bhattacharya and 
Warner, 1968) ; this may be a result of a nervous or humoral feed-back 
mechanism to the centre of control of feed intake in the brain.
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Similarly, Kellaway, Grant and Chndleigh (1973b) believed that rumen 
hyperacidity was inhibitory to feed intake in calves.

3.5.1. Saliva production

Hie importance of early stimulation of salivary secretion is 
emphasised by the need to effect an expeditious rise in rumen pH. 
Development of the salivary glands in the young ruminant does not 
appear to occur pari passu with the increase in body size. For 
example, Wilson and Tribe (1961) using lambs, suggested that parotid 
gland secretion increased in relation to rumen weight rather than in 
relation to body weight. This may be a reflection of the association 
between parotid secretion and increasing dry matter intake noted by 
Wilson and Tribe (1963).

It follows that the lack of agreement in experiments relating to 
salivary secretion development in young ruminants may perhaps be a 
function of differences in the quantity of solid feed consumed. Kay 
(1958) noted little or no parotid secretion in calves less than one 
month old, while in goats it was considered that under 3 months of 
age the parotid gland was histologically immature (Kay, 1960).
However, grazing lambs seemed to reach the secretion range of adult 
sheep by 5 weeks of age (Tribe and Peel, 1963).

It has also been confirmed that the nature of the solid feed 
consumed may lave'a significant quantitative effect on salivary 
secretion. In adult cattle, 14 times more saliva was secreted on a 
hay diet than when an equal quantity of concentrates was fed (Balch, 
1958). This was related to the difference in rate of eating, in that 
fibrous foods are eaten more slowly and are therefore subject to a 
greater volume of secretion per unit weight consumed (Bailey, 1961). 
Although no observations were made an rumination in these experiments, 
it can also be assumed that there would be a further increase in 
saliva production associated with a longer time spent ruminating on 
the hay diet (Cullison, 1961).

To this effect, it follows that a reduction in particle size of 
roughage will result in a decreased saliva production, as a consequence 
of a faster rate of eating and a decreased rumination requirement.
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Certainly, Putnam, Yams and Davis (1966) observed that saliva 
production was less when equal amounts of a ground (10 nm screen) 
and pelleted high roughage ration was fed to steers, rather than a 
coarsely ground (38 mm screen) mixture. Kellaway, Thomson, Beever 
and Osbourn (1977) also indicated that saliva production for calves 
eating pelleted diets was likely to be only 0.20 of that when a 
similar weight of long roughage was consumed.

The practical advantages of increasing saliva production, and 
especially encouraging salivary secretion development in the young 
ruminant by the inclusion of roughage in the diet to effect a rapid 
pH rise, are evident. It is obvious however, that the particle size 
of roughage has important irrplications in this respect, and must be 
observed when considering the physical form of its presentation to 
the calf.

3.5.2. Buffer use

There has been increasing interest in the last decade concerning 
the addition of artificial buffers to certain diets, especially those 
containing a high proportion of grain which predispose towards 
excessively acid rumen conditions. The saliva released during 
eating and ruminating contains large quantities of sodium, potassium 
and bicarbonate ions, plus smaller quantities of calcium, magnesium, 
chloride and phosphate ions. However, salivary secretion in the 
young calf may not be sufficiently developed to meet the requirement 
of raising rumen pH to provide a suitable environment for microbial 
development; the inclusion of artificial buffers in the diet could 
therefore have a beneficial effect.

A summary of studies involving the inclusion of buffers in 
various diets is shewn in Table 4. In almost all cases, buffer 
inclusion promoted increases in feed intake and liveweight gain, 
associated with a rise in rumen pH. The notable exception is the 
data of Wise, Blumer, Matrone and Barrick (1961) who reported a 
depression in intake and gain. However, the inclusion rate of 
sodium and potassium bicarbonate was 110 g per kg, which is rather 
high. Kellaway, Thomson, Beever and Osbourn (1977) report, from
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observations on acid-base balance and water intake, that inclusions of 
up to 20 g sodium per kg dry matter are well tolerated by the animal; 
at levels above this, there is a sharp increase in water intake, and a 
large base excess and high pH in the blood. The inclusion of 20 g 
sodium per kg dry matter would constitute a level of about 70 g per kg 
sodium bicarbonate. Other workers have confined themselves to a 
maximum inclusion rate of 75 g per kg.

The effect of inclusion of sodium salts in the diet may not be 
wholly explained by their buffering action. Addition of sodium or 
potassium salts to the rumen are associated with an increase in the 
osmolality of rumen contents (Temouth, 1968) . The quantitative 
effect of this was shewn by Kellaway et al (1977) , who canpared the 
same levels of sodium chloride and sodium bicarbonate inclusion.
The physiological action of sodium chloride fed in excess of nutri
tional requirements would be primarily osmotic, whereas sodium 
bicarbonate would be osmotic and buffering. Frcm differences 
between sodium chloride and bicarbonate responses, in terms of dry 
matter intake, 0.57 of the response to sodium bicarbonate was 
attributable to its buffering action in the post-weaning period, the 
rest being osmotic.

Increases in rumen osmolality have been associated with increases 
in rumen dilution rate (Harrison, Beever, Thomson and Osbourn, 1975; 
Devendrán, 1976). The implied reduction of digesta-residue time in 
the rumen might facilitate a greater intake in young ruminants when 
the rumen is not fully developed. Consequently some of the increased 
intake response associated with the inclusion of buffer salts may be 
attributed to the osmotic effect on dilution rate.

The optimum level of buffer inclusion is difficult to determine, 
and would depend on several factors, such as, the nature of the basic 
diet, level of feed intake, roughage supplementation, and the buffer 
included. Most workers have made use of sodium bicarbonate, although 
carp lex mixtures of salts have also been tried, with sate added 
advantage (McManus, Bigham and Edwards, 1972). Invariably, most 
trials have been carried out using a concentrate basal diet, and in 
the absence of roughage. Kellaway, Grant and Chudleigh (1973b)
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hcwever, offered their buffer diets with or without chaff supplement 
and observed a response to buffer inclusion even when calves, were 
eating chaff. It was concluded that voluntary intake of chaff was 
insufficient to prevent hyperacidity of the rumen, leading to a 
reduction in total feed intake. The recommended optimum inclusion 
rate of buffer, in the presence of roughage, frcm their work was 40 g 
per kg. Conversely, a commercial trial in the feed industry shewed no 
advantage to 35 g per kg buffer inclusion in the presence of long hay 
(Thickett, 1978, pers comm). It should be noted hcwever, that the 
buffer used in this trial was sodium bicarbonate, as opposed to a 
sodium bicarbonate-phosphate mixture in the work of Kellaway et al 
(1973), which could account for the different response between the 
two trials.

Therefore, while most experiments have shown an advantage to 
buffer inclusion in the diet of calves through an increased feed 
intake as a result of a rise in rumen pH, these responses have been 
detained using roughage free diets. It may be assumed that the 
presence of even a minimal amount of long roughage wculd be equally 
successful in causing the rise in rumen pH, with the added advantage 
of ensuring normal rumen motility patterns, which could be adversely 
affected by the feeding of an all concentrate-buffer diet.

3.5.3. Rumen parakeratosis

There are several references in the literature to a condition 
known as rumen parakeratosis, hyperkeratosis or rumenitis which, if 
not directly caused by low pH conditions in the rumen, invariably 
seems to be associated with it. These terms are defined in Table 5 
from the work of Tamate, Nagatani, Yoneya, Sakata and Miura (1973).
The cordition is generally characterised by epithelial hyperplasia 
and hyperkeratosis, hair and food particles trapped between the 
papillae, clumping of papillae, sometimes a destruction of the 
papillae, and a darkening in epithelial colour (Fell, Kay, Whitelaw 
and Boyne, 1968; Fell, Bcyne, Kay, Williams and MacLeod, 1967).
There may alternatively be a reddening of the papillae due to con
gestion and anaemia (Tamate et al, 1973). The relationship between 
the various rumen lesions seen in this complex are summarised in 
Figure 4.
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Table 5; Classification of rumen lesions

1. Rumen parakeratosis

a. Adhesion of feed and hairs resulting in spotted blackening 
of lcwer rumen papillae at the uppermost region of the dorsal 
sac.

b. Clumping of the papillae which trap feed and other rumen 
contents among than, at the anterior dorsal blind sac and the 
ventral sac body with frequent penetration of hairs into the 
papillae.

2. Acute rumenitis

c. Diffuse acute rumenitis.. Reddening of structurally normal 
rumen papillae due to congestion and hyperaania.

d. Papillary acute rumenitis. Partial depigmented or pale 
papillae often capped with blackened exudate. A few reddened 
and necrotic papillae in a clumped group of the papillae.

3. Chronic rumenitis

Sloughing of the rumen papillae and the occurrence of white small 
epithelial nodules in the bottan of the ventral sac, and occasion
ally in the anterior dorsal blind sac.

4. Ulcer and scars

These lesions were most frequently found on the posterior pillars 
and bottan of the ventral sac.

(Tamate, Nagatani, Yoneya, Sakata and Miura, 1973).
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These symptoms seen to occur most frequently in calves fed 
solely on a diet of barley (Fell et al, 1967; 1968), but have also
been observed on molasses-based diets (Peron, 1971a; Peron, Verdura,
Ruiz and Preston, 1972). However, Peron et al (1972) thought it 
unlikely that a low pH had a causative effect on the incidence of 
parakeratosis in their work, because other workers found a relatively
high rumen pH on molasses-based diets. No pH values are given for
conparison in their paper.

Dirksen (1970) attributes acidosis to an increase in the 
proportion of readily digestible carbohydrate, followed by selective 
proliferation of acid-producing micro-organisms in the rumen, with 
the result that the concentration of individual acids, particularly 
lactic acid, increases, and rumen pH drops. According to the degree 
and duration of alteration of the rumen environment, the blood 
composition, body metabolism and general condition of the animal are 
variably affected.

A trial described by Kay, Fell and Boyne (1969) included three 
treatments, of which, the barley diet resulted in parakeratosis and 
rumenitis. Rumen pH values were 5.50 and 5.60 for the two calves on 
this treatment. Addition of 75 g per kg sodium bicarbonate to the 
barley diet raised the rumen pH to 6.00 and 6.35, with the rumen 
epithelium having a normal appearance. Another two calves on barley 
plus 75 g per kg sodium acetate showed intermediate rumen charac
teristics between the two other treatments, and rumen pH values were 
also intermediate at 5.85 for both calves.

It has previously been noted that the rate of absorption of VFA 
is increased under acid pH conditions. Consequently it is possible 
that it is the rapid absorption of large quantities of VFA that is 
the causative factor in rumen parakeratosis. This increased metabolic 
activity would result in thickening of the mucosa and probably an 
increased blood flow. Dobson and Phillipson (1956) noted that 
increasing VFA concentrations and lowering of rumen pH increased 
blood flow from the rumen. This might explain the association 
between acid pH conditions and the numbers of large blood vessels 
present in the lamina propria of the rumen mucosa, in the work of 
Kay et al (1969). They suggest that a falling pH may lead to an 
expansion of the vascular bed.
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The high VFA concentrations present in the rumen at low pH 
values would seem however to merit further consideration. Tamate,
Yoneya, Sakata, Gnori and Kato (1978) noted that addition of 100 g 
per kg rice straw to a concentrate diet reduced the severity of 
parakeratosis without a corresponding rise in pH. Presumably VFA 
concentrations would have been reduced by addition of this slower 
fermenting material. Although this statement was based on a single 
calf observation, a further study with 200 beef cattle confirmed that 
the administration of 100 g per kg rice straw was highly effective in 
reducing the severity of rumen parakeratosis and rumenitis (Tamate, 
Ishihara, Yoneya and Miura, 1976) . It seems unlikely that it is the 
properties of the roughage per se that are instrumental, as Peron,
Verdura, Ruiz and Preston (1972) noted no pathological alterations 
and lesions in the rumen epithelium of animals consuming a certain 
amount of forage, however there was no indication that the utilisation 
of synthetic forage (plastic) diminished ruminal lesions.

Rumen parakeratosis has also been associated with a low ratio of 
acetic: propionic acid (Tamate et al, 1976). Ibis is in accordance with 
Dirksen (1970) who postulated a correlation between acidosis and an 
increase in readily digestible carbohydrate, which would likely result 
in increased ruminal propionic acid proportions. Similarly, the 
inclusion of forage in the work of Peron et al (1972), which led to a 
reduction in rumen epithelial lesions, would have been associated with an 
increase in ruminal acetic acid; the absence of a beneficial effect with 
synthetic forage (plastic) might have been due to its lack of effect on 
the rumen fermentation pattern.

This discussion again highlights the importance of maintaining rumen 
conditions above pH 6.0, in order to promote the maximum efficiency of 
the rumen epithelium as an absorbing surface. Further benefits that 
accrue to the inclusion of roughage in this respect are associated 
with a conconitant decrease in rumen total VFA concentrations, and 
possibly, lcwer rumen propionic acid levels.
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CHAPTER 4

Roughage in the Diet of the Early-Weaned Calf

Roughages are feeds which are high in cellulose and related 
ccmpounds and thus of low relative digestibility; they include hay, 
straw and silage. The term concentrates is used to denote feeds that 
are low in crude fibre and highly digestible, such as grains and most 
of their by-products (Maynard and Loosli, 1969) .

The young calf seems to have an inborn desire to consume 
roughage, even when an adequate supply of concentrate feed is avail
able. Brownlee (1956) noted this drive in a young milk fed calf 
deprived of any solid feed, which as an alternative ingested its 
peat-moss bedding. In the absence of bedding, veal calves ingest 
hair by licking themselves and neighbours (Brownlee, 1963). It has 
been suggested that this behavioural characteristic reflects a natural 
instinct to seek micro-organisms to assist developing rumen function 
(Pounden and Hibbs, 1950). These authors noted that calves uninoculated 
with protozoa and certain other characteristic rumen micro-organisms, 
were seen frequently nosing down through their straw bedding to pick up 
and eat pieces of wet straw and chaff; by contrast, a calf having a 
more normal rumen microbial population was seldom observed to do this.

The beneficial effect of satisfying this craving for roughage is 
seen clearly frcm current research work in the veal industry in the 
Netherlands. In response to pressure frcin welfare groups, calves reared 
with ad libitum access to long straw, demonstrated a carcase weight 
advantage of 5 kg over conventional rearing methods which deprived 
animals of access to any roughage (Steenkamer, 1980, pers comm) .

4.1. Function of roughage

Previous to the detailed work carried out in the late 1950's on 
rumen development, the prevalent theory was that the physical nature 
or bulk supplied by roughage was the chief factor operative in 
promoting rumen development (Flatt, 1955) . It was thought that the 
bulk of roughage could influence rumen development not only by a 
distending effect (and possibly a scratching effect), but also by 
its water absorbing power and general physical nature. Flatt, Warner 
and Loosli (1959) however demonstrated that roughage was
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not essential to induce rumen development, but that it helped to 
promote normal physiological activity of the gastro-intestinal tract.

Although the rumen can function as a fermenting and absorbing 
vessel in the absence of roughage, rumen muscular development and the 
associated acts of rumination and eructation are facilitated by the 
presence of roughage. Harrison, Warner, Sander and Loosli (1960) 
dsnonstrated that rumen mucosal and muscular growth are independent 
of one another, in an experiment which indicated that muscular develop
ment could be extensive in the absence of mucosal development on a 
milk only diet, following ingestion of wood shavings. Colvin and 
Daniels (1965) suggested that scabrous materials in the diet may 
maintain or reinforce the tonic acrtivity of motor neurons responsible 
for rumen motility. This is important in relation to prevention of 
rumen disorders such as bloat.

As well as exerting a physical effect, roughage is also 
associated with a physiological rumen mechanism. The increased 
rumination time associated with roughage consumption leads to 
increased saliva production, and the salts in the saliva make a 
major contribution to the rumen buffering capacity, helping to avoid 
acidosis. Matrane, Ramsey and Wise (1959) noted that sodium and 
potassium bicarbonate inclusion in purified diets for lambs sesned 
to exert the same physiological effect as coarse roughage.

A concomitant increase in feed intake is generally associated 
with the increased buffering capacity provided by roughage inclusion 
in the diet. Jahn, Chandler and Polan (1970) reported an increase 
in voluntary feed intake with increasing levels of roughage inclusion, 
and this was also associated with decreasing rumen acidity. The bene
ficial effect of a raised rumen pH is also important in the develop
ment of a rumen protozoal population (Eadie, 1962).

Inclusion of roughage in the diet may also have an effect on the 
rate of passage of the diet through the alimentary tract, and there
fore on the overall digestibility of the diet. A rapidly fermented 
food, such as concentrates, will pass through the tract fairly 
rapidly, and although the food is highly digestible, digestibility



p e r  se may be reduced (Blaxter, Me. C. Graham and Wainman, 1956).
It is known that roughage has a longer retention tine in the 
alimentary tract (Castle, 1956b) and may therefore slow down the 
passage of the concentrate fraction, increasing its absolute digesti
bility value.

4.2. Quality of roughage

The development of the early-weaning calf-rearing system 
included the recoimendation that hay should be on offer from the 
first week of life (Preston, 1960). This hay should be of good 
quality, well cured, with plenty of leaf matter; musty, mouldy, 
coarse, bleached or weedy hays should be avoided. Mixed clover and 
grass hays are the most suitable, because of their high content of 
protein and calcium (Roy, 1980).

In same areas of the country however, the predominance of arable 
cropping, or alternatively, inclement weather conditions, precludes 
the availability of good field-cured hay. This necessitates provision 
of an alternative roughage source.

The use of straw as the sole roughage source for the 
early-weaned calf seams to be in widespread practical use, yet 
there is little information relating to possible management 
differences associated with it. Most of the experimental work with 
straw has been carried out incorporating ground straw into a concen
trate pellet; this would seem to destroy the properties characteristic of 
long roughage, as the straw then passes through the alimentary tract 
at the same rate as the concentrate fraction, with a greatly reduced, 
if not obsolete, need for rumination.

Leibholz and Russell (1978) examined the use of straw and lucerne 
in the diet of calves between 5 and 11 weeks of age, and concluded that 
the use of a poor quality roughage resulted in lower feed intakes and 
weight gains. This was attributed to the greater apparent digestibil
ity of lucerne dry matter, allowing a more rapid digestion and rate 
of passage of digesta, and hence higher feed intakes and weight gains.

It is known that same calves shew a marked preference for hay as 
opposed to concentrates (Roy, 1970). In a voluntary feeding systam
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therefore, the feeding of straw rather than hay, could reduce 
roughage intake to an acceptable level, adequate to maintain normal 
rumen function. Use of this method to maximise concentrate intake 
has been recommended by BOCM Silcock Ltd. (Thickett, 1978, pers 
comm), in a system where hay is not offered until after weaning, 
pre-weaned calves supplementing their diet with bedding straw.
A major criticism of this system of rearing lies in the danger of 
disease (particularly Salmonella) resulting from the calves consuming 
fouled bedding; ideally the straw should be placed in hay racks.
The source of the straw is obviously important in consideration of 
palatability to the animal. A coarse wheat straw is therefore not 
suitable for calves, a clean barley straw being more acceptable.
If a poorer quality roughage source such as straw is used, the con
centrate mixture should contain a higher protein level than one used 
in conjunction with high quality hay (Boy, 1980). The alkali treat
ment of straw to improve digestibility has been shewn to give high 
liveweight gains in cattle of 300 kg liveweight, but for the younger 
calf this straw can only be utilised in limited amounts (Roy, 1980).

The use of silage for young calves is limited by several factors.
The rumen is not sufficiently developed at an early age to handle 
large quantities of bulky food, although seme silage can be included 
in the diet of calves from 5 weeks of age (Rcy, 1980), provided it is 
of high quality (high dry matter, lew fermentation, and lew degradable 
nitrogen). Intake may still be limited by the poor palatability of 
the product to young calves, and it is questionable whether there may be 
a detrimental effect on rumen physiological development by consumption 
of an acid material. It is generally recommended that calves should 
not receive silage until they are at least two months old, for unless 
it is of good quality and used carefully it has a tendency to cause 
diarrhoea (Roy, 1980).

A good quality dried grass may be used to replace at least half 
the normal concentrate mixture for calves weaned at 8 weeks (Roy,
1980) . In the work of Ewin and Randall (1977) , calves given 
chopped dried grass as their sole solid feed source frcm 5 days had 
a lower growth rate (0.46 kg per day) to 12 weeks of age then contem
poraries given an early-weaning concentrate (0.57 kg per day).



A 50:50 mixture of dried grass and concentrate gave an intermediate 
growth rate of 0.51 kg per day. In another experiment, gradual 
substitution of concentrates with dried grass showed the greatest 
liveweight gains with 250 g per kg dried grass on ad libitum feeding; 
on restricted feeding the all-concentrate treatment was superior 
(Marsh, 1975). Although this roughage source is of the highest quality, 
the ecancmics of the drying process precludes its availability and wide
spread use for calves.

A trial comparing different levels of inclusion of lew quality 
field-cured hay (crude protein, 95 g per kg EM; crude fibre, 368 g per 
kg DM) , and high quality barn-dried hay (CP, 133 g per kg DM; CF, 304 
g per kg DM) , was carried out by McCullough (1970) . While the quality 
of the hay did not significantly affect dry matter intakes, the trial 
was carried out with animals from 9 weeks of age to slaughter, a 
younger animal might possibly have shewn a greater response.

Other sources of roughage that have been used in experimental 
work include scybran flakes (Addariki, Hibbs and Conrad, 1966; Hibbs 
and Conrad, 1978) , ground c o m  cobs (CWen and Cunningham, 1972; Hibbs 
and Conrad, 1978), oat pollards (Kellaway, Grant and Chudleigh, 1973a), 
beet pulp (CWen and Cunningham, 1972) , rice straw, rice hulls and 
oyster shells (VJhite, Reynolds and Klett, 1969) and c o m  cobs and 
shucks (Whitaker, Miller, Carmon and Dalton, 1957). Performance, 
intake and rumen data frcm these studies are summarised in Appendix 1.

4.3. Quantity of roughage

A volume of experimental literature exists which makes reference 
to the quantity of roughage inclusion in the diet of calves (see 
Appendix 1). Hcwever, the usefulness of most of this work is 
limited, as milk feeding was prolonged in earlier work, and weight 
gain standards lcwer, probably associated with the excessively high 
levels of roughage inclusion (eg 4:1, roughage: concentrate ratio). 
Furthermore, same authors neglect to provide information concerning 
the nutritive characteristics of the roughage used (Leibholz and 
Russell, 1978), which are subject to extreme variations in quality, 
nor do they specifically define the physical form of the roughage 
(Jahn, Chandler and Polan, 1971). In another paper, data concerning 
liveweight of the animals was not provided (Strozinski and Chandler, 
1971), and there are cases where liveweight gains were not tabulated 
(Jahn et al, 1970 ; Strozinski and Chandler, '1971).
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The development of the early-weaning system of rearing calves 
necessitated the encouragement of rmaxiimum concentrate intakes. To 
this end, it was recognised that a certain amount of roughage was 
required to avoid digestive upsets and bloat, and Preston (1963) 
recommended the feeding of 0.7 kg hay per 100 kg liveweight. Where 
concentrate intake is restricted upon reaching a certain allowance, 
about 200 kg of hay will be required for rearing a calf to 6 months 
(Roy, 1980).

These recommendations are based on an allowance for each animal, 
but as individual tastes vary there is no guarantee that the amount 
of roughage offered will be duly consumed by the animal. Thus,
Preston (1956b) noted that calves offered hay frcm 17 days of age 
consumed very little until 9 to 10 weeks of age, and there was much 
variation in intake (7 to 36 kg) over the experimental period. 
Harrison, Warner, Sander and Loosli (1960) observed that half their 
experimental animals (heifers in this case) voluntarily ate 0.90 of 
their total feed intake as concentrates, and this situation was also 
observed in over 0.80 of 300 calves studied. The remaining heifers 
however, chose to eat 0.75 of their total intake as hay. It seems 
that the young calf especially, may have a capricious appetite, as 
Whitaker, Miller, Carmen and Dalton (1957) noted that during the 
first few weeks of life, same calves developed a preference for hay 
and same starter, but these differences decreased with age. Calves 
given free access to a palatable concentrate mixture and to good 
quality hay will consume about 0.08 to 0.09 of their total intake 
as hay (Roy, 1970); slightly higher voluntary intakes of 0.15 total 
dry matter intake consumed as hay were noted by Noller, Hill, Martz 
and Crawl (1961).

Before considering the value of different roughage: concentrate 
ratios for the young calf, it is necessary to understand the mechanism 
by which voluntary feed intake is controlled.

4.3.1. Control of voluntary feed intake in young calves

In the pre-weaned calf, prolonged milk feeding will tend to 
depress the calf's appetite for solid food (see 2.4.3.). The use of 
the term "calf" here, will therefore relate to the weaned calf from 
5 weeks of age onwards.
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The prevalent theory in relation to regulation of feed intake 
in adult ruminants is that voluntary intake is adjusted in relation to 
the physiological demand for energy, provided fill or rumen load does 
not limit consumption (Montgomery and Baumgardt, 1965) . This hypothe
sis is summarised in Figure 5.

Thus ruminants will attempt to maintain a constant level of 
energy intake provided that bulk does not limit consumption. However, 
Kay, MacLeod and McLaren (1970) carried out a study to determine 
whether young calves offered diets containing different concentrations 
of metabolisable energy so regulated the amounts of food consumed that 
all had an equivalent energy intake. It was found that as the energy 
concentration of the diet was lowered, daily dry matter intake did 
increase significantly; however, an over-compensation was noted, 
because there were higher energy intakes on the lower energy diets, 
leading to significantly higher weight gains. It was suggested that 
the depression in dry matter intakes on the high energy diets could 
have been associated with the high fat inclusion. However, the 
over-compensation mechanism was also noted in a further study (Kay, 
MacLeod and Andrews, 1972) , where intake of digestible dry matter was 
lower with the diet containing the highest concentration of energy; 
there was no fat inclusion in this diet.

These observations relate to the physiological control of feed 
intake, and it seams that intake of the lower energy concentration 
diets was not limited by gut fill. It is however conceivable that 
distention or fill, especially when considering roughage inclusion 
in diets, may play a more important part in the young calf, where 
physical capacity of the alimentary tract is not fully developed.
What evidence exists seems to show that the physical development of 
the tract is not normally a limiting factor (see 2.2.) , but its 
stretching capacity could be limited by body size of the animal. 
Certainly, Hodgson and Cottrell (1973) inferred that early expansion 
of the alimentary tract was accompanied by relatively small changes 
in belly girth, and the volume of internal organs was closely related 
to liveweight and body measurements. In further work using herbage 
diets only, Hodgson (1973) presented evidence to show that the domi
nant factor controlling intake was physical satiety; however a more



FIGURE 5: CONTROL OF VOLUNTARY FEED INTAKE
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consistent level of fill was noted in the caecum and colon than any
other portion of the tract, and it is known that the amount of
digesta in the lower tract can influence flew fron the stomach. 
Generally accepted values for maximum dry matter intake are 2.2 kg
per 100 kg liveweight for the 50 kg calf, and 3.0 kg per 100 kg live-
weight for the 120 kg calf, the latter value being the recognised 
maximum dry matter intake for adult ruminants (Roy, 1980) . This 
author also states that physical distention of the digestive tract 
by undigested food residues appears to limit feed intake when the 
digestibility of the diet is less than 0.65.

It is therefore feasible to assume that the point where fibre 
mass becomes the factor limiting food intake, changes with age or 
size of the animal. Jahn, Chandler and Polan (1970) disputed this 
from their work with straw levels from 50 to 600 g per kg inclusion. 
Calves used in this trial were aged 8 to 22 weeks, and feed intake 
was maximised at 320 g per kg straw inclusion. Strozinski and 
Chandler (1971), in a trial using 8 to 20 week old calves, shewed 
that average intake increased as the proportion of hay in the ration 
increased, reaching a plateau of 4 kg per 100 kg body weight at 675 g 
per kg hay inclusion. This indicates that gut fill did not inpose a 
restriction on intake until this point, hay being more digestible 
than the straw used in the work of Jahn et al (1970) . Although 
tentative suppositions are somewhat invalidated by between trial 
comparisons, closer examination of diets used in both trials reveals 
remarkably similar acid detergent fibre (ADF) values for both diets, 
at 230 g per kg dry matter (320 g per kg straw) and 240 g per kg DM 
(675 g per kg hay) respectively.

A study by Kang and Leibholz (1973) with younger 5 to 11 week old 
calves, gave a maximum feed intake at 220 g per kg straw inclusion.
Ihe equivalent ADF value here is 200 g per kg DM, indicating that these 
animals were subject to an earlier limitation of body size on the food 
mass they could consune.

A more specific study was carried out by McCullough (1970), who 
examined voluntary food intake in steers over two liveweight ranges,
91 to 182 kg and 182 to 272 kg. Within the first range it appeared



- 73 -

that the physiological factors regulating intake ceased to operate at 
a lower level than 200 g per kg hay supplementation, since intake 
decreased as hay level increased. With the 182 to 272 kg animals 
however, the level at which physiological factors regulating intake 
ceased to operate was nearer to 400 g per kg hay inclusion. This 
indicates that the relationship between voluntary feed intake and hay: 
concentrate ratio is not constant, but varies with the stage of growth, 
of the animal.

The practical implications of these observations have been 
interpreted by Dolge, Eaton, Mochrie, Avampato, Elliott, Beall and 
Moore (1953) , who stated that there exists an optimum initial level 
of roughage inclusion, and also an optimum weekly rate of increase.
In their experimental work, four initial levels of alfalfa pellets 
were mixed with concentrate pellets at rates of 100, 150, 200 and 
250 g per kg, and each of these levels was increased at three 
different quadratic rates, with the concentrate fraction held 
constant. Feed consumption was maximised with an initial inclusion 
rate of 200 g per kg alfalfa, increased weekly at a rate of 1.1747, 
and maximum liveweight gains were calculated to occur with a diet 
having an initial level of 170 g per kg alfalfa, with a weekly rate 
of increase of alfalfa inclusion of 1.1817. While the theoretical 
implications of this are sound, implementation of such scales in 
practice would be unfeasible. Extrapolation of these results to 
include other animals and roughage sources would also be invalid 
pending further experimentation.

4.3.2. Roughage : Concentrate ratios

Most work involving studies on roughage:concentrate ratios for 
calves has been carried out using a complete pelleted diet incorpor
ating both components. Some workers have offered a given amount of 
one component and varied the allowance of the other accordingly to 
maintain a certain ratio, but this is more difficult in practice.

The concept of complete diets for calves and their value, was 
recognised by Hibbs and co-workers in the mid-1950's. To overcame 
selective eating when roughage was offered loose, and to simplify 
the adjustment of roughage:concentrate ratios, they coarsely ground
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the roughage, mixed it with the concentrate fraction, and pelleted 
the mixture. Feeding these pellets resulted in earlier rumen function 
and more rapid growth than observed in previous experiments where loose 
hay and concentrates had been fed separately (Hibbs, Conrad and 
Vandersall, 1955; Hibbs and Conrad, 1958). Similarly, increases in 
liveweight gain were associated with feeding a complete roughage- 
ccncentrate pellet rather than offering both components separately, 
in the work of Stiles, Bartley, Dayton and Boren (1969) and Bartley 
(1973).

Earlier work with complete pellet diets was carried out using 
excessively high roughage proportions, with roughage:concentrate 
ratios of 4:1, 3:2 and 2:3 (Conrad and Hibbs, 1953; Hibbs, Conrad 
and Pcunden, 1954) . At this time, roughage was thought to be the 
instrumental factor promoting rumen development. The work of Flatt 
and colleagues in the latter part of the decade emphasised the import
ance of a readily fermentable substrate in promoting rumen mucosal 
growth (Flatt, Warner and Loosli, 1958); subsequent work was concen
trated on levels of roughage inclusion that rarely exceeded the 
concentrate fraction of the diet.

Specification of an optimum roughage:concentrate ratio is 
difficult, as it may vary with the size of the animal, the quality 
of the roughage, and the nature of the basic ration. Leibholz (1980) 
stated that all early-weaning diets should contain at least 150 g per 
kg roughage to prevent bloat and digestive disturbances. This level 
of stratf inclusion in an all concentrate diet has increased the 
ad: libitum feed intake of calves, resulting in a 0.22 (Kang and 
Leibholz, 1973) to 0.50 (Kellaway, Grant and Chudleigh, 1973a) 
increase in the weight gains of calves. Inclusion of higher 
proportions of roughage may result in greater intakes and increased 
gains. In the work of Kang and Leibholz (1973) , it was predicted 
frcm quadratic equations that maximum feed intake would occur with 
220 g per kg straw in the diet; with hay, this maximum was predicted 
to be at 340 g per kg inclusion (Strozinski and Chandler, 1971).

When considering these results, comparison between trials is 
difficult without seme means of standardising roughage quality.
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Sane workers have expressed optimum roughage inclusions in terms of 
acid detergent fibre (ADF) content of the diet; in the work of kang 
and Leibholz (1973) maximum feed intake therefore occurred at 200 g 
per kg ADF (220 g per kg straw). The 230 g per kg ADF quoted by 
Jahn, Chandler and Polan (1970) required the inclusion of 320 g per 
kg straw, and Strozinski and Chandler (1971) included 675 g per kg 
hay to maximise intake at 240 g per kg ADF.

Most experimental reports propound increased intakes for 
increasing roughage inclusion in the diet; however, these results 
should be studied with some caution. This implies increased concen
trate consumption, but in most cases it refers to total intake. Thus, 
in the work of White, Reynolds and Klett (1969) , total intake of a 
diet containing 200 g per kg rice straw was greater than for a 50 g 
per kg inclusion; however, concentrate intake was similar at the two 
levels of roughage inclusion. It might be stated therefore, that 
under the conditions of this experiment, there was no advantage to 
be gained frcm inclusion of more than 50 g per kg rice straw.

In the work of White et ai (1969) a greater liveweight gain was 
recorded for 200 g per kg straw inclusion than 50 g per kg, which, 
as a consequence of the similar concentrate intakes for the two 
treatments, was probably a function of the difference in gut fill 
between the two treatments. This exemplifies the problem of inter
pretation of liveweight gain results when diets containing different 
amounts of roughage are fed.

An attempt to quantify the relationship between gut fill and live
weight was made by Stroz inski and Chandler (1971) , by relating gut 
fill to the fibre content of the diet:

Gut fill (g per 100 g liveweight) = 4.9+0.49 ADF

ADF = Acid detergent fibre (g per 100 g dry matter)

This may explain same of the variation in liveweight between 
calves on different treatments in their trial, but it cannot be 
applied with any degree of accuracy to other work. Their results 
gave differences in gut fill between 0 and 900 g per kg hay inclusion
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of 7.5 and 20 g per 100 g of liveweight respectively. The resultant 
correction for gut fill gave the greatest corrected body weight gain 
to be 0.89 kg per day at 140 g per kg hay in the diet; by regression 
analysis, the experimental maximum gain was 0.96 kg per day at 240 g 
per kg hay inclusion.

The argument for roughage inclusion in the diet of older animals 
is that it promotes greater dry matter intakes, probably as a result 
of an increased rumen buffering capacity; this is normally reflected in 
a liveweight gain increase of sane extent. While this is obviously 
important for the young calf, equally it might be argued that in the 
earlier stages of solid feed intake development it could be rumen 
papillary growth that is of paramount importance. Under such a 
condition, the roughage:concentrate ratio and the effectiveness of 
the resultant rumen fermentation pattern in promoting rumen papillary 
growth would merit further consideration. It has been speculated that 
growth rate is related to, and might even be dependent upon, an 
advanced stage of development of the rumen papillae (Stcbo, Roy and 
Gaston, 1966a).

4.4. Physical form of roughage

Reference has already been made to the advantages of complete 
pelleted diets for calves in preventing selective eating and ensuring 
a certain level of roughage consumption. The increased roughage 
intakes so achieved were successful in promoting greater concentrate 
intakes and superior liveweight gains to the conventional voluntary 
long roughage system. This would seam to indicate that the young 
calf prefers the convenience of processed roughage incorporated in a 
pellet, as opposed to long material offered loose. Certainly Hodgson 
(1971a and b) , suggested that ease of eating was important in the 
initial development of solid feed intake in calves, as the intake of 
dried grass pellets was 0.45 greater than baled long dried grass. It 
was also noted that calves having previous access to long roughage 
before weaning, were able to increase their solid food intake much more 
rapidly after weaning than animals with no previous experience of the 
diet. This indicates that an adaptation period was necessary.

These observations have an important bearing on the development 
of solid feed intake in the young calf, and Hodgson (1973) stated that



- 77 -

the response to grinding and pelleting appeared to be age dependent 
and was most probably related to the development of eating behaviour 
in the young ruminant. These behavioural factors might be operational 
until 6 to 9 weeks after weaning when physical satiety becomes the 
dominant factor controlling intake. This basic statement would seen 
sound for the pre-weaned calf, but it is questionable whether the 
effect is manifest for such a long period after weaning.

The processing of roughage to facilitate pellet formation however, 
results in inherent changes in the properties of the material. Most 
of the information relating to pelleted diets has involved grinding 
the roughage before inclusion. Although this facilitates an increased 
dry matter intake (Moore, 1964; Beardsley, 1964) , there is a concomi
tant decrease in dry matter digestibility (Wallace, Raleigh and Sawyer, 
1961; Tetlow, 1979). This is probably the result of a more rapid rate 
of passage of finely ground material through the alimentary tract. 
Hodgson (1971c) found the mean retention time for a chopped (5.4 ±
0.24 am) pelleted diet to be 58.5 hours, but only 29.2 hours for a 
ground (3 mm screen) pelleted diet.

Changes in the rumen fermentation pattern also occur as a result 
of grinding roughage. There is an increase in the rate of rumen 
fermentation, and a decrease in the ratio of acetic:propionic acid 
(Moore, 1964). Along with a decrease in saliva production on eating 
ground roughage (Putnam, Yams and Davis, 1966) , decreased amplitude 
of rumen contractions (Colvin and Daniels, 1965) , and in same cases a 
complete absence of rumination (Freer and Campling, 1965) , this can 
lead to acidosis conditions in the rumen (Cullison, 1961). Associated 
digestive disturbances may include bloat (Levy, Amir, Holzer and 
Neumark, 1972) and rumen parakeratosis (Cullison, 1961; Thompson, 
Kintner and Pfander, 1958).

These problems could seemingly be overcame by chopping the 
roughage into longer lengths instead of grinding it into fine particles 
before inclusion, but information relating to chopped roughage inclu
sion in the concentrate pellet for the young calf is lacking. Kang 
and Leibholz (1973) used hammen-milled straw (0.95 am screen) in diets 
at inclusion rates of 0 to 450 g per kg; a liveweight gain of 0.81 kg
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per day for 150 g per kg straw inclusion was recorded between 5 and 
11 weeks of age.

A similar experiment, but with straw ground to a powder before 
inclusion, was carried out by Leibholz (1975a). While direct compari
sons between the two experiments are invalidated by the absence of a 
basic, no roughage treatment in the latter trial which could be used 
as a standard, liveweight gains on the hanmer-milled straw treatments 
were superior. However, in a further experiment (Leibholz and Russell,
1978) , the use of both chaffed and ground straw was examined concomi
tantly. While there was very little difference in overall performance 
and intake between these two physical forms, there was a significant 
interaction between physical form and the quality of roughage used, 
be it straw or lucerne. Thus calves consumed more of the diets con
taining chaffed lucerne than ground lucerne, but more of the diets 
containing ground straw than chaffed straw. No specific explanation 
was offered for this phenomenon, other than that it was probably 
related to differences in the rate of passage of the diets, associated 
with the greater apparent digestibility of lucerne, thereby facilitat
ing increased intakes of the better quality roughage.

Another comparison between chopped (7.5 am) and ground (3 mm 
screen) straw was made by Kay and co-workers, albeit between two 
trials and with beef animals (Kay, Macdearmid and MacLeod, 1970;
Kay, Macdearmid and Massie, 1970). It was found that the rate of 
liveweight gain decline was faster for increasing levels of chopped 
straw inclusion, and optimum chopped roughage inclusion occurred at 
a lower level than for ground straw. Although digestible crude 
protein intake was adequate on all diets containing from 50 to 500 g 
per kg chopped straw, total energy intake seamed to be limiting for 
the 200 g per kg inclusion rate and above, resulting in a decrease in 
livsweight gain. A 300 g per kg chopped straw inclusion was however 
associated with a 0.045 units higher digestibility than a similar 
diet containing ground straw. The better growth rates with ground 
straw were attributed to the greater intake of digestible dry natter 
and possibly proportionately smaller losses of energy as heat and 
methane.
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It is difficult to ascertain at what degree of reduction in 
particle size a roughage material loses its valuable buffering and 
rumen stabilising qualities, and although this would seen an important 
practical consideration, there has been a lack of study in this field. 
There are obvious advantages to presenting the young ruminant with a 
complete diet package for ease of eating, but the effects of grinding 
are detrimental to several essential prerequisites of rumen function 
development. An indicator is required to assess the effectiveness 
of a diet in providing the desirable roughage characteristics, and to 
this end the preservation of a high acetic:propionic acid ratio would 
seam to be indicative of a roughage type fermentation. However 
Leibholz (1975a) observed an increase in the molar proportion of acetic 
acid with increasing levels of ground straw inclusion, although absolute 
values were lower than in the work of Kang and Leibholz (1973) where 
the straw was hammer-milled (0.95 am screen).

The preservation of rumen pH at around 6.0 might be a better 
indicator, but is only occassionally that rumen data has been presented 
with such work. In the trial of Jahn, Chandler and Polan (1970) rumen 
pH increased (P<0.01) as straw content of the diet increased; a level 
of inclusion of 325 g per kg straw was required before a pH of 6.0 
was reached. At this inclusion rate, rumen molar proportions of 
acetic acid were greater than 600 m.moles per mole.

In a study on particle size of ground straw, no difference was 
found in performance of cattle from 120 to 500 kg with diets containing 
150 or 500 g per kg barley straw which had been ground through screens 
of 1.5, 5 or 8 mm (Pickard, Swan and Lamming, 1969) . This lack of 
effect of particle size on digestibility and rate of passage was 
thought to indicate that the particle size of even the coarsest straw 
in this study was not large enough to restrict its passage through the 
reticulo-anasal orifice. However, it was also possible that the 
particles too large to pass directly into the omasum, were broken 
down at such a rate that their passage was unimpeded. These authors 
also noted that there was a distinct probability that the measurement 
of particle size distribution of the ground straw did not necessarily 
reflect differences between diets as they were eaten, as pelleting was 
observed to effect a further reduction in size of the larger particles.
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The importance of roughage to the early-weaned calf has been 
discussed in several contexts, the most significant of which seems 
to be its capacity to increase concentrate intakes and therefore 
liveweight gains, when included in the diet. The optimum level of 
inclusion of roughage appears to change with age and the attendant 
development of alimentary tract capacity. VJhile much work has been 
carried out with older animals, normally over 3 months of age and 
100 kg in weight, evidence relating to the most appropriate level 
of roughage inclusion in the diet of the early-weaned calf, with 
the additional consideration of rumen function development, is 
lacking. The next section will describe experiments that were 
conducted to examine this question.



S E C T I O N  II 

E X P E R I M E N T A L
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Introduction

An essential prerequisite to the evaluation of the importance 
of roughage to the early-weaned calf, is an estimation of the 
precision of techniques to be used. This requires an identification 
and quantification of the errors involved and the establishment of 
base lines from which comparisons may be made. Follcwing these 
procedures, it should then be possible to assess the performance 
and intake characteristics of calves reared on a conventional 
voluntary long roughage system, before considering the implications 
of changing the quantity, quality and physical form of the roughage. 
Instrumental to the understanding of the role of roughage in the 
diet is a knowledge of the effects that roughage may have on rumen 
characteristics, feed utilisation and carcase composition.

A series of experiments have therefore been conducted to 
evaluate the effects of these various production variables on the 
performance of the early-weaned calf.
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CHAPTER 1

The Use of the Voluntary Long Roughage System 

for Rearing Calves

1.1. Introduction

The conventional system for rearing calves to 3 months of age 
involves ad libitum feeding of concentrates and hay, which allows 
the calf free choice to consume the two in proportions according to 
individual preference. It seems that calves given access to a palat
able concentrate and good quality hay will consume 0.08 to 0.09 of 
their total intake as hay (Roy/ 1970). The prospective variation 
about this mean value however, may give rise to a great variation in 
performance within a group of calves (Whitaker, Miller, Carmon and 
Dalton, 1957); a reduction in this variation may be possible by 
restricting hay intake to a maximum upper limit.

1.2. Objectives

The objectives of the two initial trials were therefore as 
follows:

a. to establish intake patterns for calves offered long roughage 
ad libitum;

b. to assess the performance of these animals against calves 
whose intake of hay was restricted to 0.10 of the previous day's 
concentrate intake.

This level of hay restriction would, when associated with an 
increasing daily concentrate intake, represent a proportion corres
ponding closely to the mean of 0.08 to 0.09 reported by Roy (1970) .

1.3. Materials and Methods

Two trials were conducted, using in each case, 40 male Hereford 
x Friesian calves purchased from a commercial source; arrival weights 
for the two batches were 53.9 ± 1.07 kg and 47.3 ± 0.60 kg respectively.

On arrival, the calves were weighed and randomly allocated on the 
basis of this initial weight into two groups of 20 animals on one of 
the follcwing treatments:
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i. Proprietary concentrate (BOCM Silcock Quicklettes) offered
ad libitum; hay offered ad libitum.

ii. Proprietary concentrate ad libitum; hay restricted to 0.10
of the previous day's concentrate intake.

After 6 weeks the concentrate on offer to both groups was 
gradually changed to Calf Rearing Pencils (BOCM Silcock).

1.3.2. Management

Calves were individually penned in the calf house at Boghall 
Farm (Figure 1.1.) and bedded on straw. Their initial feed consisted 
of one litre milk substitute (0.17 fat; 0.23 protein) reconstituted 
at a rate of 113 g per litre in warm water (39°C) and bucket fed; 
thereafter the quantity was increased (according to the manufacturer's 
recommendations) until by the fifth day all calves were receiving 
4 litres of milk daily. Milk substitute was offered twice daily at
08.00 and 16.00 hours for 5 weeks after arrival.

Concentrate and water were on offer from day 4, with good 
quality, barn-dried hay offered from day 11 according to treatment; 
the trial continued for 9 weeks. Concentrate pellet refusals were 
recorded daily, stale or wet refusals discarded, and the calf's 
allowance increased by 0.10 kg under a daily intake of 0.70 kg, and 
by 0.30 kg if over 0.70 kg, provided less than 0.10 kg was refused. 
Water intakes were also recorded on a daily basis.

Hay was offered in wire racks ad libitum or restricted according 
to treatment. Refusals were recorded on a daily basis for the restric
ted treatment, and fresh hay added to make up the allowance to 0.10 of 
the previous day's concentrate Intake; for the ad libitum treatment 
fresh hay was added as required, with refusals measured at the end of 
each week.

Feed samples were bulked and sub-sampled for chemical analysis. 
Gross energy was determined by adiabatic bcaxb calorimeter, nitrogen 
by Kjeldahl digestion, fat by ether extraction and fibre by the 
Trichloro-acetic acid method.
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FIGURE 1.1. BOGHALL CALF HOUSE
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1.3.3. Calf Weighing

The basic weighing regime in the two trials was as follows:

Day 1 Day 2 Day 3

10.00 hours
13.00 hours 13.00 13.00 hours

16.00

These multiple weighings were repeated on days 35, 36 and 37 
(weaning) and again on days 62, 63 and 64 (end of trial). In 
addition, calves were weighed twice weekly throughout the trial.

The data allowed a comparison of three ways of calculating 
liveweight gain:

i. from multiple weighings based on three weighings in 
one day;

ii. fran multiple weighings based on three consecutive 
day weights;

iii. from the slope of a regression line of liveweight on 
time using twice-weekly weighings.

The first method proved to be the most appropriate for use in 
the calf trials frcm consideration of its estimation of initial 
liveweight, associated Coefficient of Variation for liveweight gain, 
and effective use of labour (Appendix 2) . Liveweight gains for this 
work and all follcwing calf house experiments, were therefore based 
on the mean of 3 weighings in one day for each calf at 0, 5 and 9 
weeks; in addition, subsequent experiments also included a multiple 
weighing after 3 weeks on trial.

This method of estimating liveweight gain however, implies an 
inherent assumption of linearity of liveweight change between two 
weighing points. Twice-weekly weighing established that this was 
not an accurate presumption for the first three weeks of most 
experiments, and the quadratic function was associated with a 
greater precision of fit than linear regression in this period
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(Appendix 2) . As a consequence of the loss of weight that was noted 
to occur at the beginning of the recording period, use of the quad
ratic function has been made to facilitate treatment comparisons in 
their rapidity in promoting a positive weight status in some of the 
follcwing experiments (Appendix 3) .

1.3.4. Health records

The health status of animals was recorded, and any calf showing 
signs of ill-health, and having a temperature above 39°C, received 
veterinary attention and the prescribed medication. Subsequent 
references to cases of diarrhoea denotes calves having faecal scores 
of 1 or less on a scale of 0 to 5 using a visual scoring method; 
this is representative of a faecal dry matter of less than 0.14 
(Appendix 4) .

Calves were castrated by means of a knife, and dehomed with a 
gas iron in weeks 3 and 4 of both trials.

In view of the limited data available relating to blood metabolic 
profiles in young calves, the opportunity was also taken to collect 
basic reference data to establish the normal range of values for 
future use; these have been collated in Appendix 5.

1.3.5. Analysis

All results were analysed using conventional Analysis of 
Variance techniques (Cochran and Cox, 1957) ; the significance of 
between treatment differences was determined by Duncan's Multiple 
Range Test (Duncan, 1955) .

1.4. Results

Details of the analysis of the concentrate and hay diets fed in 
the two experiments are given in Table 1.1. The hay analysis 
indicates that it was of high digestibility, having an estimated 
Metabolisable Energy value of around 9.5 MJ per kg dry matter (MAEF, 
1975).
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The health status of the animals in both trials was good, apart 
from 17 cases of diarrhoea in the first experiment, which was not 
ascribed to a treatment effect. One death on the restricted hay 
treatment in the second trial was caused by bloat; this occurred 
during the milk feeding period. Another two calves were seen to 
suffer frcm bloat in this trial, although this ceased to be a problem 
after weaning.

Performance and intake results for both experiments, and the 
two treatments, are shown in Table 1.2. There was a significant 
difference in hay intake between the ad libitum and restricted hay 
treatments in Experiment I, but remarkably little difference in 
Experiment II; this inconsistent response to treatment resulted in 
a significant treatment x experiment interaction in the combined 
results for the post-weaning period.

Combined concentrate intake values were nearly identical for 
both treatments; individual experiments however showed conflicting 
trends, in that the ad libitum hay treatment was associated with the 
higher intake in Experiment I, but the restricted treatment shewed 
a greater intake in Experiment II. Liveweight gain results followed 
the same pattern as concentrate intakes, although combined results 
showed a slight advantage to the ad libitum hay treatment.

1.5. Discussion

The data confirm the observation of Roy (1970) that calves 
given ad libitum access to a good-quality hay will consume on average 
0.08 to 0.09 of their total intake as hay (Table 1.3.); the exact 
quantity hcwever will be variable between experiments. The lewer 
hay intake of 0.05 to 0.06 total intake for the restricted treatment, 
when 0.10 hay was on offer, is difficult to reason, but confirms the 
capricious nature of the young calf's appetite (Preston, 1956a; 
Whitaker, Miller, Carmon and Dalton, 1957). It was also the experi
ence of Preston (1956a) that calves consumed very little hay in the 
first 9 weeks of life; this may be associated with the need for 
development of eating behaviour, as Hodgson (1968) inferred that solid 
feed intake development in calves was dependent on the development of
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the mechanisms of prehension, mastication and deglutition. Long 
hay could conceivably pose more problems initially with regard to 
ease of handling than concentrates in this respect. A time span 
requirement for eating behaviour development could also account for 
the lcwer hay and concentrate intakes in Experiment II, in that the 
calves were younger than in the first experiment as indicated by 
their being 6 kg lighter on arrival at the calf house.

The range in the proportion of hay consumed by calves on the 
ad libitum treatment was considerable (Table 1.3.); this is demon
strated graphically for individual calves in Figure 1.2. The maximum 
proportion of hay consumed however, represented only 0.16 of total 
intake, which is considerably less than the voluntary consumption of
0.75 total intake as hay observed in heifers by Harrison, Warner, 
Sander and Loosli (1960). Restricting the hay allowance to 0.10 
total intake was successful in reducing the range in intake by 0.68 
in Experiment II.

The great variation in quantities and relative ratios of hay 
and concentrates consumed must largely be responsible for the high 
Coefficients of Variation for overall liveweight gain, of 19.5 in 
Experiment I, and 28.3 in Experiment II; the value for the pre
weaning period in Experiment II was as high as 44.0. This latter 
value especially, is unacceptable, both with respect to commercial 
rearing of a group of calves, and also in experimental work, where 
treatment differences have either to be large (>0.20 to 0.25), or 
large numbers of animals used to detect small differences.

Conclusion

The magnitude of the variation in hay intake between calves 
presents a significant problem if standardisation of the hay component 
is required, especially at levels above 0.10 inclusion. It is there
fore necessary to remove the individual calf choice factor to maintain 
a predetermined roughage:concentrate ratio. This may be effected by 
offering roughage ad libitum and adjusting the concentrate allowance 
accordingly, or alternatively, by the use of a complete pellet 
containing roughage and concentrate. The former method is difficult 
to implement on a daily basis, and may result in an unacceptably law
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level of concentrate intake; the next experiment was therefore designed 
to investigate the use of pelleted diets containing concentrate and 
roughage.
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CHAPTER 2

Intake and Performance of Calves on Pellet Diets 

of Concentrates and Roughage

2.1. Introduction

A necessary prerequisite of incorporating roughage into pellet 
form is a reduction in unit size; this is normally effected by 
chopping long material into shorter lengths, followed by further 
grinding in a hammer mill. The literature review has propounded 
the dangers associated with an excessive reduction in roughage 
particle size, such as absence of rumination (Freer and Campling,
1965), acidosis (Cullison, 1961) bloat (Levy, Amir, Holzer and 
Neumark, 1972) and rumen parakeratosis (Thompson, Kintner and 
Pfänder, 1958). These problems could seemingly be overcome by 
feeding the roughage in chopped form, thereby preserving the valuable 
buffering qualities associated with long roughage (Kellaway, Grant 
and Chudleigh, 1973a).

The value of feeding complete diets to calves has been 
recognised by several workers for various reasons. They have been 
used to prevent the selective eating that occurs when hay and con
centrates are fed separately (Hibbs, Conrad and Vandersall, 1955; 
Hibbs and Conrad, 1958) and have been noted to promote increased 
feed intakes and livareight gain over the conventional free-choice 
system (Stiles, Bartley, Dayton and Boren, 1969; Bartley, 1973). 
Earlier experiments however involved the use of very high roughage 
levels (2:1 hay:concentrate ratio), although the hay was incorpor
ated in longer lengths (12 mm screen) in the work of Hibbs et al 
(1955) and Hibbs and Conrad (1958). The experiments of Stiles et al 
(1969) and Bartley (1973) were carried out with roughage that was 
ground before inclusion.

Information relating to chopped roughage inclusion in the diet 
of calves up to 3 months of age is not readily available. Kang and 
Leibholz (1973) reported an experiment with hammer-milled straw 
(0.95 am screen) incorporated in a concentrate pellet at rates of 
0, 150, 300 and 450 g per kg; feed intake and live^eight gain was
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greatest with 150 g per kg straw inclusion. A second experiment 
(Leihholz and Russell, 1978) reported a depression in liveweight 
gain for 200 g per kg chopped straw inclusion in a concentrate diet 
for 5 to 11 week old calves.

2.2. Objectives

The objectives of the next trial in the calf house were there
fore as follows:

a. To examine the effectiveness of a complete pellet diet as a 
possible method to reduce the Coefficient of Variation for 
liveweight gain.

b. To act as a preliminary examination of the physiological 
implications of varying levels of straw inclusion in a 
concentrate pellet.

c. To provide information relating to the optimum level of straw 
inclusion in a concentrate pellet.

2.3. Materials and Methods

Forty purchased Hereford x Friesian bull calves of 51.1 ± 0.67 
kg liveweight, were randomised on the basis of arrival weight into 
four treatment groups, and allocated to one of the following diets:

i. basic early-weaning calf concentrate pellet diet (Table
2.1.), no roughage;

ii. basic diet with inclusion 100 g per kg chopped (20.1 ± 
2.37 mm) straw;

iii. basic diet with inclusion 200 g per kg chopped straw;

iv. basic diet with inclusion 300 g per kg chopped straw.

The general management of the calves with respect to imi lk 
feeding, record-keeping and calf weighing, was conducted according 
to the procedures described in Chapter 1 (see 1.3.); analysis of the 
results was executed in the manner described in 1.3.5.
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TABLE 2.1.: COMPOSITION OF BASIC DIET

kg per 1000 kg

Flaked maize 400

Rolled oats 339

Fish meal 100

Soya bean meal 50

Molasses 100

Salt 5

+Beta - 165 2

Ground limestone 4

+BP Nutrition: Vitamins: A - 3 g retinol equivalent;

D 3-O.I g cholecalciferol equivalent;

E - 20 g; K - 2 g; Bj - 10 g; B 12 ~ 10 mg;

C - 50 g; Iron 50 g; Cobalt 2 g; Manganese 50 g;

Capper 10 g; Zinc 50 g; Iodine 5 g; all per 
2.5 kg.

Pellet diameter: 12 nm die.
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2.4. Results

During the course of the trial, 34 calves were designated by 
rectal swabbing to be carrying Salmonella typhimurium, nine calves 
were treated for diarrhoea and/or septicaania, and five calves died. 
Only one of these deaths could hcwever be attributed directly to 
Salmonella, since veterinary post mortem diagnosis attributed other 
deaths to: two cases of pneumonia, one of bloat, a castration
haemorrhage, and a severe haemorrhagic myosites in the neck. The 
bloat fatality was a calf on the 300 g per kg straw diet and occurred 
in the pre-weaning period; none of these deaths could be ascribed 
specifically to a treatment effect. As a consequence of health 
problems, loss of weight, and slew development of concentrate intake, 
weaning was delayed until 6 weeks after arrival.

Analysis of the diets used are shewn in Table 2.2. Inclusion 
of straw in the concentrate pellet reduced crude protein, ether 
extract and metabolisable energy values, and increased fibre and ash 
levels. Using the equation:

(X x fibre in , (100 - X) fibre . , 1rv_, = fibre in straw diet x 100basic diet) in straw

(Straw 433 g per kg TCA fibre)

it is possible to calculate actual straw inclusion rates for 
each diet; these were somewhat higher than the supposed levels at 
169, 228 and 319 g per kg for the 100, 200 and 300 g per kg diets 
respectively.

Pellet intakes and liveweight gain results for the four diets 
(Table 2.3.) generally showed an increase with increasing level of 
straw inclusion, although there was comparatively little difference 
between the roughage treatments, and the highest level of straw 
inclusion was associated with a depression in gain. The basic diet 
with no roughage resulted in markedly inferior intake and performance 
characteristics (Figures 2.1. and 2.2.).
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2.5. Discussion

The results confirm the observations of other workers that 
inclusion of roughage in the diet of early-weaned calves promotes 
greater total intakes and increases liveweight gains (Jahn, Chandler 
and Polan, 1970 ; Kang and Leibholz, 1973; Kellaway, Grant and 
Chudleigh, 1973a); this is presumably mediated by the increased 
rumen buffering capacity as a result of greater saliva production 
on eating and ruminating the roughage fraction (Kellaway et al, 1973a). 
The results also suggest that the optimum level of chopped straw 
inclusion required to maximise feed intake is not greater than 228 g 
per kg, as post-weaning intake of the diet containing 319 g per kg 
straw is depressed in comparison. This is in the range of the derived 
optimum level of 220 g per kg straw inclusion quoted by Kang and 
Leibholz (1973) to maximise feed intake in 5 to 11 week old calves, 
but lower than the 320 g per kg stated by Jahn et al (1970) to be the 
optimum for 8 to 22 week old animals. There is an indication that the 
optimum level of straw inclusion to maximise weight gain however, is 
lower than 228 g per kg in the post-weaning period (Figure 2.2.) ; 
this is in agreement with Kang and Leibholz (1973) who calculated 
that the optimum straw inclusion for maximising gain was 190 g per kg 
as opposed to 220 g per kg for maximising feed intake.

It follows that the lower intake of the diet containing 319 g 
per kg straw here was a function of a limitation imposed by physical 
capacity of the alimentary tract, or rather, the limitation on stretch
ing capacity of the alimentary tract exerted by body size of the animal 
(Hodgson and Cottrell, 1973). It is the belief of Roy (1980) that 
physical distention of the alimentary tract limits feed intake when 
the digestibility of the diet is less than 0.65; however this value 
is not placed in context of age or size of animal. The derived 
digestibility value for the 319 g per kg straw diet here is 0.69 
(MAFF, 1975; equation 58, correction coefficient 0.16), indicating 
that the young calf may be subject to an earlier limitation on feed 
intake by physical distention capacity of the alimentary tract.
Further evidence to this effect is given by the higher optimum level 
of straw inclusion (320 g per kg) in the work of Jahn et al (1970) 
with 8 to 22 week old calves, in comparison with the lcwer level 
(220 g per kg) cited by Kang and Leibholz (1973) for 5 to 11 week old 
calves.
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Although differences in liveweight gain were not very great 
between the roughage treatments, the highest level of roughage 
inclusion was associated with a depression in gain throughout the 
trial (Figure 2.2.). It has been ascertained that the level of straw 
inclusion in this diet imposed a physical limitation on concentrate 
intake, and therefore energy intake. Total Metabolisable Energy 
intakes for the post-weaning period followed the same pattern as 
concentrate intakes, and were 351, 440, 459 and 411 MJ for the four 
diets respectively. It is also possible that the low crude protein 
level of 83 g per kg (air-dry basis) was an instrumental factor, as 
the recommended level for an early-weaning diet (air-dry basis) is 
160 g per kg (Rcy, 1980); after 8 weeks of age a level of 140 g per 
kg is adequate, with a minimum requirement of 120 g per kg (Stobo, Roy 
and Gaston, 1967). In this respect, the inclusion of 228 g per kg 
straw could also pose a danger with a crude protein level of 120 g per 
kg. The depression in gain with 319 g per kg straw inclusion could 
conceivably be greater in the presence of an increased weight of 
alimentary tract contents with higher roughage inclusions (Strozinski 
and Chandler, 1971; Stobo, Roy and Gaston, 1966a).

Elucidation of the first objective of this trial is examining 
the effectiveness of a complete pellet diet in reducing the Coefficient 
of Variation for liveweight gain, is complicated by the high incidence 
of ill-health. The Coefficient for post-weaning gain in this trial 
was 36.5, as opposed to 25.0 for voluntary ad libitum hay intake in 
the previous trials. There was no advantage to removing fran the 
analysis calves that had been treated for Salmonella, and removal of 
Salmonella carriers would have left six calves out of the original 
40 calves.

Conclusion

Roughage inclusion in the diet of early-weaned calves increases 
concentrate pellet intakes and liveweight gains; there would appear 
to be significant advantages to incorporating roughage in the concen
trate pellet, thereby forcing greater intakes of roughage than 
achieved on a voluntary free-choice basis. The optimum level of 
chopped straw inclusion in a concentrate pellet for early-weaned 
calves would seem to be not greater than 200 g per kg.
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CHAPTER 3

The Function of Roughage and Effects of Changing 

the Physical Form of Roughage

3.1. Introduction

The previous investigation showed that the basic, no roughage 
diet, resulted in markedly inferior growth and reduced intake charac
teristics as campared to roughage inclusion in the diet. The increased 
saliva production on eating and runiinating roughage, promoting a con
comitant increase in rumen buffering capacity, thus preventing the 
inhibition of intake due to hyperacidity, could be of paramount 
importance in this respect (Kellaway, Grant and Chudleigh, 1973a and 
b).

The possibility of simulating this effect by addition of buffer 
compounds to an all concentrate diet for calves, has been examined 
by several workers (Kellaway et al, 1973b; Kellaway, Grant and 
Hargreave, 1976; Devendran, 1976). In all these cases, inclusion 
of buffer resulted in an increase in rumen pH status, concentrate 
intake and liveweight gain. While the buffer may provide for an 
adequate substitution for roughage in physiological terms, the 
requirement for the physical presence of a scabrous material to 
ensure normal rumen motility patterns (Colvin and Daniels, 1965) is 
not satisfied by the use of an all concentrate-buffer diet.

Processing roughage before pellet inclusion, such as chopping 
in the previous trial, diminishes the need for rumination by the 
animal to effect the reduction in unit size. This may result in a 
difference in rumen physiological characteristics between feeding 
rcughage in its long form, and in chopped form. Evidence relating 
to this aspect is lacking in the literature, unless observations are 
drawn from different experiments, which is not appropriate. Certainly, 
grinding roughage (10 mm screen), has been noted to significantly 
decrease (P<0.01) rumen pH in comparison with feeding coarsely grcund 
(38 mm screen) roughage (Putnam, Yams and Davis, 1966) . It has also 
been stated that chopping roughage reduces the proportion of acetic acid,
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and increases propionic acid, in comparison with feeding long roughage 
(Levy, Amir, Holzer and Neumark, 1972; Thcmas and Rook, 1977).

3.2. Objectives

The objectives of the next investigation were therefore as 
follows:

a. To investigate the function of roughage in relation to the 
performance of early-weaned calves, especially in terms of:

i. rumen buffering capacity,
ii. effect on rumen fermentation patterns.

b. To examine the effect of feeding different physical forms of 
roughage on:

i. concentrate intake,
ii. rumen buffering capacity,
iii. rumen fermentation pattern.

3.3. Materials and Methods

3.3.1. Calves and Diets

Two trials were conducted, using in each case, 40 purchased male 
Hereford x Friesian calves; arrival weights for the two batches were 
50.1 ± 0.56 kg and 48.5 ± 0.56 kg respectively. After weighing, the 
calves were divided into 5 groups of 8 animals, balanced equally for 
weight, and each group was randomly allocated to one of the following 
treatments:

i. Basic diet of early-weaning calf concentrate pellet (Table 2.1.); 
no roughage (A).

ii. Basic diet plus long straw offered at 0.15 previous day's 
concentrate intake (A + L).

iii. Basic diet plus chopped straw (20 mm) offered at 0.15 previous 
day's concentrate intake (A + CH).

iv. Basic diet plus incorporated buffer in the form of 35 g per kg 
sodium bicarbonate; no roughage (B).
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v. Basic diet with inclusion of 0.15 chopped straw in the pellet (C).

The level of chopped straw inclusion chosen was determined frcm 
the previous trial (where the optimum level appeared to be between
0.10 and 0.20); the bicarbonate level represented an inclusion rate 
investigated in a commercial development trial (Thickett, 1978, pers 
comm) .

3.3.2. Management

The management of the calves with respect to milk feeding, record 
keeping, and calf weighing, was carried out according to the procedures 
described previously (see 1.3.). Concentrate pellets were offered ad 
libitumr together with water, and straw where applicable, from day 5 
in the first trial; in the second trial, treatments were not started 
until 12 days after arrival, and in the first week all calves were 
offered the basic pellet A. Consequently the experimental period was 
started on day 12 and procedures adjusted accordingly to bring this 
investigation in line with the first trial.

Long and chopped straw allowances for treatments A + L and A + CH 
respectively, were calculated individually for each calf to constitute
0.15 of the previous day's concentrate intake in the first trial. 
However, none of the animals consumed this daily allowance in full, 
so in the second trial, calves were allowed to feed ad libitum, with 
the amounts given recorded, and refusals weighed back at the end of the 
week. Long straw was placed in hay racks, and chopped straw in buckets 
which were interchanged with the concentrate buckets twice a day.

Calves were bedded on peat moss and sawdust in the first trial, 
and wood shavings in the second trial; they were neither castrated nor 
dehomed until both trials had been cample ted.

3.3.3. Rumen and blood sampling

Rumen liquor samples were obtained from 20 calves, four from each 
of the 5 treatments, by stomach tube, in weeks 2, 5, 6 and 9 of both 
trials, losing a modification of the apparatus described by Hodgson 
(1968) . Selection of calves was effecrted on the basis of those 
having the greatest concentrate intakes in each treatment group on the
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day previous to the first sampling. The fresh samples were immediately 
tested for pH, using a Pye Unicam pH meter; each sample was then 
filtered through two layers of muslin before deactivation with a 
saturated mercuric chloride solution at the rate of 1 ml per 50 ml 
of rumen liquor. Samples were deep frozen until precipitation, and 
removal of the protein fraction could be carried out; total volatile 
fatty acid (VFA) concentration plus molar proportions of acetic, 
propionic, n-butyric, iso-butyric, n-valeric and iso-valeric acids 
were estimated by the use of a Gas-Liquid Chromatograph fitted with a 
flame ionization detector.

The twenty calves from which the four batches of rumen samples 
were taken, were also blood sampled by jugular puncture at the same 
time, and these samples analysed for glucose and g-hydroxy butyrate 
levels. The glucose estimation was carried out on whole blood 
(anticoagulants - potassium oxalate and sodium fluoride) using a test 
kit (Boehringer Corporation, London Ltd, Kit number 124010). Blood 
g-hydroxy butyrate levels were measured on serum samples, by a 
modification (Kelly, unpublished) of the method described by Zivin 
and Snarr (1973).

All results were statistically analysed according to the 
procedures outlined previously (see 1.3.5.).

3.4. Results

In general, the health status of animals in both trials was 
reasonably good with regard to the incidence of diarrhoea and 
pneumonia. A frequent occurrence of ruminal bloat, not ascribed 
to treatment, was hcwever apparent, being mainly associated with 
the milk-feeding period. Two deaths in the first trial were 
attributed, by veterinary post mortem diagnosis, to an abamasal 
torsion (treatment C) and a ruminal bloat (A) ; in the second trial 
there were three deaths as a result of ruminal bloat (A + CH) , 
ruminal bloat and pneumonia (A) and a jaw abscess (A + L). A total 
of 12 calves were removed frcm the overall analysis, 8 calves from 
Trial I and 4 calves frcm Trial II, as a consequence of death, or 
ill-health and subsequent poor performance.



- 107 -

The feeding of the buffer diet (B) in the first trial, resulted 
in 0.50 of the calves on this treatment regularly bloating and having 
to be relieved by stomach tube. Detailed microbiological analysis of 
this diet revealed that severe contamination with yeasts and 
PeniciIlium bacteria (both of which could be implicated in a bloat 
syndrome) had occurred. A change of diet following the end of the 
trial resulted in no more trouble, indicating no malfunction in the 
calves.

Analysis of the diets and straw used is given in Table 3.1. 
Inclusion of buffer, and to a greater extent, chopped straw in the 
pellet, decreased crude protein, ether extract and metabolisable 
energy values, and increased fibre levels.

3.4.1. Liveweight gain and intake

The absence of a treatment x experiment interaction in analysing 
the combined results for both trials, permits the presentation of a 
single set of results (Table 3.2.); data for the two individual trials 
are contained in Appendices 6 and 7.

Feeding the pelleted roughage diet C resulted in significantly 
superior liveweight gains compared with the no-roughage treatment A, 
with the voluntary roughage treatments A + L and A + CH exhibiting 
intermediate results. The feeding of long straw (A + L) was associ
ated with a better performance than chopped straw offered loose (A + 
CH). Inclusion of buffer was also successful in increasing overall 
gains by 0.24 over the basic treatment A, and together with the 
roughage treatments, resulted in an earlier stabilisation of weight 
status after arrival, so that calves on these treatments started to 
gain weight sooner.

Concentrate pellet intakes reflected the liveweight gain pattern, 
with diet C having a significantly higher post-weaning intake than all 
the other treatments, except the voluntary long straw treatment (A +L) ; 
diet C was also associated with an earlier concentrate intake develop
ment.
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Voluntary straw intakes were very similar for both chopped and 
long straw feeding, but did not exceed 40 g per kg of total intake, as 
opposed to a derived inclusion rate of 176 g per kg straw for pelleted 
roughage in treatment C.

3.4.2. Rumen characteristics

The rumen liquor analyses for the combined trials' results are 
presented in Table 3.3 (see Appendices 8 and 9 for individual trials' 
values). Samples obviously contaminated with saliva were noted at the 
time the rumen liquor was filtered, and pH values for these samples 
removed fran the analysis.

Rumen pH values were significantly increased for roughage 
inclusion in diet C over the all concentrate diet A, and this was the 
only treatment to maintain pH values over 6.0; in week 2, none of the 
other treatments showed a mean value over pH 5.5. The voluntary long 
roughage treatment (A + L) promoted higher values than the voluntary 
chopped straw treatment (A + CH), and buffer inclusion in diet B was 
associated with values similar to these treatments.

Total VFA concentrations tended to be higher for the basic diet 
(A) and decreased with increasing roughage inclusion in the diet. The 
presence of roughage also increased acetic, butyric and valeric acid 
levels, but decreased the molar proportion of propionic acid. Inclu
sion of sodium bicarbonate in diet B did not effect any great change 
in the pattern exhibited for treatment A, although n-butyric acid levels 
were notably raised in week 2. Treatment C was associated with signifi
cantly lower propionic acid levels in week 2 and significantly higher 
butyric acid levels, when compared to treatment A; a marked increase in 
butyric acid levels for treatment A was observed 3 weeks later.

3.4.3. Blood samples

Blood glucose and g-hydroxy butyrate results for the combined 
trials are shewn in Table 3.4. (individual trials' values contained in 
Appendix 10). While there were no significant between treatment 
differences in these blood parameters, a significant increase in 
B-hydroxy butyrate levels with time was evident. Glucose levels also 
shewed a small increase over the 9 week period, especially for treatment C.
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Data relating to the blood metabolic profiles of calves in the 
two trials may be viewed in Appendix 11.

3.5. Discussion

The results of this investigation support previous results and 
confirm those of other workers (Jahn, Chandler and Polan, 1970; 
Kellaway, Grant and Chudleigh, 1973a; Kang and Leibholz, 1973) that 
roughage inclusion in the diet of calves promotes increased feed 
Intakes and liveweight gains (Figure 3.1.). The benefits associated 
with inclusion of roughage in a concentrate pellet are again obviated, 
in that a greater roughage consumption is encouraged, leading to an 
increase in total feed intake (Figure 3.2.). Ihe importance of rumen 
pH status in this respect is endorsed by the higher prevailing pH on 
the pelleted roughage treatment, thus preventing the hyperacidity 
that is inhibitory to voluntary feed intake (Bhattacharya and Warner, 
1968; Kellaway, Grant and Chudleigh, 1973b) .

Voluntary intake of both chopped and long straw in this investi
gation represented only 0.04 of total intake, which is lower than the
0.08 noted for the feeding of hay in previous work. This may be a 
result of the poorer palatibility of the barley straw offered to 
calves, as Kellaway et al (1973a) found that the fescue straw intake 
of their calves represented 0.10 of total feed intake. However, their 
calves were housed in pens with slatted floors, while the calves in 
the present investigation may have consumed sane of their sawdust 
and wood shavings bedding, which could have stimulated sane salivary 
secretion. Kang and Leibholz (1973) offered chaffed wheat straw (5 to 
7 an lengths) with an all concentrate diet, and voluntary intake 
represented cnly 0.014 of total feed intake. This is probably largely 
accounted for by the existence of a high prevailing pH of 6.68 for 
their basic concentrate diet, presumably effected by the inclusion of 
20 g per kg sodium bicarbonate. Other workers have reported rumen pH 
values of between 5.20 (Devendrán, 1976) and 5.55 (Kay, Fell and Bcyne, 
1969) for calves fed on a concentrate only diet.

Although total feed intake was increased for treatment C over 
the other treatments, if the associated straw intake is detailed as 
shown in Figure 3.2., then actual concentrate intakes for the roughage
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and buffer treatments were not dissimilar. Furthermore , concentrate 
intakes for treatments A + L and C are then identical, and the 
increase in total intake for the latter is merely a function of the 
increased straw intake. This indicates that chopping the straw into 
20 mm lengths has reduced its buffering capacity for concentrate 
intake in comparison with long straw, and consequently more chopped 
straw is required in the diet to promote the same increase in concen
trate intake. Kellaway, Thomson, Beever and Osbourn (1977) noted that 
saliva production for calves eating pelleted diets was likely to be 
only 0.20 of that when a similar weight of long roughage was consumed.

These observations are supported by the fact that, while straw 
intakes for the voluntary long (A + L) and chopped (A + CH) straw 
treatments were almost identical, treatment A + L  was associated 
with a greater concentrate intake, and this was accompanied by 
slightly higher rumen pH values. This probably reflects the 
decreased requirement for mastication and rumination of chopped 
straw to reduce unit size, with an associated decrease in saliva 
production to buffer the VFA produced in the rumen.

Since rumen pH values were over 6.0 for treatment C, it is 
probable that further increases in intake for this treatment were 
limited by gut fill. This validates the assumption that there would 
be no further advantages to be gained by inclusion of more than 176 g 
per kg chopped straw in the pellet, and that the effect of such an 
action would be detrimental to the objective of promoting increased 
concentrate intakes. Simultaneously, it may be that the increased 
livetfeight gain demonstrated by treatment C in this investigation, 
was a function of the increased gut fill associated with the greater 
roughage intake (Stcbo, Roy and Gaston, 1966a; Strozinski and 
Chandler, 1971), and does not represent a true carcase gain.

Maximum daily dry matter intakes for individual animals on 
treatment C in the present work reached 4 kg for calves of 85 kg 
liveweight. This is in accordance with the value of 4 kg per 100 kg 
livez/eight observed for older calves by Strozinski and Chandler (1971) , 
but higher than the maximum of 3 kg per 100 kg quoted by Roy (1980) 
for adult non-lactating ruminants.
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The inclusion of 35 g per kg sodium bicarbonate in diet B 
resulted in a 0.25 increase in intake and a 0.24 increase in gain 
over the basic concentrate diet (A); this response is very similar to 
a 0.23 and 0.20 increase in intake and gain respectively noted by 
Kellaway, Grant and Chudleigh (1973b) for 40 g per kg buffer inclusion 
in a concentrate diet. Comparison of diet B results with those for 
the voluntary roughage treatments shews similar rumen pH values, con
centrate intakes and live^eight gains for the three treatments, lending 
further support to the buffering function of roughage in the diet. It 
may be speculated that the advantages that accrue to buffer inclusion 
could have been increased by higher levels of inclusion than 35 g per 
kg. Kellaway, Thomson, Beever and Osbourn (1977) included 70 g per 
kg sodium bicarbonate in a ground barley and grass meal pellet for 
calves, and observed a 0.36 increase in intake and a 0.44 increase 
in gain over a pellet with 7 g per kg buffer inclusion; these calves 
however also had access to chopped straw.

The relationship between rumen buffering capacity, as reflected 
by rumen pH values, and concentrate intake and therefore gain, would 
seam to be significant in the present investigation, and as such 
could be the determining factor in controlling concentrate, and 
therefore energy intakes in the young calf. The prevalent theory 
in relation to regulation of feed intake in ruminants is that 
voluntary intake is adjusted in relation to the physiological demand 
for energy, provided fill or rumen load does not limit consumption 
(Montgomery and Baumgardt, 1965) . Thus, ruminants will attempt to 
maintain a constant level of energy intake, provided bulk does not 
limit consumption. Total Metabolisable Energy (ME) intakes for the 
post-weaning period in the present study followed the same pattern 
as concentrate intakes, and were as follows:

A A + CH A + L B C Mean

ME (MT) 483 585 635 567 704 595 ±26.2

The relationship between intake (yx, kg) and ME value of the diet 
(xi, MJ per kg) may be described by the following regression equation:

Y\ = 279.81 - 20.83x2 r = 0.87** R = 75.4
SE of b = ± 4.208
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Similarly, the relationship between intake (y2) buffering 
capacity (rumen pH values) of each diet (x2) is given by:

y2 = 25.05 x2 - 89.89 r = 0.84** R = 70.6
SE of b = ± 5.715

This indicates that the importance of buffering capacity is 
certainly significant in the case of the young calf, assuming equal 
importance to the documented constant energy theory in explaining 
the variation in concentrate intake between treatments. This might 
explain anomalies in the work of Kay, MacLeod and McLaren (1970) , 
where calves fed diets differing in energy concentration did not 
adjust feed intake to keep energy intake constant. No evidence 
regarding rumen pH status is available, but there was an inclusion 
of over 0.30 oat husks in the low-energy pellet diet which was 
associated with the highest energy intake; the oat husks could have 
made a significant contribution to the buffering capacity of this 
diet. The high-energy diet, containing 0.06 of tallow and no oat 
husks, had a 0.16 lcwer energy intake. Similarly, in the work of 
Kay, MacLeod and Andrews (1972) on energy concentration and physical 
form of diets, calves given cobbed diets containing chopped straw 
(2.5 am) consumed significantly more feed (P<0.001) than those 
offered ground and pelleted straw diets; rumen buffering capacity 
would have been greatly increased by the inclusion of chopped 
rather than ground straw in the diet.

The benefits of increasing roughage consumption in the calf do 
not only accrue from the increased rumen buffering capacity. Examina
tion of rumen fermentation patterns shews significantly increased 
rumen butyric acid levels in the early part of the investigation for 
treatment C (Figure 3.6.). Butyric acid has been associated with an 
increased metabolic activity in the rumen wall (Sakata and Tamate, 
1976a; 1976b; 1978) and as such, may be largely responsible for 
promoting cellular and papillary grwoth in the rumen (Sander, Warner, 
Harriscn and Loosli, 1959), which increases the surface area exposed 
to fermentation products. Conversely, the all concentrate diet A was 
associated with significantly lcwer butyric acid levels initially, 
but there was a marked increase at weaning; this could indicate a
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specific requirement for high levels of this acid in the early 
stages of rumen development. This effect has been documented by 
several workers (Knox, 1960; Walker and Simmonds, 1962; Stangassinger, 
Beck and Emmanuel, 1979), where utilisation of butyric acid by calves 
and lambs between 4 and 10 weeks old exceeded adult levels by 0.80.

Interpretation of this phenomenon in terms of rumen physiology 
and micrcbiology in the absence of more detailed microbiological 
study, is complicated. A principal source of ruminai butyric acid 
are the rumen protozoa (Eadie, Hyldgard-Jensen, Mann, Reid and 
Whitelatf, 1970), which cannot tolerate acidity (Purser and Moir,
1959) , and a rumen pH of above 6.0 is required for their establishment 
(Eadie, Hcfoson and Mann, 1967) . To this effect,the only diet that 
would provide suitable conditions for their growth and development, 
provided that inoculation can occur, would be the pelleted roughage 
treatment C. It has also been documented that as much as 0.50 of 
ruminai butyric acid may be produced from acetic acid (Leng and Brett,
1966) , which would be facilitated by a higher roughage inclusion in 
the diet such as treatment C.

The interpretation of the rise in butyric acid levels for 
treatment A, with a pH value of only 5.55 at weaning, is more diffi
cult. The complexity of inter-relationships between the rumen 
bacteria and protozoa are known to be more pronounced in the young 
calf (Williams and Dinusson, 1972; 1973b), and it is possible that 
in the absence of protozoa, the production of butyric acid is mediated 
by the bacterial population.

The increase in butyric acid for roughage inclusion in the diet 
in this investigation, is not in agreement with the findings of other 
workers (Kang and Leibholz, 1973; Leibholz, 1975a), and it seems to be 
generally assumed that molar proportions of this acid will be higher 
for concentrate diets (Brown, Leffel and Lakhsmann, 1958; Thomas and 
Rook, 1977). Molar proportions of acetic acid were higher, and 
propionic acid lower, for increasing levels of straw inclusion in the 
diet, in agreement with other workers (Kang and Leibholz, 1973; Leibholz, 
1975a) . Chopping the straw into 20 mm lengths did not obviously change 
the rumen fermentation pattern associated with long straw; acetic acid 
levels were slightly lower for treatment A + CH than for A + L, in
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agreement with the findings of Levy, Amir, Holzer and Neumark 
(1972).

0rskov (1975) has defined a measure of efficiency with which 
the products of fermentation can be utilised for production as a 
Non-Glucogenic Ratio (NGR):

Acetic + 2 Butyric + Valeric , , , . .NGR =    :---;—  ; -T, i :  (molar proportions)Propionic + Valeric ^ ^

The cptirmum ratio for growth and fattening lies between 2.25 
to 3.00; values for the present investigation are given in Table 3.5. 
Treatment C was the only diet to maintain NGR values within the 
optimum range.

TABLE 3.5.: NON-GLUCOGENIC RATIOS FOR R0UQ3AGE TRIALS

Treatment A A + CH A + L B C Mean

Week 2 1.43 1.85 1.77 1.53 2.43 1.81 ± 0.091
5 2.06 1.82 2.28 1.74 2.02 1.98 ± 0.106
6 2.61 2.10 3.21 1.95 2.34 2.40 ± 0.216
9 1.96 1.98 2.10 1.96 2.25 2.05 ± 0.109

Suppositions relating to the possible advantages of promoting a 
high butyric acid fermentation to promote rumen papillary development 
in the young calf, are substantiated in terms of performance criteria 
by the faster concentrate intake development of calves on the pelleted 
roughage treatment (C), and an earlier stabilisation of weight status 
at the beginning of the trial. The considerable buffering qualities 
of the pelleted roughage treatment, in raising rumen pH values frcm 
the documented level of around 5.15 at birth (Godfrey, 1961b) to 
over pH 6.0 by the second week of the trial, would also assume sig
nificant importance with regard to an expeditious development of 
concentrate intake. It has been observed that rumen pH normally 
increases with age (Hibbs, Conrad, Pounden and Frank, 1956; Conrad, 
Hibbs and Frank, 1958), but it is obviously important to effect this 
rise in the shortest time possible.
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These observations lend support to the confident use of blood 
g-hydroxy butyrate levels as an indicator of rumen function develop
ment. The high specificity of rumen epithelium for butyric acid and 
its subsequent metabolism in the rumen wall (Annison, Hill and Lewis, 
1957) yields ketone bodies, of which 3-hydroxy butyrate constitutes 
around 0.25 of the total (Pennington, 1952; Walker and Simmonds, 1962). 
Levels of 3-hydroxy butyrate increased significantly over the 9 week 
period of the present investigation (Figure 3.7.), and were, in addi
tion, much higher far treatment C in week 2. The significant increase 
in the level of this metabolite in week 6 for the basic treatment A 
(Table 3.4.) is in close agreement with changes in the pattern of 
butyric acid production. As such, blood 3-hydroxy butyrate levels 
would seem to be a better indicator of rumen function development than 
the documented decline in blood glucose levels (Conrad, Hibbs and 
Pounden, 1954; Lambert, Jaccbson, Allen and Bell, 1955) , which was 
not evident in the present investigation (Figure 3.8.) .

Several workers have cited benefits associated with roughage 
inclusion in the diet in the prevention of rumen disorders such as 
bloat (Preston, Whitelaw, Macdearmid, MacLeod and Charleson, 1961).
The function of roughage in this respect seems to be two-fold: it
promotes greater rumen motility as a result of its physical properties 
(Clarke and Reid, 1974) , and is also associated with a physiological 
effect of preventing hyperacidity, vhich can suppress rumen contrac
tions (Ash and Kay, 1959) . A combination of these two factors, such 
as the absence of roughage, and a low rumen pH for treatment A in the 
present investigation, could account for the increased susceptibility 
of animals on this treatment to bloat. There were two deaths on 
treatment A that were ascribed to ruminal bloat, and one on treatment 
A + CH.

The greatest incidence of bloat in the present work occurred in 
the pre-weaning period, where spillage of milk into the rumen seemed 
to be occurring after milk feeding, with subsequent fermentation and 
build-up of gas. The resultant lactic acid production would create 
a very low rumen pH that could have inhibited the eructation process. 
Prevalent opinion in the literature indicates that little spillage 
of milk occurs from the oesophageal groove (Abe, Iriki, Kondoh and 
Shibui, 1979; Roy, 1980), but in practice, the problem seems to be
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more significant. In a commercial unit, a higher incidence of bloat 
has been noted in Hereford x Friesian calves (0.08) as opposed to 
pure Friesian (0.02) animals (Thickett, 1978, pers comm). This 
could be related to the suckling nature of the Hereford type and 
the requirement of the suckling stimulus to promote effective groove 
closure; it was notable that bloat ceased to be a problem when milk 
was fed from a teat in an elevated position, rather than from a 
bucket, in the present trials.

Difficulties were encountered in the previous investigation 
with the definition of any possible reduction in the Coefficient of 
Variation for gain afforded by the use of a complete pellet diet, as 
a result of health problems. The present investigation facilitates an 
estimation of this factor within the same batch of calves, instead of 
comparing between trials as was intended previously. The resultant 
Coefficients for the post-weaning period were 20.4 for the pelleted 
roughage treatment C, and 23.8 for the voluntary long straw treatment 
(A + L), representing only a slight reduction in this case.

Conclusion

The main function of roughage in the diet of the early-weaned 
calf seems to be associated with the concurrent increase in rumen 
buffering capacity, which promotes earlier and greater concentrate 
intakes. Roughage inclusion in a concentration pellet, thereby pro
moting greater roughage intakes, also appears to facilitate a rumen 
fermentation pattern that is more conducive to rumen papillary growth 
and rumen function development, and provides more optimum VFA ratios 
for body tissue growth. Chopping the straw into 20 rrm lengths did 
not significantly change the properties normally associated with rough
age in its long state, but more chopped roughage was required in the 
diet to promote the same effect.
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CHAPTER 4

Metabolism Studies on the Three Diets 

Used in the Roughage Trials

4.1. Introduction

Roughage inclusion in a concentrate pellet diet for the early- 
weaned calf has been shown to increase liveweight gains. While 
differences between treatments appeared largely to be a function of 
the associated increased intakes, it is possible that roughage inclusion 
may influence the efficiency of feed utilisation of the concentrate 
fraction of the diet. Its inclusion will automatically decrease the 
digestibility value of the overall diet (Maynard and Loosli,- 1969); 
in addition, the significantly higher intakes associated with roughage 
inclusion would tend to exert a negative effect on digestibility as a 
result of the inherent faster rate of passage of the diet (Blaxter,
McC.Graham and Wainman, 1956). Conversely, the longer retention time 
of roughage in the alimentary tract (Castle, 1956b) could slew dawn 
the rate of passage, and enhance the efficiency of feed utilisation 
of the concentrate fraction.

It was necessary to quantify the resultant effect of these 
observations for the particular diets and levels of roughage inclusion 
used in the previous experiments, and a metabolism trial was therefore 
undertaken to canpare the diets as fed under ad libitum conditions.

4.2. Objectives

The objectives of the metabolism study were as follows:

a. To provide information on the three diets used in two growth
and intake trials in the calf house; comparisons between diets
were made regarding:

i. digestibility coefficients,
ii. nitrogen retention,
iii. metabolisable energy content,
iv. rate of passage through the alimentary tract.
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b. To provide information on the effect of age in metabolism work 
by the use of a pair of calves in three consecutive metabolism 
periods.

c. To provide additional information on the three diets in terms 
of:

i. rumen pH,
ii. rumen fermentation patterns,
iii. blood glucose,
iv. blood B-hydroxy butyrate values.

4.3. Materials and Methods

4.3.1. Calves, diets and management

Six Hereford x Friesian bull calves of about one week old were 
purchased fran a catmercial source, and individually penned in the 
Ruminant Metabolism Unit. A proprietary milk substitute (protein
0.25, fat 0.20) was offered for 5 weeks according to the manufacturer's 
recarmendations, together with a basic early-weaning calf concentrate 
pellet (as in Table 2.1.). Calves were bedded on straw until weaning, 
thereafter on sawdust. Castration and dehorning were carried out 
after the completion of the trial.

At weaning, the six calves were divided into pairs according to 
weight, and each pair allocated to one of three diets:

1. basic early-weaning calf concentrate pellet (A),
ii. basic pellet with inclusion 35 g per kg sodium bicarbonate (B),
iii. basic pellet with inclusion 150 g per kg chopped straw (C).

Calves were allowed to feed ad libitum;concentrate pellet refusals 
were weighed daily and fresh feed offered.

4.3.2. Metabolism procedures

Six days after weaning, the six calves were weighed and placed in 
metabolism crates for a seven day period, consisting of a 4 day and
3 day collection. This length of time was found to be the most
suitable fran consideration of calf welfare, and Coefficients of
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Variation for different lengths of collection periods in previous 
calf metabolism work (Appendix 12) . Each crate was equipped with two 
bins, one for faeces collection and one for urine; the pH of the two 
bins was measured daily and dilute sulphuric acid added to maintain 
the pH at between 5 and 6 for the faeces, and 2 and 3 for the urine, 
in order to guard against nitrogen loss.

After 4 days the bins were ramoved and weighed. The urine was 
filtered and sub-sampled, and the faeces mechanically mixed with 
samples retained. Faeces samples were oven dried at 100°C to 
constant weight (about 48 hours), milled through a 0.04-0.06 mm 
screen, and subjected to gross energy and nitrogen determinations. 
Gross energy was determined by adiabatic bomb calorimeter and nitrogen 
by Kjeldahl digestion. Urine samples were freeze dried and subjected 
to the same analyses. A pepsin-hydrochloric acid digestion was 
effected on the faecal nitrogen residue to facilitate an estimation 
of the Metabolic Faecal Nitrogen fraction.

The same procedures were carried out for the second three days of 
the first Metabolism Period, after which the calves were returned to 
their pens. The concentrate diet on offer to each pair was changed 
gradually by imixing the diets for two days; calves were allcwed to 
feed ad libitum. Eight days later the calves were weighed and 
transferred to metabolism crates, with a second Metabolism Period 
carried out following the same methods.

After a further ten day interval to allcw adjustment to the third 
diet, calves were placed in the crates for a third seven day Metabo
lism Period.

4.3.3. Rumen and blood sampling

The six calves were rumen and blood sampled on the last day of 
each Metabolism Period when they came out of the crates. Rumen 
samples were analysed for total VFA concentration plus molar propor
tions of individual acids, blood samples for glucose and B-hydroxy 
butyrate.
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4.3.4. Rate of passage of feed

The estimation of the rate of passage of the diets along the 
alimentary tract was conducted according to the method described by 
Castle (1956a) . On the second day of each of the three Metabolism 
Periods, the six calves were offered 0.05 of their feed allowance 
stained with Brilliant Green dye together with same molasses. Feed 
pellets were previously crushed and boiled for 30 minutes in a 0.25 g 
per litre aqueous solution of the dye, washed, then boiled in clean 
water. After a second washing and boiling, the feed was rinsed and 
dried.

Faeces samples were collected frcm the six calves 10 hours after 
feeding the stained feed, and then every hour until the first stained 
particles were seen in the feed. Subsequent collections were made 
every 4 hours for the next 48 hours, every 6 hours for a further 
48 hours, and following that, at 12 hour intervals until no more 
particles could be detected in the faeces. Stained particle counts 
were made on 5 g of fresh faeces at each sampling, against a background 
of white muslin stretched over a container, which allowed washing of 
the sample.

4.3.5. Experimental design and analysis

The cross-over nature of the feed trial necessitated the use of a 
Latin Square design which was balanced to allow an estimation of 
residual effects (Cochran and Cox, 1957). The appropriate degrees of 
freedom are shown in Table 4.1., and this format of analysis was used 
for all metabolism work results, as well as rumen and blood samples' 
analyses.

4.4. Results

The health of the calves was excellent throughout the trial; one 
calf on diet C in the third Period however, exhibited signs of stress, 
and was observed to deliberately upset his feed trough on a regular 
basis.
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TABLE 4.1.: EXPERIMENTAL DESIGNI OF METABOLISM TRIAL

Calf 1 2 3 4 5 6

Metabolism I A B C A B C
Period

II B C A C A B

III C A B B C A

Each treatment preceded once by each other treatment and 
once by uniformity.

Analysis of Variance

Source of variation Degrees of 
freedom

Calves 5
Periods within squares 4

fUnadjusted direct effects 2
1 Adjusted residual effects 2

 ̂f A3 jus ted direct effects 2
*1 Unadjusted residual effects 2

Remainder 4

Total 17

Analysis of the diets offered is given in Table 4.2.; inclusion 
of buffer depressed the crude protein, ether extract and gross 
energy content of the basic diet, and increased the ash level, all 
to a greater extent than the inclusion of chopped straw. The deter
mined inclusion rate of chopped straw (using the equation on page 97) 
was 53 g per kg.

4.4.1. Metabolism work

A summary of the information relating to the metabolism studies 
(adjusted for residual effects) for the three diets is given in
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TABLE 4.2. : ANALYSIS OF DIETS USED IN METABOLISM TRIAL

Diet A B C

g per kg dry matter

Crude protein (N x 6.25) 193 170 173
±10.4+ ± 4.1 ± 5.7

Ether extract 42 31 39
± 3.3 ± 2.7 ± 1.9

Fibre (TCA) 49 58 70
± 1.8 ± 2.8 ± 2.7

Ash 64 104 72
± 3.9 ± 5.5 ± 6.0

Dry matter 884 877 888
± 3.3 ± 2.3 ± 2.6

Gross energy (MJ) 18.3 17.2 18.0
± 0.132 ± 0.147 ± 0.124

t SE based on 4 values.

Table 4.3.; further information pertaining to the 4-day and 3-day 
collection periods has been collated in Appendices 13 and 14.

In this study, the highest intakes (contrary to calf house work) 
were associated with the buffer treatment B, and not the chopped straw 
pellet diet C, and this increase was significant over diet A. Treat
ments B and C were also associated with lower digestibility coefficients 
than diet A, although the inclusion of chopped straw in diet C main
tained a higher digestibility of crude protein than the buffer diet.

The digestible content of the dry matter was decreased more so 
by buffer inclusion in the diet than by chopped straw inclusion, 
although both these diets were associated with a significantly reduced 
digestible crude protein content compared with the basic diet. Nitrogen
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TABLE 4.3.: INTAKE, DIGESTIBILITY, DIGESTIBLE CONTENT, NITROGEN
RETENTION AND METABOLISABLE ENERGY RESULTS TOR THREE 
DIETS COMBINING THREE 7-DAY METABOLISM PERIODS

Diet A B C

INTAKE SE
g . (kg LW) 7 1 day“1 22.6b 27.2a 24.6^ 1.14

0-75 , . g .(kg LW ) „1 day“ 1 69.8b 84.3a 76.5^ 3.82

DIGESTIRTT .TTY OOFTEETOTENTE
Dry matter (EM) 0.81 0.77 0.77 0.021
Organic matter 0.82 0.79 0.79 0.018
Crude protein 0.82 0.80 0.81 0.011
Energy 0.80 0.77 0.77 0.021

DIGESTIBLE CONTENT (of EM)
Organic matter (g. kg“1) 766 718 744 16.3
Crude protein (g. kg” 1) 159 a 13 6b 140b 1.8
Energy (MJ. kg” 1) 14.6 13.5 13.9 0.35

Nitrogen retention (g.day-1) 32.6 34.6 32.0 5.36

Metabolisable energy (MJ. kg DM” 1) 12.4 11.5 11.8 0.33

Means with different subscripts differ significantly (P<0.05)

retention was slightly increased for buffer inclusion in the diet, but 
the metabolisable energy value was decreased to a greater extent by 
buffer inclusion than by chopped straw inclusion.

4.4.2. Rumen and blood samples

Results for the three rumen samplings carried out at the end of 
each Metabolism Period, adjusted for residual effects, are presented 
in Table 4.4. Rumen acidity was decreased only slightly by buffer 
inclusion in the diet, but considerably more so by chopped straw 
inclusion; total VFA concentrations shewed an inverse relationship 
to pH values. The no roughage treatment was associated with the
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TABLE 4.4. : RUMEN CHARACTERISTICS FOR METABOLISM TRIAL

Diet A B C

pH 5.20 5.30 5.67

SE

0.192

Total VFA (m.mol.l-1) 161.3 157.5 129.1 17.22

Acetic acid (m.mol.mol-1) 465.6 459.4 443.0 27.46

Propionic acid (m.mol.mol-1) 417.7 414.7 410.8 54.80

n-butyric acid (m. mol.mol- 1) 76.2 67.9 85.3 35.48

iso-butyric acid (m.mol.mol-1) 4.0 6.1 6.1 0.94

n-valeric acid (m.mol.mol-1) 18.2 33.3 30.4 11.09

iso-valeric acid (m.mol.mol-1) 7.2 8.6 8.6 1.08

highest acetic acid levels, but propionic acid levels were very 
similar for all treatments. Rumen butyric acid levels were higher 
for the chopped straw pellet; ncne of these differences were signifi
cant.

Blood sampling results shewn in Table 4.5. exhibited higher blood 
glucose levels for the buffer and chopped straw treatments, and the 
highest 3-hydroxy butyrate level for the chopped straw pellet.

TABLE 4.5.; BLOOD GLUCOSE AND B-HYDROXY BUTYRATE RESULTS FOR 
METABOLISM TRIAL

Diet A B C

SE

Glucose (m.mol.l-1) 3.6 4.1 4.0 0.38

B-hydrcxy butyrate (m.mol.l-1) 0.37 0.34 0.49 0.147
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4.4.3. Rate of passage of feed

These results are presented in graphical form in Figures 4.1. and
4.2.; in the former, projection has been confined to the basic diet 
and the diet containing chopped straw for purposes of clarity. Figure
4.1. shows a dramatic difference between the basic diet and the 
chopped straw pellet, with the latter shewing a more consistent 
excretion of particles with time, but the former diet being associated 
with a significant increase in excretion 34 hours after offering the 
stained feed. This graph hcwever, does not take into account the total 
number of coloured particles recovered for each diet, hence Figure
4.2. shews the number of stained particles recovered over time, 
expressed as a proportion of the total recovered. Further evidence 
regarding the stabilising effect of the chopped straw is not new 
apparent, and diets B and C are initially associated with a more 
rapid recovery of stained particles than diet A. Using the method 
described by Castle (1956a), calculated mean retention times in 
hours, of stained particles in the alimentary tract for diets A, B 
and C, were 41.0, 41.6, and 39.6 hours respectively.

4.5. Discussion

The limitations of the experimental design in attenpting to 
define specific differences between three nutritional treatments with 
six calves over a period of six weeks are evident. Statistical com
parison of the results shewed only two significant differences, 
associated with intake and digestible crude protein content of the 
diets, between the dietary treatments, even with adjustment for 
possible residual effects of the preceding treatment. While this 
may partly be due to the lack of replication of blocks and reduced 
precision of metabolism work results, the major factors involved 
must be the lower than planned chopped straw inclusion in diet C, 
at 53 g per kg rather than the 150 g per kg required, and the 
change-over design of three dietary treatments in 6 weeks imposed 
on a developing rumen system. Under such conditions, the rumen flora 
and fauna are constantly having to adapt, and shifts in relative numbers 
of populations occur; this effect nust be particularly heightened when
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FIGURE 4 :1  RATE OF PASSAGE OF FEED
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inposed on a developing microbial population. The adaptation time of 
10 days granted for each change of diet is in agreement with that 
recommended by Blaxter, McC.Graham and Wainman (1956) , but while 
allowing for an emptying of the previous diet from the alimentary 
tract, could not have permitted sufficient time for an adequate 
adaptation of the rumen ecological system.

These statements are supported by observations on ruminal 
characteristics, and their comparison with results obtained frcm 
the Roughage Trials. Rumen VFA data were remarkably uniform over 
all treatments in this investigation, with the highest acetic acid 
levels associated with treatment A, and not C as in the calf house 
trials. Rumen pH values showed a more consistent trend, indicating 
a more spontaneous adjustment to the prevailing buffering capacity of 
the diet, but the magnitude of the differences were not as great as 
previously noted.

The results obtained are however in general agreement with those 
of other workers. The value of 0.81 for the digestibility of the dry 
matter for the basic concentrate diet is similar to that of 0.82 
reported by Leibholz and Russell (1978) , and 0.79 by Kay, MacLeod and 
Andrews (1972), for weaned calves offered comparable diets. These 
workers also reported decreased dry matter digestibility coefficients 
of 0.70 for 200 g per kg chaffed straw inclusion in the basic diet 
(Leibholz and Russell, 1978) and 0.71 for 100 g per kg chopped straw 
inclusion (Kay et al, 1972); the depression was rather less at 0.77 
for 53 g per kg straw inclusion in the present experiment.

The main reason for this depression in the current work would 
appear to be associated with the rate of passage of the diets. The 
buffer diet encouraged a significantly higher intake than the basic 
diet, which would tend to indicate a faster throughput of the buffer 
diet (Blaxter, McC.Graham and Wainman, 1956) . Hcwever, calculation 
of mean retention times for the diets, according to the method of 
Castle (1956a), did not obviate any difference between them; examina
tion of Figure 4.2. shews the greatest difference to be in the initial 
period of recording, and times of 0.05 excretion of stained particles 
were 18.4, 12.8 and 12.4 hours for diets A, B and C respectively.
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This indicates that the higher intakes of diets B and C did promote a
faster passage of the diets, and that the inclusion of 53 g per kg
chapped straw in diet C was not successful in stabilising this effect. 
Speculation regarding the effect of higher inclusion rates of chopped 
straw in the pellet on rate of passage, is complicated by the associ
ated increased intakes; nevertheless, it is conceivable that there is 
a certain level of roughage inclusion, that may be correlated with the 
level where alimentary tract capacity becomes limiting, above which 
the rate of passage will be slowed dcwn.

Information from other workers regarding rate of passage of diets 
in calves is limited. Kay, MacLeod and Andrews (1972) reported a 
mean retention time of 40.1 hours for a concentrate diet, which is in
good agreement with the value of 41.0 hours obtained for diet A in the
present study. However, inclusion of 100 g per kg chopped straw 
(2.5 cm) in a concentrate diet by Kay et al (1972) , decreased the 
mean retention time to 33.8 hours, as compared to 39.6 for 53 g per 
kg straw inclusion in the present work. The chopped straw diet in 
their work was associated with a 0.69 increase in feed intake over 
the concentrate diet, which must have largely been responsible for 
the decreased retention time.

Thus it would appear that the digestibility characteristics of a 
diet, for ad libitum feeding conditions in the young calf, are governed 
by the rate of passage of the diet. This in turn, is directly related 
to the quantity of the diet consumed, and as such, the inclusion of 
roughage, which promotes greater intakes, will decrease the efficiency 
of digestion of the concentrate fraction. It should be stressed hcw- 
ever, that this is only applicable to the inclusion rates discussed 
here, that is up to 100 g per kg, and extrapolation to include higher 
levels is not valid pending further information on the rate of passage 
of these diets. For example, the inclusion of 100 g per kg straw by 
Kay et al (1972) decreased retention time of a concentrate diet to 
33.8 hours, but a 200 g per kg straw diet was associated with a 
slightly increased retention time (34.7 hours), even though feed 
intake was higher for the latter diet. This lends support to an 
earlier reflection, that the cbservation would only hold true for the 
range of roughage inclusion up to the point where feed intake becomes
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limited by body size; previous work has indicated this to be around 
200 g per kg straw for the weaned calf.

Contrary to the trend for other coefficients, the crude protein 
digestibility coefficient for the chopped straw diet in the present 
work, was not depressed to the extent associated with the buffer diet. 
This may be explained by the increased Metabolic Faecal Nitrogen (MFN) 
output for diet B, which was associated with a significantly higher 
intake, and Increases in MFN are directly proportional to faecal dry 
matter output (Jahn, Chandler and Polan, 1970). Values for MFN (adjusted 
for residual effects), expressed as a proportion of the total faecal 
nitrogen, were 0.39 for diets A and C, and 0.42 for diet B (SE of 
difference ± 0.036); the higher value for the buffer diet would tend 
to depress the apparent digestibility coefficient for crude protein.

An additional objective of this investigation was to provide 
information on the effect of age on digestibility and nitrogen reten
tion. While intake and output factors tended to increase from 
Metabolism Period I to III, there was no indication that there was a 
marked change in the digestibility coefficients between calves of 7 
and 12 weeks old (Table 4.6.).

TABLE 4.6. : EFFECT OF AGE ON DIGESTIBILITY COEFFICIENTS, NITROGEN
RETENTION AND METABOLISABLE ENERGY RESULTS

AGE (WEEKS) 7 10 12

DIGESTIBILITY COEFFICIENTS SE

Dry matter 0.79 0.78 0.79 0.021

Organic matter 0.81 0.80 0.80 0.018

Crude protein 0.80 0.81 0.81 0.011

Energy 0.79 0.78 0.78 0.021

Nitrogen retention (g.day-1) 27.2 32.6 39.5 5.36

Metabolisable energy (MT.kg DM-1) 12.1 11.7 11.9 0.33
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This is in agreement with Hogue, Warner, Grippin and Loosli (1956) , 
who compared calves at 7 and 16 weeks of age and found the digestibility 
of all nutrients to be high at 7 weeks of age. These authors did note 
however, that the older calves shewed an improved nitrogen utilisation, 
and this was also apparent in the present work. The increase in intake 
with age, and correspondingly MFN, would tend to depress the digesti
bility coefficient of crude protein, but in fact it shews a slight 
increase over the three Periods. There was also an increase in nitrogen 
retention with time, but this is more probably a function of the 
increased intake effect; it is possible hcwever that these results may 
incorporate an increase in the efficiency of rumen protein metabolism 
with the refinement of the microbial system over time.

The Metabolisable Energy (ME) values obtained for the three diets 
frcm this metabolism study, were compared with those derived from book 
values of the ingredients used, and also values calculated from equa
tion 75 in Technical Bulletin 33 (MAFF, 1975):

ME (MJ per kg dry matter)

. , Metabolism Book Bulletin
work values 33

A 12.5 13.1 13.0
± 0.08 ± 0.04

B 11.4 12.6 12.3
±0.15 ± 0.19

C 11.8 12.8 12.7
±0.21 ± 0.10

There was good agreement between ME estimated frcm book values 
and Bulletin 33 figures in the present experiment, although for higher 
levels of roughage inclusion, such as in the chopped straw pellet 
trial (Chapter 2) , the equation in Bulletin 33 was seen to overesti
mate the ME content of diets in comparison with derivation frcm book 
values. The lewer ME figures for the metabolism work probably reflect 
the ad libitum feeding of the diets, whereas the other two methods are 
based on estimation of ME at maintenance levels of feeding. In the 
absence of ME values obtained from metabolism work for all diets used 
in the present series of experiments, ME values for calculating total
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ME intakes were estimated fran book values of the ingredients 
used.

Conclusion

The inclusion of 53 g per kg chopped straw in a calf concentrate 
pellet reduced digestibility coefficients by an average of 0.03 units 
compared with an all concentrate diet; inclusion of 35 g per kg sodium 
bicarbonate gave results similar to the roughage treatment. This 
reduction in digestibility appeared to be associated with the greater 
intakes and faster rate of passage of the buffer and chopped straw 
treatments. Digestibility coefficients were not altered with age in 
calves between 7 and 12 weeks old, but nitrogen retention was increased.

Rumen characteristics suggest that the changer-over style of 
nutritional investigation used in this particular context, did not 
give results typical of those obtained for long-term feeding of the 
same diets.

The results of this metabolism work substantiated the need for a 
more representative study carried out with calves that had received 
the one diet throughout the rearing period. Work to this effect will 
be described in Chapter 6; Chapter 5 describes an investigation into 
the use of a complete diet based on hay for early-weaned calves.



CHAPTER 5

The Use of a Complete Diet Based on Hay 

for Early-Weaned Calves

5.1. Introduction

The use of a complete pellet diet containing straw has been 
shown to have significant advantages in terms of performance, intake 
and rumen characteristics over a voluntary straw and concentrate 
feeding system. It could not be discounted however, that these 
advantages were manifest by virtue of the low voluntary roughage 
intake associated with using straw. Therefore, a logical progression 
was to investigate if these advantages were also emphasised by the use 
of a complete diet based on hay. Moreover, Leibholz and Russell (1978) 
found that weight gains of calves were greater with diets containing 
lucerne than with those containing wheat straw.

5.2. Objectives

The objectives of this investigation were therefore as follows:

a. To compare intake, growth and fermentation patterns associated 
with incorporating chopped hay in the pellet, with the conven
tional system of voluntary consumption of long hay offered 
separately from the concentrate pellet.

b. To determine the optimum level of chopped hay inclusion in the 
concentrate pellet.

5.3. Materials and Methods

5.3.1. Calves and diets

Two trials were conducted, using in each case 40 purchased male 
Hereford x Friesian calves; initial weights for the two trials were 
50.4 ± 0.50 and 42.2 ± 0.51 kg respectively. On arrival at the calf 
house, calves were weighed and randomised, with 8 calves allocated 
to each of the following 5 treatments:
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i. Basic diet of early-weaning calf concentrate pellet (as in 
Table 2.1.); no roughage (A) .

ii. Basic diet plus long hay offered ad libitum (A + L) .

iii. Basic diet with inclusion 100 g per kg chopped hay (20 mm) 
in the pellet (B).

iv. Basic diet with inclusion 200 g per kg chopped hay in the 
pellet (C).

v. Basic diet with inclusion 300 g per kg chopped hay in the 
pellet (D).

5.3.2. Management

The management procedures for these trials were essentially the 
same as described previously (see 1.3.) . Milk substitute was offered 
for 5 weeks according to the manufacturer's reccirmendations. Concen
trate pellets, water, and hay vhere applicable, were introduced on 
day 4 in both trials and calves allowed to feed ad libitum. Concen
trate pellet and water intakes were recorded daily, hay consumption 
an a weekly basis. Calves were castrated and dehomed in weeks 3 and 
4 of both trials; they were bedded on wood shavings.

Weighing of the calves was carried out in weeks 0, 3, 5 and 9 as 
described previously.

5.3.3. Rumen and blood sampling

Rumen and blood sampling was conducted in weeks 2, 5, 6 and 9 of
both trials in accordance with the procedures and analyses already
described (see 3.3.3.). The slow development of concentrate intake
in the second trial however, necessitated a delay of the first samp
ling for a week.

5.4. Results

The calves in the second trial were obviously much younger than 
previous groups of calves arriving at the calf house, being on 
average 8 kg lighter than normal. Although there were differences 
in the detailed pattern of livsweight gains between treatments in the
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two trials, the absence of a treatment x experiment interaction in 
statistical analysis of the concatenated results, permits presentation 
of a single set of data.

The health status of animals in both trials was reasonably good, 
and there was only one death, which was attributed by veterinary 
post-mortem examination to pneumonia. There were however 18 cases of 
bloat, all of which, except one, occurred before weaning, and were 
associated with twice daily milk feeding, presumably as a result of 
malfunction of the oesophageal groove allowing milk to enter the 
rumen. It may be assumed therefore, that the incidence of bloat is 
largely independent of treatment effect before weaning, and more 
related to variation in oesophageal groove functioning between individ
ual calves. The one post-weaning case of bloat was a calf on treatment
A, who was an intermittent sufferer over the 4 weeks; this was more 
likely to be a consequence of the absence of roughage in the diet.

Scrutiny of individual intake and gain results revealed several 
calves with very poor performance over the first three weeks, especi
ally in the first trial. This was not related to any particular treat
ment but seared to be associated with a variable period of illness, and 
resulted in an unacceptable degree of variation in the data. Consequen
tly calves treated for scour or pneumonia, having a daily gain of less 
than 100 g or a concentrate intake of less than 1.0 kg in the first 
three weeks (representing those more than two standard deviations fran 
the mean), were excluded frcm the analysis; in effect this ramoved 16 
calves frcm the first trial and 9 calves from the second. Where sub
sequent performance was also affected, calves were removed frcm the 
following periods if their gain or intake represented the lowest for 
their treatment group. In addition, one calf on treatment A + L 
refused to drink milk substitute and became solely reliant on concen
trates in the second week of the first trial; this calf was also 
emitted frcm the analysis on the promise of atypical behaviour.

Analysis of the diets and hay offered are presented in Table 5.1. 
Inclusion of hay in the concentrate pellet decreased crude protein, 
ether extract and metabolisable energy content of the diets, and 
increased fibre and ash levels. Derived hay inclusion rates for diets
B, C and D were 73, 130 and 210 g per kg respectively, differences
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between hay levels being rather less than planned.

5. 4.1. Liveweight gain and intake

Results for the caribined trials are given in Table 5.2.; 
individual trials' results may be viewed in Appendices 15 and 16.
Weight loss after arrival was not marked in either trial and values 
calculated for the stationary weight point were very small, and 
actually fell before the treatments were begun on day 4. With only 
a total of six calves over both trials subject to decreasing weight 
status after treatment initiation, it may be argued that these values 
are not indicative of a treatment effect on weight status, but a 
suirmation of pre-treatment effects like marketing and transportation 
on the randomised calves in a particular treatment group.

Liveweight gain results showed the four hay treatments to be 
associated with greater overall gains than the no roughage treatment 
A; within the hay treatments, the complete pellet diets exhibited a 
slightly better overall performance than the voluntary hay treatment 
A + L. This advantage was however only evident for post-weaning gains, 
and in the pre-weaning period treatment A + L was actually superior.

Total pellet intakes in general exhibited an increase with 
increasing hay intakes, and complete diets C and D were associated 
with a significantly greater (P<0.05) post-weaning intake than treat
ment A. The roughage treatments, and especially treatment D, promoted 
an earlier development of concentrate intake, and treatment A + L was 
more effective in this respect than treatments B and C.

5.4.2. Rumen characteristics

Rumen data for the combined trials are presented in Table 5.3. 
with individual trials results compiled in Appendices 17 and 18.
Rumen liquor pH values increased with increasing hay consumption, and 
were significantly higher (P<0.05) for treatment D in weeks 5 and 6, 
over the basic treatment A. Total VFA concentrations shewed an inverse 
relationship to rumen pH values, ard decreased with increasing hay 
intake.
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Individual rumen VFA patterns in this investigation did not

however demonstrate such definitive results, as a consequence of the 
high within treatment variation. In general, the complete diets were 
characterised by higher acetic acid levels and lower propionic acid 
levels, compared to treatments A and A + L. The pattern for butyric 
acid was less clear; treatment D was associated with the lower initial 
levels, but the higher levels in week 9 of the trial, and the reverse 
was true for the no roughage diet A. Valeric acid levels were uni
formly high in week 2, and decreased over the trial period.

5.4.3. Blood samples

Table 5.4. records the blood glucose and 6-hydroxy butyrate 
results for the combined hay trials, with individual trials' results 
reported in Appendix 19. Glucose values did not shew any obvious 
treatment differences, but levels were consistently lewer over all 
treatments just before weaning. In general, 6-hydroxy butyrate levels 
were increased for the higher roughage treatments C and D, with a 
significant difference between these treatments and diet A just after 
weaning; there was also a two-fold increase in levels between the 
beginning and end of the trial.

Data relating to the blood metabolic profiles of calves in the 
two trials may be viewed in Appendix 20.

5.5. Discussion

The advantages of using a complete pellet hay diet in comparison 
with the normal free-choice hay and concentrate system, do not seem as 
pronounced in this investigation as for the case of straw previously.
This was despite a lew voluntary hay intake, representing only 0.05 of 
total intake over the whole trial period, which is less than the 0.08 
to 0.09 stated by Rcy (1970), and seen in previous work. It is inter
esting to note however, that in the first 3 weeks, hay intake represented
0.08 of total intake, this decreased to 0.05 in weeks 3 to 5, and was 
depressed further to 0.04 in weeks 5 to 9; treatment A + L was also 
associated with the highest pre-weaning gains, and together with 
treatment D, encouraged an earlier development of concentrate intake.
This provides direct evidence of the importance of roughage in this
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respect. The poorer performance and lower concentrate intakes seen 
for calves on treatment A + L in the post-weaning period, could then 
be attributed to the low voluntary hay intake, which while being 
sufficient to support the relatively low pre-weaning concentrate 
intakes, was not correspondingly increased in the post-weaning period.

If the hay fraction of the complete pellet diets is accounted for
however, as shewn in Figure 5.2., then actual concentrate intake differ
ences were not as marked between treatments. In terms of its buffering 
capacity for concentrate intake, the inclusion of 130 g per kg chopped 
hay in diet C stimulated an equivalent concentrate intake to the 40 g
per kg long hay consumed for treatment A + L. This is in agreement
with previous work on straw, where chopping the roughage was seen to 
reduce its effectiveness as a buffer, and greater inclusion rates were 
required in the diet to produce the same effect as for long straw.
It follows that the lewer concentrate intakes for treatment B in the 
present work, were a result of a below optimum intake of roughage as 
buffering material. A further increase in rumen buffering capacity 
with a higher hay inclusion in diet D however, was not accompanied by 
an increase in concentrate intake, but rather a decrease; this probably 
represents a physical limitation imposed by alimentary tract capacity 
on additional increments in pellet intake. Consequently, a more feas
ible assumption concerning the 100 g per day gain advantage to treat
ment D over A + L in the post-weaning period, could be that it is more 
correctly attributed to increased gut fill on the former treatment.

On this basis, the optimum level of chopped hay inclusion in the 
diet would seem to be not greater than 210 g per kg. Information 
regarding chopped hay inclusion in a concentrate diet is however 
limited. Strozinski and Chandler (1971) included ground hay in calf 
diets and found that levels over 300 g per kg reduced weight gains. 
Similarly with ground dried grass inclusion in a diet for calves, weight 
gains were maximised at 250 g per kg inclusion (Marsh, 1975). In the 
work of Leibholz and Russell (1978) chaffed lucerne was used, but the 
inclusion of 20 g per kg sodium bicarbonate in all diets would compen
sate for the decreased buffering capacity of an all concentrate diet, 
or ground roughage inclusion in the diet. Results for chaffed and 
ground lucerne inclusion at rates of 0, 200, 400 and 600 g per kg 
respectively, showed the greatest weight gains for 200 g per kg lucerne 
inclusion.
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Observations relating to the increased rumen buffering capacity 
with increasing hay inclusion, concomitantly promoting greater total 
intakes, are substantiated by rumen liquor pH observations, which incre
ased with increasing roughage inclusion (Figure 5.3.). Total VFA con
centrations showed an inverse relationship to rumen pH levels, and were 
lower for the roughage treatments and especially treatment D (Figure 
5.4.) , which is in agreement with Leibholz and Russell (1978) . This 
probably reflects a slower rate of fermentation associated with 
roughage inclusion in the diet, and a dilution of the rumen contents 
with more saliva, as evidenced by the higher rumen pH values.

The importance of facilitating a speedy increase in rumen pH 
status before weaning has been discussed previously in relation to 
encouraging early rumen micrcbial and consequently, functional develop
ment, and a munimurm pH of 6.0 seams to be necessary for this purpose.
The hay diets in the present work did not increase rumen pH to this 
level in the pre-weaning period, indicating that hay imay not be as 
effective in this sense as the straw used in previous studies. This 
may be a function of the lower crude fibre content of hay diets as 
opposed to straw at the same inclusion rates, but the problem might 
be overcame by the inclusion of hay at higher levels than straw.

Results for molar proportions of VFA in both trials showed great 
variation within treatments and over the four sampling times, making 
it difficult to discern a consistent trend for each treatment. Acetic 
acid levels were greater for the complete diets (Figure 5.5.) and 
propionic acid conversely lower (Figure 5.6.), which is in agreement 
with previous observations on straw inclusion in the diet. Rumen 
butyric acid levels however showed a complete reversal of treatment 
order between the 2 and 9 week samplings, and the basic treatment was 
associated with the higher levels in week 2 (Figure 5.7.). This is 
not in agreemoit with previous work, in that chopped straw inclusion 
in the diet showed significantly higher levels in week 2 of the 
Roughage Trials. Leibholz and Russell (1978) reported decreased 
acetic acid levels for 200 g per kg straw and hay inclusion compared 
with their basic diet, but for the same level of inclusion, straw 
shewed the higher levels; this inclusion rate also increased butyric 
acid levels over a concentrate diet, but greater levels of inclusion
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decreased butyric acid. The highest molar concentration of butyric 
acid was therefore 162 m.moles per mole for 200 g per kg lucerne 
inclusion, which is slightly greater than levels seen in current 
studies; these peaked at around 150 m.moles per mole for the present 
hay work, and 140 m.moles per mole for the chopped straw pellet work 
described previously. The documented lower acetic:propionic acid 
ratio for hay inclusion in a diet, as compared to straw (Levy, Amir, 
Holzer and Neumark, 1972; Leibholz and Russell, 1978), was also 
evident for the present studies.

A measure of the efficiency by which different ratios of VFA may 
be used for growth and production is given by the Nan-Glucogenic Ratio 
values (0rskov, 1975) presented in Table 5.5. Only two values fall in 
the specified optimum range of 2.25 to 3.00, and they were associated 
with the highest level of hay inclusion in the diet.

TABLE 5.5.: NON-GLUCOGENIC RATIOS FOR HAY DIETS

Treatment A A + L B C D Overall
mean

Week 2 1.97 1.82 2.18 2.17 2.45 2.11 ± 0.125
5 1.62 1.44 1.59 1.51 1.63 1.56 ± 0.064
6 1.46 1.56 1.46 1.74 1.82 1.61 ± 0.056
9 1.65 1.62 1.61 1.99 2.49 1.87 ± 0.134

If rumen butyric acid is considered a precursor of blood 
3-hydroxy butyrate, then the correlation pattern for their respective 
levels was not obvious in the present work. It is quite possible that 
the variable rumen butyric acid levels are confounding the issue, as 
values for 3-hydroxy butyrate were more consistent with previous 
observations, in that they were higher for the roughage treatments, 
and increased with time (Figure 5.8.), lending further support to its 
coincidence with rumen function development.

Valeric acid levels were very high (10 to 24 m.moles per mole) 
in the initial stages of the present investigation and decreased over 
time, therefore exhibiting an inverse relationship with rumen pH values.
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This suggests the presence of peptostreptococcus elsdenu which may 
be dominant in the rumen of the young animal (Hobson, Mann and Oxford,
1958), and is a lactate utiliser (Gutierrez, Davis, Lindahl and 
Warwick, 1959) , a substrate that would be plentiful in the young calf, 
where spillage of milk frequently occurs into the rumen. This organism 
has previously been observed to increase during the onset of feed lot 
bloat of cattle (Gutierrez et al, 1959) and has been suggested to have a 
role in the aetiology of bloat. It is more likely that this organism 
is better adapted to live at low pH conditions, which would explain its 
increase in numbers while other species decline, and it might be 
responsible for the rapid fermentation and gas build up seen in pre- 
weaned calves. This again emphasises the need for early concentrate 
intake development, and more especially roughage intake, to effect an 
expeditious rise in rumen pH status.

A further interesting facet of this investigation was the reduced 
Coefficient of Variation (12.8), associated with the three complete 
diets, for liveweight gain in the post-weaning period. This compares 
with a value of 19.3 for the free-choice concentrate and hay system, 
which could be of significance in rearing a uniform batch of calves.

Finally, attention should again be drawn to the difference of 8 kg 
in initial weights of calves in these two trials, and its possible 
association with anomalies in the performance and intake results for the 
individual trials presented in Appendices 15 and 16. Results for the 
complete pellet diets followed very similar trends in both trials, but 
the juxtapositioning of treatments A, A + L and B varied considerably.
In the first trial, treatment A + L supported superior gains over treat
ments A and B; conversely, in the second trial, this same treatment was 
associated with a significantly inferior post-weaning gain compared with 
treatment B, and furthermore, it was also inferior to the no roughage 
treatment A. This effect would seem to be a function of the very lew 
voluntary hay intakes for the second trial, being less than 0.03 of 
total intake in the post-weaning period. Since neither the health 
status of the calves nor the quality of the hay gives any ground for 
between trial differences, it can only be assumed that this lew hay 
intake was a consequence of these calves being much younger. Hodgson 
(1971a) concluded that ease of eating was very important in development
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of solid feed intake in calves, and that the intake of solid feed even 
after weaning was limited primarily by oropharyngeal factors. It is 
quite probable that in the present studies, the calves in the second 
trial found it difficult to consume sufficient hay in the long form, 
which indicates that nutritional trials of this type, involving a 
consideration of rumen development, are more sensitive and have a 
greater validity when carried out with younger calves. Examination 
of results for the second trial endorses a far greater advantage to 
complete diets in this situation.

Conclusion

Inclusion of hay in a concentrate pellet to promote a constant 
pre-determined hay intake resulted in increased total intakes and 
greater liveweight gains than a voluntary hay-concentrate feeding 
system; it was probable that performance advantages were mainly a 
function of an associated increase in gut fill. Rumen acidity was 
decreased by the use of a complete diet, allowing earlier concentrate 
intake development. From available evidence, the optimum level of 
chopped hay inclusion in the pellet is not much greater than 200 g per 
kg. The feeding of a complete pellet diet also reduced the Coefficient 
of Variation of gain in a batch of calves.
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CHAPTER 6

Metabolism and Alimentary Tract Development Studies

6.1. Introduction
The Roughage Trials (Chapter 3) shewed considerable advantages 

to the inclusion of 0.18 chopped straw in the concentrate pellet in 
terms of promoting increases in concentrate intake and liveweight 
gain. This diet also seemed to be associated with an earlier 
stimulation of concentrate intake, presumably as a result of a more 
rapid rumen development. While this appeared, in part, to be a 
result of the greater rumen buffering capacity on this diet, it was 
also true that early rumen fermentation patterns for this treatment 
were characterised by a significantly higher malar proportion of 
butyric acid.

The greater importance of butyric acid relative to acetic and 
propionic acids in promoting rumen papillary development was 
suggested by Sander, Warner, Harrison and Loosli (1959), although 
other workers have stressed the combination of high levels of 
propionic and butyric acids to be more important (Tamate, McGilliard, 
Jacobson and Getty, 1962; Peron and Ruiz, 1972). The latter situation 
is found on a diet containing a high proportion of readily fermentable 
substrate, like concentrate diets, which results in a greater avail
ability and sustained higher concentrations of VFA; this type of 
fermentation is also associated with a more acid rumen pH which 
encourages a faster absorption rate of VFA (Sutton, McGilliard and 
Jacobson, 1963; Annison, 1965).

The more detailed cell metabolism studies of Sakata and Tamate 
(1976a; 1976b; 1978) have confirmed the greater importance of butyric 
acid as a mitagenic agent, and other workers have shown that the 
rumen epithelium of the young ruminant has a specific requirement for 
the acid (Knox, 1960; Walker and Simmonds, 1962; Stangassinger, Beck 
and Emmanuel, 1979). Butyric acid is metabolised in the rumen wall 
to produce ketone bodies (Pennington, 1952; Annison, Hill and Lewis, 
1957), and has also been noted to increase the relative rate of blood 
flow from the rumen epithelium to a greater extent than acetic and 
propionic acid (Pennington, 1952; Sutton, McGilliard and Jaccbson, 
1963) .
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It follows that the higher butyric acid levels associated with 
the chopped straw pellet diet in the Roughage Trials, might have been 
associated with a more extensive papillary development at this time, 
leading to an earlier rumen functional maturation. Consequently, a 
series of serial slaughter studies were undertaken to verify these 
effects.

6.2. Objectives

The objective of the next trial in the Ruminant Metabolism Unit 
was therefore to provide information on the following diets:

a. concentrate diet,

b. chopped straw pellet diet,

c. a diet giving rise to higher ruminal butyric acid levels, 

with reference to:

i. rumen papillary development,

ii. anatomical development of the alimentary tract,

iii. relationship between liveweight and gut fill,

iv. empty body chemical composition,

v. metabolism studies.

6.3. Materials and Methods

6.3.1. Calves and diets

Sixteen Ayrshire bull calves of about 4 days old, were purchased 
directly frcm the farm of birth in three separate groups. Four of 
these calves were slaughtered on the day of purchase, six after a 
four week period, and six after eight weeks.

The six calves designated for 4 week slaughter were randomly 
allocated by weight to one of two treatments:

i. milk substitute; no solid feed (4 calves),

ii. milk substitute; concentrate pellet diet B (see below) ad libitum 
from arrival (2 calves) .
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The third batch of six calves purchased for slaughter at 8 weeks, 
were offered milk substitute, and randomly allocated by weight to one 
of the following concentrate pellet treatments, with two calves on 
each treatment:

i. Basic early-weaiing calf concentrate pellet corresponding to
diet A used in the previous trials; no roughage.

ii. The basic pellet with the inclusion of 0.15 chopped straw (20
mm), corresponding to diet C used in the Roughage Trials.

iii. The basic pellet with the inclusion of 0.07 sodium butyrate 
(diet B); no roughage.

The six calves were weaned when they had all reached a minimum 
daily intake of 0.75 kg pellets, which occurred after 4 weeks. Milk, 
concentrate and water intakes were recorded daily; calves were 
weighed twice weekly and bedded on wood shavings.

6.3.2. Metabolism studies

Metabolism studies were undertaken using the six calves on diets 
A, B and C. Ttoo days after weaning each calf was weighed and placed 
in metabolism crates for a four day period; faeces and urine were 
collected and sampled as described previously (see 4.3.2.). Sub
sequent to a three day period out of the crates, a second four day 
Metabolism Period was carried out, and following another three days, 
a third Metabolism Period, after which the six calves were slaughtered.

6.3.3. Rumen and blood sampling

Rumen sampling by stomach tube was carried out weekly from 
week 2 until slaughter on the 6 calves killed at 8 weeks; samples 
were analysed for pH, total VFA concentration and molar proportions 
of individual acids. In addition, the two calves on diet B for 4 
weeks were sampled at two hourly intervals between 8.00 and 20.00 
hours on the penultimate day before slaughter, to assess the repeat
ability of rumen analyses, and to establish the existence of predicted 
diurnal changes in fermentation patterns.
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Blood samples were collected in weeks 2 and 3 for the six calves 
slaughtered after 4 weeks, and in weeks 2, 5 and 8, for the six 
calves on solid feed for 8 weeks; all samples were analysed for 
glucose and g-hydroxy butyrate levels.

6.3.4. Slaughter procedures

All calves were fed at 8.00 hours on the day of slaughter; at 
9.00 hours they were weighed and transported 1.5 miles to the place 
of slaughter. Calves were stunned by bolt and bled, with the blood 
retained, and the alimentary tract was removed completely, weighed, 
and separated into the reticulo-rumen, omasum, abomasum and intestines. 
Each of these was weighed full of digesta, then completely emptied 
and retfeighed. Reticulo-rumen, abomasal, and amasal volumes were 
estimated by filling the organs with water to a constant pressure.

The reticulo-rumen was then opened along the dorsal mid-line, 
and sections of approximately 7 cm x 5 cm cut from the following 
areas:

A. The posterior side (left) of the reticulo-rumen fold.

B. The posterior side of the anterior pillar.

C. The ventral blind sac.

D. The posterior side (right) of the reticulo-rumen fold.

The sections were labelled and placed in a solution of 100 g per 
litre formalin containing 9 g per litre sodium chloride.

The carcases were dressed, and the non-carcase components, 
including the retained blood, analysed separately. Both fractions 
were processed twice through a Wolf-King mincer containing 16 mm and
6 mm plates, and two sets of sub-samples were retained for each calf;
these were further refined through a 2.5 mm plate. One set was used 
for a dry matter determination by oven drying to constant weight at 
95°C, and the second set were freeze-dried, ground and chemically 
analysed. Gross energy was determined by adiabatic bcmb calorimeter, 
nitrogen by Kjeldahl digestion and lipid by ether extraction.
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6.3.5. Laboratory procedures

Sections A, B and C taken fran the rumen wall were subjected to 
papillae density and papillae height measurements. Density estimations 
were effected by counting the papillae contained in six one cm2 areas; 
for calves slaughtered at 4 days of age, this area was reduced to 
0.25 an2. The heights of 15 papillae from each section were measured 
from vertical incisions through the epithelium.

The surfaces of sections C from the 16 calves were photographed 
in a standard manner. In addition, sections C from three calves 
slaughtered at 8 weeks, one frcm each treatment, were photographed 
under magnification using an Olympus stereo dissecting microscope.

Rumen wall D sections frcm each calf were used to estimate the 
extent of epithelial development. The inner epithelial layer was 
separated manually frcm the outer muscular layer, both layers oven 
dried at 105°C for 24 hours, and weighed. The proportion of epi
thelium was expressed thus:

______weight dry epithelial layer______
weight dry epithelial + muscular layers

6.4. Results

The health of all calves was excellent throughout the trial, and 
the six calves on pellet diets for 8 weeks performed well (Table 6.1.),
even in the post-weaning metabolism period.

6.4.1. Metabolism work

Analysis of the three diets used is given in Table 6.2.; the 
determined inclusion rate of 104 g per kg chapped straw in diet C 
was rather less than planned. The addition of 0.07 sodium butyrate 
to the basic diet decreased crude protein and fibre levels, but 
increased the energy content of the diet.

Metabolism work results presented in Table 6.3. indicate that
intake was significantly increased for diet C containing chopped 
straw over the concentrate diet A; diet B containing sodium butyrate 
showed intermediate characteristics. While there were no significant 
differences in digestibility, the inclusion of roughage tended to
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TABLE 6.1.: LIVEWEIGHT GAINS OF CALVES IN SLAUGHTER TRIAL

Weeks 0-4 5-8

Liveweight gain (g per day)

4 WEEKS - MILK ONLY

610 89 -
613 393 -
611 339 -
612 232 -

Mean 263 ± 67.0

4 WEEKS - PELLET DIET

Diet B 681 522 -
1103 391 -

Mean 457 ± 65.5

8 WEEKS - PELLET DIETS

Diet A A 182 574 643
A 183 368 619

Mean 471 6631

Diet B A 180 
A 184

Mean

676
500

588

738
690

714

Diet C A 179 
A 181

Mean

735
485

610

643
667

655

SE of difference between 

diet means at 8 weeks

150.5 24.0
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Diet A B C

g per kg dry matter

Crude protein (N x 6.25) 172 167 157

± 7.8+ ± 1.4 ± 0.8

Ether extract 37 37 39

± 4.0 ± 2.4 ± 0.6

Fibre (TCA) 55 50 95

± 2.6 ± 1.0 ± 2.4

Ash 60 93 73

±13.5 ±6.1 ±2.5

Dry matter 887 869 875

±4.8 ±5.7 ±5.4

Gross energy (MJ) 18.2 18.3 18.7

± 0.18 ± 0.06 ± 0.26

*Metabolisable energy (MJ) 13.1 13.2 12.4

TABLE 6.2.: ANALYSIS OF DIETS USED IN SLAUGHTER TRIAL

t SE based an two analyses. 

* Estimated ME.
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result in an overall reduction in digestibility. Digestibility of 
crude protein was maintained an diet C, but depressed by butyrate 
inclusion in diet B. Digestible crude protein content of diet C 
was significantly decreased by roughage inclusion, but conversely, 
digestible energy content of diet C was greater than for diets A 
and B. Furthermore, roughage inclusion in the diet significantly 
enhanced nitrogen retention over the basic diet, and also increased 
the metabolisable energy value of the diet.

6.4.2. Rumen and blood sampling

Rumen characteristics for the six calves on pellet diets for 
8 weeks are presented in Table 6.4.; results have been grouped into 
one pre-weaning and one post-weaning value, with 18 observations in 
the former and 24 in the latter. This division was clearly denarcated 
in the case of n-butyric acid levels for diet B, which were consist
ently higher in the first three weeks of sampling, but then dropped 
to half that level post-weaning. Roughage inclusion increased acetic 
acid and decreased propionic acid levels, although differences were 
less marked after weaning. The feeding of diet B containing sodium 
butyrate was successful in significantly increasing rumen n-butyric 
acid levels over the other two treatments, but this was only evident 
in the pre-weaning period.

Rumen pH values were significantly higher for chopped straw 
inclusion in diet C over diet A; the butyrate diet exhibited inter
mediate values. However, total VFA concentrations were significantly 
increased for butyrate Inclusion in the diet before weaning, but diet 
A was associated with the highest post-weaning levels.

Changes in rumen characteristics over a 12 hour period have been 
summarised in Figures 6.1. and 6.2.; the complete set of data are 
given in Appendix 21. A perfect inverse relationship is confirmed 
between pH and total VFA concentration of the rumen liquor (Figure
6.1.) with an increase in acidity and total VFA concentration 
occurring after milk and concentrate feeding. Changes in individual 
acids (Figure 6.2.) were less marked, with the exception of butyric 
acid, but these calves were feeding on the diet that contained 
butyrate salt.
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TABLE 6.4.: RUMEN CHARACTERISTICS FOR SLAUGHTER TRIAL

Diet A B C

RUMEN pH
Weeks 2-4 

5-8
5.38b
5.16b

5.54ab 
5.88a

6.03a
6.13a

SE
0.193
0.263

TOTAL VFA (m.mol.l-1) 
Weeks 2-4 

5-8
72.5^
124.3

119.9a 
111.1

65. Ob 
96.9

19.77
13.00

ACETIC ACID (m.mol.mol-1) 
Weeks 2-4 

5-8
480.3b 
420.6

378.8a 
444.6

522.7b 
435.6

96.00
18.69

PROPIONIC ACID (m.mol.mol-1) 
Weeks 2-4 

5-8
409.5
460.1

383.0
403.9

338.8
414.0

32.24
22.53

n-BUTYRIC ACID (m.mol.mol-1) 
Weeks 2-4 

5-8
56.2b 
65.9

179.8a 
90.6

79.7b 
97.3

33.10
12.65

iso-BUTYRIC ACID (m.mol.mol-1) 
Weeks 2-4 

5-8
6.2ab
4.3

3.8b 
4.1

11.2a 
5.3

2.53
0.64

r?~VALERIC ACID (m.mol.mol-1) 
Weeks 2-4 

5-8
37.3
32.5

43.2
40.6

29.8
30.8

5.71
6.24

iso-VAT,ERIC ACID (m.mol.mol-1) 
Weeks 2-4 

5-8

. .ah7.0
5.1

4.2b
4.6

13. Oa 
5.1

3.04
0.65

Means with different subscripts differ significantly (P<0.05) .
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FIGURE 6:1 CHANGES IN RUMEN pH AND TOTAL VFA CONCENTRATION

HOURS
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FIGURE 6 :2  CH ANGES IN RUMEN ACETIC, PROPION IC AND 
BUTYRIC ACIDS OVER 12 HOUR PERIOD

M.MOL.MOL. 
5 0 0 -

400-

3 0 0 -

200

1 0 0

ACETIC

PROPIONIC

8.00 10.00
— i--
12.00 14.00

HOURS
16.00 18.00 20.00



- 173 -

Blood sampling results given in Table 6.5. demonstrate higher 
blood glucose levels for the three pellet diets in weeks 2 and 8, 
with a slight decrease immediately post-weaning; there were no signi
ficant differences between treatments. 3-hydroxy butyrate values 
were characterised by a significant increase immediately post-weaning, 
especially associated with butyrate inclusion in the diet. There was 
also a marked increase in values between weeks 2 and 5, and even 
between 2 and 3 weeks of age in the two calves slaughtered after 4 
weeks on diet B; conversely 3-hydroxy butyrate measurements did not 
register above 0.25 m.moles per litre for any of the samples frcm 
milk-fed calves.

6.4.3. Post-slaughter measurements

Particulars relating to weight differences between dietary 
treatments before and after slaughter, are shewn in Table 6.6.; 
those measurements pertaining to all calves in the study are given 
in Appendix 22. Although there was a 9 kg difference in liveweight 
at slaughter between treatments A and C, this was associated with 
an increased gut fill for diet C with roughage inclusion; consequently 
carcase weight differences were reduced to 5 kg. The carcase:live
weight ratio was similar for all treatments, but rather lew, presum
ably as a consequence of the considerable weight of gut contents.

Post-slaughter measurements consisted of those relating to 
anatomical development of the alimentary tract, rumen epithelium 
development and thirdly, body composition.

6.4.3.1. Anatomical development of the alimentary tract

Differences in reticulo-ruminal, onasal and abonasal fill, 
volume and weight between dietary treatments at 8 weeks are presented 
in Tables 6.7, 6.8. and 6.9. respectively; individual calf results 
are shewn in Appendices 23, 24 and 25.

Variations in reticulo-rumen characteristics between diets at 
8 weeks (Table 6.7.) , were manifested in a decreased fill and volume 
for diet B, but a slightly increased empty weight compared to diets 
A and C. Qnasal development was more advanced for diet C with rough
age inclusion (Table 6.8.) but there were no significant differences 
in abonasal characteristics (Table 6.9.).
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TABLE 6.6.: SLAUGHTER MEASUREMENTS FOR THREE DIETS AT 8 WEEKS

Diet A B C

SE
Liveweight (kg) 64.5 69.8 73.8 11.81
Carcase weight (kg) 31.3 35.7 36.6 6.54

Carcase weight 
Liveweight

0.49 0.51 0.50 0.020

Empty body weight (kg) 56.1 62.0 63.6 11.40

Gut fill

(kg) 8.36 7.74 10.15 0.683
g. (kg IW)"1 129.8 112.3 140.0 17.23

TABLE 6.7. : RUMEN ANATOMICAL CHARACTERISTICS FOR THREE DIETS AT
8 WEEKS IN SLAUGHTER TRIAL

Diet A B C

SE
Reticulo-rumen fill

kg 6.19 5.02 7.06 0.766

g. (kg EBW)"1 110.4 82.6 112.5 15.07

Reticulo-rumen volume

litres 12.50 12.00 15.50 2.236

ml. (kg EBW)"1 220.6 194.0 250.6 38.77

Empty reticulo-rumen weight

kg 1.77 1.94 2.07 0.409

g. (kg EBW)"1 31.6 33.3 32.2 2.48
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TABLE 6.8.: OMASUM ANATOMICAL CHARACTERISTICS FOR THREE DIETS AT
8 WEEKS IN SLAUGHTER TRIAL

Diet A B C

Qnasal fill SE

kg 0.24 0.20 0.56 0.123

g.(kg EBW)-1 4.31 3.07 9.43 3.215

Gnasal volume

litres 0.35b 0.23b 0.60a 0.048

ml. (kg EBW)-1 6.14* 3.72b 9.64a 1.137

Empty amasal weight

kg 0.58 0.58 0.77 0.229

ml. (kg EBW)-1 11.05 9.65 11.75 3.092

Means with different subscripts differ significantly (P<0.05).

TABLE 6.9.: ABCMASUM ANATOMICAL CHARACTERISTICS FOR THREE ]DIETS AT
8 WEEKS IN SLAUGHTER TRIAL

Diet A B C

Abcmasal fill SE

kg 0.34 0.35 0.33 0.116

g.(kg EBW)-1 5.91 5.75 5.66 2.630

Abanasal volume

litres 1.04 1.39 1.40 0.363

ml.(kg EBW)-1 18.48 21.95 22.41 4.224

Empty abanasal weight

kg 0.52 0.52 0.55 0.071

g.(kg EBW)-1 9.39 8.43 8.70 1.588
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Although empty abomasal weight increased over the three 
slaughter ages (Appendix; 25) , in relative terms, the abcmasum repre
sented a smaller proportion of the total alimentary tract weight at 
8 weeks than at 4 days, as seen in Table 6.10. This reflects the 
extent of rumen development, which at 8 weeks was more pronounced 
for diet B.

6.4.3.2. Rumen epithelium development

Results for papillary height, density and epithelial development 
measurements for the three dietary treatments at 8 weeks are presented 
in Table 6.11.; individual values for all calves slaughtered and the 
three sections examined have been collated in Appendix 26. Epithelium 
development was slightly enhanced for butyrate inclusion in the diet, 
but papillary density was increased for the roughage diet over diet A, 
and decreased further for the butyrate diet. An explanation for this 
is afforded by the inverse relationship between papillary size and 
density, and the butyrate treatment is seen to have the largest 
papillae. This effect is immediately obvious frcm photography under 
magnification in Plate I. Papillae on treatments A were smaller, and 
areas of the rumen wall showed infantile papillae clumped together and 
embedded in a gritty sludge with entrapped hairs (Plate I). Seme 
papillae were also pale or depigmented with dark spotting, and there 
was same sloughing of their tips.

Table 6.12. shews an extraction of some data frcm Appendix 26. 
The no roughage diets A and B showed the greatest papillary height, 
frcm the three rumen sections measured, in the ventral blind sac, 
whereas for the roughage diet the papillae on the posterior side of 
the reticulo-rumen fold were twice as big as those of the ventral 
blind sac. This could be associated with relative differences in 
importance of these sites for fermentation.

Differences in rumen development with regard to age and dietary 
treatment, as reflected by rumen wall pigment and papillary develop
ment, may be viewed in the photographs in Appendix 27.

6.4.3.3. Empty body composition

From chemical analysis of the carcase and non-carcase components, 
weights of lipid, protein, energy, ash and water were calculated
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TABLE 6.10.: PROPORTION OF STOMACH TISSUE CONTRIBUTED BY EACH
COMPARTMENT IN SLAUGHTER TRIAL

Age (weeks) 

Diet

0 4 8

Milk Milk + 
only pellet B C

Reticulo-rumen 0.37 0.52 0.54 0.62 0.64 0.61

Gnasum 0.13 0.11 0.12 0.20 0.19 0.23

Abcmasum 0.50 0.37 0.34 0.18 0.17 0.16

TABLE 6.11.: RUMEN EPITHELIUM DEVELOPMENT RESULTS FOR THREE DIETS
AT 8 WEEKS IN SLAUGHTER TRIAL

Diet A B C

SE

Epithelium(1) 0.72 0.73 0.72 0.100

Papillae density(2)(cm2)-1 85.3 77.6 111.5 7.94

Papillae height(2) (ran) 2.75 3.84 3.78 0.327

(-1) Weight dry epithelial layer
Weight dry epithelial + muscular layers

Combined counts frcm sections A, B and C.



PLATE I SECTIONS FRCM THE VENTRAL BLIND SAC OF THE RUMEN FROM CALVES 
SLAUGHERED AT 8 WEEKS OF AGE AND FOR THREE CONCENTRATE 
PELLET TREATMENTS

DIET A

CALF A 182

DIET B

CALF A 180

DIET C

CALF A 179

Continued
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PLATE I: Continued

DIET A

CALF A 182

DIET A

CALF A 182

Continued
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TABLE 6.12.: CHANGES IN PAPILLAE HEIGHT FOR DIFFERENT SITES WITHIN
THE RUMEN

Diet A B C

Papillae height (mm)

Section A 2.49 3.79 5.69

Posterior side of
reticulo-rumen fold

± 0.520 ± 0.240 ± 0.320

Section B 2.53 3.33 3.41

Posterior side of 
anterior pillar

± 0.585 ± 0.645 ± 0.840

Section C 3.22 4.42 2.25

Ventral blind sac ± 0.040 ± 0.665 ± 0.630

separately for the two fractions, and summed to give the empty body 
totals in Table 6.13.; results for the 4 day and 4 week slaughter 
are given in Appendix 28. Lipid content was calculated both frcm 
ether extract values and by use of the equation:

Lipid = (Gross energy - 0.1475 Nitrogen)/0.0393 

(Whittemore, Aumaitre and Williams, 1978; Hinks, 1978)

The specific value used was that which gave a sumnation closest 
to 1000 in the dry matter.

Significant differences in empty body canposition between dietary 
treatments were apparent at 8 weeks of age (Table 6.13.) , particularly 
when expressed as a proportion of empty body weight. Diet B was 
associated with a significantly higher body lipid content than diet A; 
this was reflected also in significantly higher body energy contents 
for diets B and C. Protein contents of the srpty body however, tended 
to be very similar over all dietary treatments.
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TABLE 6.13.: EMPTY BCDY CHEMICAL COMPOSITION OF CALVES ON THREE DIETS
SLAUGHTERED AT 8 WEEKS

Diet A B C

SE

LIPID

Total (kg) 2.70 3.68 3.66 0.665

g. (kg EBW)-1 47.9b 59.3a 57.4^ 2.61

PROTEIN
*

Total (kg) 10.09 11.10 11.47 2.133

g . (kg EBW)“ 1 179.9 178.6 180.1 3.23

ENERGY

Total (MJ) 343.9 405.4 414.2 77.82

MJ. (kg EBW)“ 1 6.12b 6.53a 6. 50a 0.074

ASH

Total (kg) 2.64 2.42 2.89 0.346

g.(kg EBW)“1 47.0 39.2 45.8 2.65

WATER

Total (kg) 40.1 44.2 45.0 7.97

g. (kg EBW)-1 714.7b 713.2^ 706.9a 1.57

Means with different subscripts differ significantly (P<0.05).
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When the results are expressed graphically (Figures 6.3. and 6.4.) , 
including data fran Appendix 28, it is seen that the proportion of 
protein in the body falls with age, whereas lipid and energy contents 
increase. In absolute terms however, there is a gain in total weight 
of protein, which at 8 weeks of age was greatest for the roughage 
diet, as dsnonstrated in Figure 6.5. The butyrate and roughage diets 
also promoted greater total gains of lipid compared to the no roughage 
diet A.

6.5. Discussion

This investigation confirmed the results of the calf house trials, 
in that roughage inclusion in the diet significantly increased total 
intakes and also resulted in increased liveweight gains. This 
increase in total intake was synonymous with a significant increase 
in pH for the chopped straw pellet, with the butyrate diet showing 
intermediate intake and pH characteristics. Hie increase in rumen 
buffering capacity resulting from butyrate inclusion in the diet, 
compared to the basic diet, was probably a reflection of the increased 
osmolality associated with the sodium ion (Temouth, 1968; Kellaway, 
Ihcmsan, Beever and Osbourn, 1977).

This increase in intake for the chopped straw pellet diet may 
account for the slight decrease in apparent digestibility character
istics, as a consequence of the faster rate of passage of the diet 
(Blaxter, McC.Graham and Wainman, 1956). Dilution of the concentrate 
fraction with 0.10 straw, significantly reduced the digestible crude 
protein content of the diet, but apparent digestibility of crude protein 
was maintained at the same level as for diet A. This is surprising in 
view of the supposition that Metabolic Faecal Nitrogen (MFN) output on 
diet C would be increased, both as a result of the greater faecal dry 
matter output (Jahn, Chandler and Polan, 1970; Chapter 3 studies), 
and also roughage inclusion in the diet (Roy, 1970), which would tend 
to decrease the apparent digestibility of crude protein. It can only 
be assumed that inclusion of straw in diet C has enhanced nitrogen 
utilisation and protein metabolism.

Thus, available evidence would seem to indicate the existence of 
a more effective rumen microbial population on diet C, and this is 
conceivable in light of rumen pH status being over 6.0 for this 
treatment, while it was 5.2 for the concentrate diet. It has been
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FIGURE 6:3 C H A N G E S  IN WHOLE BODY PROTEIN 
AND LIPID CONTENT WITH AGE A N D  DIET
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suggested that a pH of above 6.0 is required for the development of 
an adult rumen flora and fauna (Eadie, 1962; Eadie, Hobson and Mann, 
1967). This is especially true for protozoa development, which are 
normally absent on diets based solely on concentrates (Eadie et  a l ,  

1967) , and although present in lower numbers than rumen bacteria, 
they may account for up to 0.60 of the total microbial fermentation 
products, and contain up to 0.40 of the total microbial nitrogen in 
the rumen (Clarke, 1977). Nitrogen retention was also significantly 
increased for diet C over diet A in the present study, but this was 
prcbably mainly a function of the significantly increased intake 
for diet C.

The estimated Metabolisable Energy (ME) values for diets A and 
C frcm bock values of the ingredients, were 13.1 and 12.4 MJ per kg 
dry matter respectively. However, metabolism studies gave values of 
12.7 and 13.0 for the two diets, indicating that once again, roughage 
inclusion seemed to promote a more efficient utilisation of the 
concentrate fraction.

The possibility is obviated that straw inclusion in diet C 
facilitated a rumen fermentation pattern that was nearer the 
optimum for growth and production. In general terms, this treatment 
was associated with increased acetic and butyric acid levels compared 
to diet A, and decreased propionic acid. It is known that there is a 
decline in efficiency with which ME surplus to maintenance is used to 
prcmote liveweight gain as foods become more fibrous, synonymous with 
an increase in acetic acid (Armstrong and Blaxter, 1957a and b), and 
also that acetic and butyric acids when fed in excess, decrease the 
efficiency of energy utilisation (Rickard and Temouth, 1965). This 
would seen to be associated with a requirorient for propionic acid to 
supply sufficient reducing power by the metabolism of its metabolite 
glucose, via the pentose pathway (Annison and Armstrong, 1970) . This 
relationship has been quantified by 0rskov (1975) in the concept of 
Non-Glucogenic Ratio (NGR); values for the present study are given 
in Table 6.14. None of the three diets under consideration were 
successful in prcmoting NGR values within the optimum range for 
growth and production (2.25-3.00).
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TABLE 6.14.: NOSI-GLUCOGENIC RATIO VALUES FOR THREE DIETS IN
SLAUGHTER TRIAL

Diet A B C

Week 2 1.76 2.62 2.41

SE

0.669

3 1.36 1.57 1.78 0.254

4 1.29 1.48 1.82 0.253

5 1.10 1.11 1.30 0.237

6 1.12 1.71 1.50 0.159

7 1.17 1.59 1.69 0.138

8 1.48 1.76 1.54 0.178

Nevertheless, looking at the composition of the gain made by 
calves on the three diets, diets B and C were associated with 
proportionately significantly higher lipid and energy contents 
than diet A, which is most probably a reflection of a greater 
surplus of ME for growth, as a consequence of the higher energy 
intakes on these diets. Although the inherent increase in variation 
associated with calves in metabolism crates precludes accurate 
assumptions concerning the efficiency of feed utilisation, compara
tive values for ME intake (MJ) per kg anpty body weight gain in the 
third Metabolism Period were 35.1 (±15.45), 39.6 (±12.45) and 28.0 
(±4.90) for diets A, B and C respectively. It would therefore seem 
that in practice, roughage inclusion in this investigation has 
enhanced the efficiency of energy utilisation.

The most dramatic feature of this investigation however, was 
the difference in appearance of the rumen epithelia for the three 
diets, and it is reasonable to suppose that the condition of the 
epithelium on diet A could have been at least partly responsible 
for the decreased efficiency of feed utilisation on this diet.
A high proportion of this epithelium, especially in the ventral sacs, 
consisted of infantile papillae embedded in a sludge. Seme papillae 
tips were sloughed off and others were clumped and fused together,
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which must have reduced the effective absorptive area. These 
symptoms are characteristic of those described by Tamate, Nagatani, 
Yoneya, Sakata and Miura (1973) for rumen parakeratosis, and acute 
and chronic rumenitis in beef animals on an intensive fattening 
system; they have also been perceived in calves fed on a barley diet 
(Fell, Bcyne, Kay, Williams and MacLeod, 1967; Fell, Kay, Whitelaw 
and Bcyne, 1968).

The exact cause of this rumenitis is still not fully understood,
but it is invariably associated with low ruminal pH conditions, that
is, belcw 5.5 (Fell et al, 1967). An increase in lactic acid at this 
pH was also noted by Fell et al (1968) . In the current study, ruminal
pH for diet A in the post-weaning period was 5.16. Peron, Verdura,
Ruiz and Prestcn (1972) thought it unlikely that a low pH was a 
causative factor of parakeratosis in their work; this ratiains unsub
stantiated in the absence of observations on rumen pH status in their 
study, and they refer to other work which showed a relatively high 
rumen pH on molasses-based diets.

Increased total VFA concentrations have also been implicated 
in the rumenitis complex (Dirksen, 1970), such as found on a diet 
containing a high proportion of readily digestible carbohydrate.
This intrinsically results in a very acid rumen pH, and it is 
consequently difficult to ascertain whether it is the increased 
acidity, or the higher VFA concentration, that is principally 
detrimental to the rumen epithelium. The rate of absorption of 
VFA is increased at more acid pH conditions (Sutton, McGilliard and 
Jacobson, 1963; Annison, 1965) leading to increased rumen epithelium 
metabolic activity. Moreover, the same conditions tend to increase 
the rate of blood flew frcm the rumen (Dobson and Phillipson, 1956) 
and increase the numbers of large blood vessels present in the lamina 
propria of the epithelium (Kay, Fell and Boyne, 1969).

In practice it is difficult to separate a lew pH and high VFA 
concentration, as the one is synonymous with the other, and this 
proved no less so in this investigation. Diet C was associated with 
the highest rumen pH values and lowest VFA concentrations, with no 
signs of the complex, while diet A shewed a rumen pH value one unit 
lower, and a greatly increased VFA concentration. Diet B exhibited
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intermediate characteristics for pH and VFA concentration, with 
sane clumping and fusion of papillae and entrapped feed particles. 
Tamate, Yoneya, Sakata, Qnori and Kato (1978) noted that addition of 
100 g per kg rice straw to a concentrate diet reduced the severity 
of parakeratosis without a corresponding rise in pH; closer examina
tion shows that total VFA concentration was reduced by this action. 
Alternatively, Kay et al (1969) did not think VFA concentration to be 
the causative factor, because total concentrations were the same for 
their barley diet, causing parakeratosis at a pH of 5.55, as for a 
diet having a pH of 6.18, which alleviated the symptoms. The 
emphatic credence than can be granted to total VFA concentrations 
estimated from stomach tube samples is hcwever dubious, in the 
presence of an unknown degree of saliva contamination (Wheaton, 
Bradley, Mitchell, Little and Boling, 1970).

Rumen parakeratosis has also been associated with a low ratio 
of acetic propionic acid (Tamate, Ishihara, Yoneya and Miura, 1976) 
or increased ruminal propionic acid levels (Boy, 1970); this is in 
accordance with the theory of Dirksen (1970) , as an increase in 
readily digestible carbchydrate would likely result in increased 
propionic acid levels. Propionic acid was highest for diet A in the 
present study, but diet C showed slightly higher post-weaning levels 
than diet B; aceticipropionic acid ratios were very similar for all 
diets. It is difficult to speculate whether the symptoms of para
keratosis seen for diet B, are a legacy of the more extreme 
pre—weaning conditions, or whether they are caused by the prevailing 
conditions at slaughter.

Therefore it rsnains difficult to ascertain the exact cause of 
the parakeratosis-rumenitis complex, and furthermore it may be a 
function of an interaction of two or more factors. The usefulness 
of rumen pH as an indicator is emphasised however, as the condition 
is undoubtedly associated with excessively acid rumen conditions.
This endorses previous recommendations to maintain rumen pH values 
in the early—weaned calf above 6.0, as even the butyrate diet with 
a rumen pH of 5.88 after weaning shewed some symptoms. The ability 
of the epithelium to recover from the condition when it has developed 
into the severe rumenitis on diet A must be questioned, and there 
could be a permanent effect on the efficiency of absorption of VFA 
from the rumen; the condition has also been associated with liver
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abscesses (Tamate et al, 1976). Stabo, Roy and Gaston (1966b) 
effected several extreme changes in diet, and concluded that the 
ruminant calf adapted readily to changes in diet, because no permanent 
effect was seen in the animals' subsequent ability to digest concen
trates or roughage. However, the prevailing rumen pH recorded for their 
concentrate diet was 5.90 which would not have been associated with 
rumenitis, and is much higher than values quoted by other workers, and 
seen in the present series of studies, for a concentrate diet.

Development of the alimentary tract in the current investigation 
was principally manifest by an increase in importance of the reticulo- 
rumen and omasum, from representing 0.37 and 0.13 of the stomach tissue 
at 4 days of age, to 0.62 and 0.20 for diet A at 8 weeks; this accounts 
for a more expeditious development than the data of Church (1969), who 
gives values of 0.60 and 0.13 at 8 weeks for the rumen and omasum 
respectively. Moreover, the butyrate diet was associated with a 
greater development of the reticulo-rumen (0.64) at 8 weeks, although 
diet C encouraged a greater cmasal development (0.23). This may be a 
function of an increased importance of the omasum as a site for reduc
tion of feed particle size with roughage inclusion in the diet (Hill, 
1961b) , although Stcbo, Rov and Gaston (1966a) found omasal fill and 
volume to be greater for concentrate diets. Conversely, reticulo- 
rumen volume tended to increase with increasing roughage inclusion 
in the diet (Stcbo et al, 1966a) , which is in agreement with present 
observations.

More detailed examination of rumen epithelium development showed 
the butyrate diet to have been most effective in this respect, 
although the increase in proportion of epithelium in the rumen wall 
was only slightly more than for diets A and C. This measurement will 
however, be biased against the roughage treatment C by virtue of the 
possibility of a greater development of the muscular layer on this 
treatment, although empty reticulo-rumen weights did not indicate 
this to be significant. It is probable that muscular development 
was promoted by the ingestion of wood shavings on diets A and B 
(Harrison, Warner, Sander and Loosli, 1960), which was discovered 
in the stcamach contents of animals on these diets. Furthermore, 
other workers have found that the thickness of the muscular wall does 
not seem to differ significantly between high concentrate and high 
roughage diets (Stcbo, Roy and Gaston, 1966b).
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Rumen epithelium papillary characteristics were markedly 
affected by dietary treatment, with the butyrate diet increasing 
the size of - papillae, lending support to the instrumentation of 
butyric acid in this respect (Sander, Warner, Harrison and Loosli,
1959). Diet C was associated with a slight reduction in overall 
size of papillae, but density was increased; moreover, this diet 
was associated with a uniform mass of filiform papillae, whereas 
those on diet B tended to be conical or club-shaped with great 
variation in size, and a proportion of under-developed papillae.
As the objective of papillary development must lie in a rapid 
progression to a large surface area exposed to fermentation 
products, the increased density and more uniform development of 
papillae on treatment C makes it superior in this comparison.

Absolute size of papillae in the present study (3-4 mm) was 
rather less than reported by other workers (Harrison, Warner, Sander 
and Loosli, 1960; Stobo, Roy and Gaston, 1966a) at 7.5 nm for a con
centrate diet, but this refers to calves of 12 and 16 weeks of age. 
Changes in papillary characteristics with age were manifested in an 
increase in size of individual papillae, but a decrease in their 
density, as shewn in Table 6.15. This is in agreement with the 
observations of Tamate, McGilliard, Jacobson and Getty (1962), who 
recorded a decrease in papillary numbers per cm2, frcm 1392 at 3 
days of age, to 144-335 at 8 weeks. It is therefore feasible to 
assuime, that density is a reciprocal function of an increase in 
extensibility of the rumen wall with time, and it follows that 
increases in surface area are effected solely by an increase in 
size of individual papillae. An inherent implication of this 
assumption is that total papillary numbers are already determined 
at birth, and it is the development of papillary size that is 
important; this aspect is not clarified in the literature, which 
implies that it is possible to effect changes in papillary numbers 
by dietary treatments imposed (Flatt, 1955; Brownlee, 1956; Church,
1969).

A further interesting facet of papillary development in this 
investigation was the apparent difference in importance of sites 
within the rumen for absorption, between the chopped straw diet



- 194 -

TABLE 6.15.: RUMEN EPITHELIUM DEVELOPMENT GROUP MEANS FOR THREE
SLAUGHTER AGES

Epithelium (1)
Papillae 
density 
(cm2)-1

Papillae 
height'2' 

(mu)

4 DAYS 0.42 1071.4 <1.0

± 0.015 ±47.73

4 WEEKS

Milk only 0.57 456.9 <1.0-1.5

± 0.074 ±28.49

Milk + diet B 0.62 175.8 1.51

± 0.070 ±14.41 ± 0.133

8 WEEKS

Diets A, B, C 0.72 91.4 3.46

± 0.032 ± 5.271 ± 0.281

(1) Weight dry epithelial layer
Weight dry epithelial + muscular layers

(2) Combined counts for sections A, Bi and C.

and the no roughage diets (A and B) , as obviated by changes in 
papillary height between sites within the rumen. Since papillary 
development is dependent upon a constant supply of fermentation 
products, papillary size will necessarily be greatest where active 
fermentation requires increased absorptive facilities. Thus, for 
the no roughage diets, activity was greatest in the ventral blind 
sac, while roughage inclusion in the diet promoted a greater aborp- 
tive activity posterior to the reticulo-rumen fold, on the parietal 
aspect of the rumen wall. This may be explained by the observations 
of Wheaton, Bradley, Mitchell, Little and Boling (1970), who found
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that for concentrate-fed animals, ingesta was principally localised 
in the ventral sac, whereas for a roughage-fed animal, a dense mat 
of feed residue formed on top of the rumen fluid.

The greater size of papillae on the butyrate diet lends support 
to the documented influence of butyric acid in promoting increased 
epithelial cell metabolic activity (Sakata and Tamate, 1976a; 1976b; 
1978) , and its metabolism to produce ketone bodies (Pennington 1952; 
Annison, Hill and Lewis, 1957). If blood 3-hydroxy butyrate levels 
are taken as an indicator of rumen physiological development by virtue 
of its being a product of active metabolism in the rumen epithelium, 
then the capacity of the epithelium to metabolise butyric acid was 
maximised just after weaning for diets B and C; levels for diet A 
were still increasing in week 8. Calves fed on milk only were seen 
to have very lew 3-hydroxy butyrate levels (<0.25 m.moles per litre) , 
but between 2 and 3 weeks of age there was a significant increase 
(<0.25 to 0.48 m.moles per litre) for the two calves on the butyrate 
diet. The dramatic drop in ruminal butyric acid levels for diet B 
after weaning was simultaneously associated with a significant 
increase in 3-hydroxy butryate levels for this diet; this could 
reflect an increased absorption and turnover rate of the acid by the 
rumen epithelium, as Knox (1960) noted that tissue from a 5 week old 
calf utilised more butyric acid than did tissue frcm mature steers, 
whereas the ability of the epithelium to metabolise VFA at birth was 
low. Similar findings have been made in larifos (Walker and Simmonds, 
1962; Stangassinger, Beck and Emanuel, 1979) where utilisation of 
butyric acid by the rumen epithelium of the newborn lanb was lower 
than in the adult, but exceeded adult levels by 0.80 at 4 weeks of 
age, and maintained this higher utilisation to 10 weeks and probably 
longer (Stangassinger et al, 1979). The utilisation of acetic and 
propionic acid by rumen tissue shewed no marked change due to age 
(Walker and Simmonds, 1962). This lends further support to the 
usefulness of 3-hydroxy butyrate as an indicator to evaluate rumen 
function development.

Therefore, the weight of evidence seams to indicate that butyric 
acid should be more active than the other VFA's in pronoting rumen 
papillary development, not only by its increased metabolism in the
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rumen wall relative to the other acids, but also its mitagenic 
effect, specific requirement by the rumen epithelium, and its 
greater relative effect on blood flow. The possibility cannot be 
discounted however, that it is the increase in total VFA concentration 
as a result of butyrate inclusion in diet B, that was the cause of the 
greater papillary size on this diet (0rskov, 1980, pers comm ) .

Differences in gut fill between treatments were not as pronounced 
as might have been expected, and this was also considered in the 
presence of a significantly increased intake for diet C over diet A.
It follows that there must be a more rapid turnover of diet C in the 
alimentary tract, and work on the rate of passage of a similar diet 
in Chapter 3 shewed this to be so. For diet A, gut fill represented
0.13 of liveweight, while 0.10 chopped straw inclusion in the diet 
increased this proportion to 0.14 for calves of 8 weeks of age (70 kg 
liveweight). These values are higher than that quoted by Strozinski 
and Chandler (1970) of 0.08 for calves of 20 weeks old on an all 
concentrate diet, but similar to that of 0.15 quoted by Stcbo, Roy 
and Gaston (1966a) for 12 week old calves (77 kg liveweight) on a 
similar diet.

By correcting for liveweight, dry matter intake and fibre 
content of the diet, it is possible to compile a regression equation 
which may be used to compute gut fill for calves offered similar 
diets:

Gut contents = 0.25 Fibre intake -2.11 Liveweight +238.97 
(± 0.060) (± 0.430)

g per kg IW g per day kg

r = 0.948**
R = 89.8

Conclusion

The inclusion of roughage in the diet promotes increased empty 
body weight gains, which seemed mainly to be associated with the 
greater intakes of this diet; there was also an indication that



- 197 -

roughage enhanced the efficiency of feed utilisation of the 
concentrate fraction of the diet, which was evident with regard to 
both protein and energy metabolism. Diets giving rise to higher 
ruminai levels of butyric acid, such as complete pellet straw diets, 
appear to facilitate a rumen fermentation pattern which is more 
conducive to rumen papillary growth; furthermore, roughage inclusion 
is instrumental in counteracting the lew ruminai pH conditions associ
ated with the feeding of all concentrate diets, which are detrimental 
to the rumen epithelium.



S E C T I O N  III 

D I S C U S S I O N
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The foregoing series of experiments have established the 
considerable importance of roughage to the early-weaned calf. An 
examination of the function of roughage in the diet revealed that there 
were certain criteria that should be satisfied by an early-weaning calf 
diet, and that a certain amount of roughage was essential to meet these 
standards. Furthermore, evaluation of the conventional voluntary long 
roughage feeding system against the use of a complete diet, disclosed 
that there were distinct advantages associated with the presentation 
of a complete package to the calf. This obviated the requirement for 
a closer examination of the effects of changing the physical form of 
the roughage to facilitate pelleting, and also possible differences 
associated with the use of different quality roughages in this respect. 
There was also a need to define the optimum level of roughage inclusion 
in the pellet. The subsequent discussion will review the importance 
of roughage in relation to production variables in the young calf, 
followed by an attempt to provide recarmendations regarding the 
quantity, quality and physical form of roughage inclusion required in 
the diet to satisfy the aforementioned standards.

In all the experiments conducted in this investigation, the 
inclusion of roughage in the diet increased liveweight gains over the 
basic no-roughage treatment. The attendant increase in the contents 
of the alimentary tract (gut fill) with increasing levels of roughage 
inclusion in the diet however (Jahn, Chandler and Polan, 1970; Stobo, 
Roy and Gaston, 1966a), makes absolute weight gain comparisons between 
such treatments relatively imprecise. Other workers have drawn atten
tion to this problem, and have developed regression equations based 
on slaughter measurements, to indicate the relationship between gut 
fill and liveweight (Stabo et al, 1966a; Strozinski and Chandler,
1971). However, such equations may only be used with any degree of 
accuracy and confidence for the diets and weight range of calf used 
in the particular experiment to which they relate, and it is dangerous 
to use the same equations under different circumstances.

The slaughter study in the present series of experiments allowed 
oarnpilation of a regression equation to calculate the weight of gut 
contents, from fibre intake and liveweight:
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Gut contents = 0.25 Fibre intake -2.11 Liveweight +238.97

g per kg LW
(±0.060) 
g per day

(±0.430)
kg

r = 0.948**
R = 89.8

Thus, it is possible to adjust the liveweight of each calf at 
weaning and at the end of the experimental period, based on its dry 
matter intake and fibre content of the diet, to give the corrected 
empty body weight gains shown in Table 7.1.

In the majority of cases, and especially for roughage inclusion 
in the diet, the adjusted gains were lower than the recorded actual 
gain, as a consequence of an increased proportion of gut fill in 
relation to body weight after 9 weeks on trial, as opposed to 5 weeks. 
Furthermore, this difference was greater for higher levels of roughage 
inclusion, so that for the greatest inclusion rates, as much as 100 
to 200 g of post-weaning gain was accounted for by the increase in 
alimentary tract contents over the period. Thus the depression in 
liveweight gain for the highest levels of inclusion is magnified, as 
seen for 300 g per kg straw inclusion in a pelleted diet. This exer
cise also confirms previous speculation that the performance advantage 
resulting fron the use of complete diets over conventional roughage 
feeding, is largely a function of the increased gut fill on the former 
diets.

It cannot be discounted, in view of the large differences between 
recorded and adjusted gains at the higher levels of roughage inclusion, 
that the equation may be overestimating gut fill at these levels, since 
the greatest inclusion rate used in its derivation was 100 g per kg. 
Furthermore, while a linear relationship has been assumed over this 
range, it is feasible that the relationship may be asymptotic at the 
point where further increases in gut fill are becoming limited by body 
size. In the present situation, the inclusion of 300 g per kg straw 
in the diet, resulted in a 16.5 kg weight of gut contents in one calf 
(liveweight 87.2 kg) , representing 0.19 of liveweight. However, this 
does not appear to be unusual, as Stobo, Roy and Gaston (1966a) found 
that with the feeding of 0.31 hay in the diet of calves weighing 63 kg, 
gut fill represented 0.20 of liveweight.
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POST-WEANING WEIGHT GAINS (g per day)

Pelleted straw diets (Chapter 2)

Straw inclusion 0 100 200 300
SE

2 Ad j listed 583 698 594 510 119.9

Recorded 591 776 732 721 125.3

Roughage Trials (Chapter 3)

Treatment A A + CH A + L B C
SE

2 Ad justed 636 704 819 703 795 83.0

Recorded 630 671 789 690 854 73.7

Hay Trials (Chapter 5)

Treatment A A + L B C D
SE

2 Adjusted 757 811 812 848 805 61.2

Recorded 774 813 849 901 911 56.2

TABLE 7.1.: LIVEWEIGHT GAINS ADJUSTED FOR GUT FILL

2Gut contents 

g per kg LW

0.25 Fibre intake -2.11 LW +238.97

g per day kg
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The availability of empty body weight gain data from gut fill 
calculations, facilitates the derivation of values for the efficiency 
with which ingested Metabolisable Energy (ME) is used for gain (Table 
7.2.). This exercise obviates the decreased efficiency of ME utilisa
tion associated with roughage inclusion in the diet, which may to a 
great extent, be accounted for by the greater intakes of these diets. 
While direct comparisons between experiments are not warranted, the 
presence of a common basic treatment A, permits an indirect assessment 
of the respective merits of hay and straw, from vfience it would appear 
that straw inclusion magnifies the depression in efficiency to a 
greater extent than hay. This may be a function of the greater acetic 
acid production on the straw diets, and the decreased efficiency with 
which acetic acid is utilised for the purpose of growth, compared with 
propionic and butyric acids (Armstrong and Blaxter, 1957a and b).

By contrast to these observations, the metabolism studies in 
Chapter 6 have indicated that the inclusion of 0.10 chopped straw in 
the diet appeared to enhance the efficiency of feed utilisation, even 
in the presence of a significantly increased intake, and conceivably, 
faster rate of passage of the diet; moreover, this was evident for 
both protein and energy metabolism. This has been attributed to the 
presence of a more effective rumen microbial population, associated 
with a higher rumen pH status (>6.0) on this diet, and possibly the 
existence of a more efficient rumen papillary surface for absorption 
of fermentation products. It must be accepted however, that the 
permitted manifestation of high dry matter intakes for ad libitum 
feeding of the roughage diets, will normally be associated with a 
decreased efficiency of utilisation of ME for body gain.

The use of the Non-Glucogenic Ratio (0rskov, 1975) to estimate 
the efficiency of utilisation of diets according to their fermenta
tion pattern, indicated that none of the diets used were consistently 
successful in this respect. Inclusion of roughage in a concentrate 
pellet was more effective in bringing NGR values in line with the 
quoted optimum values for growth and production than the voluntary 
feeding of roughage. However, it must be remembered that the optimum 
range defined by 0rskov (1975) for adult cattle, may not be entirely 
relevant to the young calf, where rumen structural and functional 
development is a prerequisite of VFA absorption and utilisation.
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TABLE 7.2.: EFFICIENCY OF FEED UTILISATION

POST-WEANING ME INTAKE (MJ) PER KG EMPTY BODY GAIN

Pelleted straw diets (Chapter 2)

Straw inclusion 0 100 

MJ per kg 35.4 36.9

200

45.5

300

47.2
Mean 

40.7 
± 2.83

Roughage Trials (Chapter 3)

Treatment A A + CH A + L 

MJ per kg 35.4 38.8 36.4

B

37.4

C

41.3
Mean 

37.8 
± 0.96

Hay Trials (Chapter 5)

Treatment A A + L B 

MJ per kg 30.3 32.2 31.0

C

32.8

D

35.6
Mean 

32.4 
± 0.81

The control of voluntary feed intake in the early-weaned calf 
has proved to be a more canplicated mechanism than previously recog
nised. Hodgscn (1968; 1971d) emphasised the importance of oropharyn
geal factors, and the development of the mechanisms of prehension, 
mastication and deglutition. The time span requirement for their 
development has been obviated by the lower voluntary hay intake with 
the younger batch of calves in the Hay Trials, but it is doubtful 
whether the intake of solid feed after weaning is limited primarily 
by oropharyngeal factors, as maintained by Hodgson (197Id).

Kay and co-workers attempted to establish a relationship between 
voluntary feed intake in the calf and concentration of energy in the 
diet (Kay, MacLeod and McLaren, 1970). However, in their investigation,
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calves seamed to over-ccmpensate on the low energy diet, since 
consumption of this diet was significantly increased, resulting in 
a greater energy intake. This has previously been ascribed to the 
inclusion of 0.30 oat husks in the lew energy pellet diet, which 
would have increased rumen buffering capacity on this treatment.

The importance of rumen buffering capacity to the early-weaned 
calf seams to have been underestimated. In the present series of 
experiments, rumen pH status (x̂ ) explained more of the variation 
(R = 65.1) in intake (Ylf kg):

Y : = 22.66 x x -76.56 r = 0.81***
SE of b = ±3.908

than energy concentration (x2, ME in MJ per kg) of the diet (R =
61.5):

Y2 = 235.94 - 16.48 x2 r = 0.78***
SE of b = ±3.072

This greater assumption of importance of pH prcbably stems frcm 
the need to overcame the very acid conditions in the rumen in early 
life, since hyperacidity has an inhibitory effect on intake 
(Bhattacharya and Warner, 1968; Kellaway, Grant and Chudleigh, 1973b). 
Furthermore, an excessively acid rumen environment is not conducive 
to the development of an adult-type microbial population (Eadie,
Hobson and Mann, 1967) and consequently a mature fermentation systan.

Observations concerning the control of voluntary feed intake by 
buffering capacity or energy concentration of the diet, are only 
appropriate where further increases in intake are not limited by 
physical capacity of the alimentary tract, as may occur when higher 
levels of roughage are included in the diet. Canbined with the 
attendant lower energy content of such diets, energy intake and also 
protein supply may be limiting for growth. Other workers have defined 
optimum inclusion rates of roughage in the diet for maximising intake 
of calves to be 675 g per kg hay (Strozinski and Chandler, 1971) and 
220 g per kg straw (Kang and Leibholz, 1973). As a consequence of
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the great variability in the quality of roughages, these are better 
defined in a standard manner, based on the Acid Detergent Fibre 
(ADF) content of the diets. After such corrections, the value 
defined by Strozinski and Chandler (1971) is represented by 240 g 
per kg ADF, and for Kang and Leibholz (1973) by 200 g per kg ADF.
The slight discrepancy between the two values may be largely 
accounted for by differences in age of the calves on experiment.

Comparable crude fibre values in the present series of experi
ments were defined by use of the Tri-chloro Acetic Acid (TCA) method. 
The following equation (Lewis, 1981, pers comm) allows a conversion 
to Modified Acid Detergent Fibre (MADF) values, which are more appro
priate for direct comparison with ADF values:

MADF = 29.2 +1.055 TCA 
g per kg g per kg

The equation describing the relationship between post-weaning 
concentrate intake (y, kg) and TCA fibre content (x, g per kg DM) of 
the diets in the chopped straw pellet experiment (Chapter 2) is:

y = 0.426 x -0.001 x2 +10.20 r = 0.996**
±0.0593 ±0.0002 R =  99.2

This predicts maximum feed intake to occur with a diet containing 
160 g per kg TCA fibre, or 200 g per kg MADF, which is in excellent 
agreement with the value quoted by Kang and Leibholz (1973) for 5 to 
11 week old calves. In the present studies, this fibre level repre
sented an inclusion rate of 240 g per kg straw, whereas in the work 
of Kang and Leibholz (1973) , maximum feed intake was predicted to 
occur with a diet containing 220 g per kg straw. It is not possible 
frcm the current experiments to estimate a maximum inclusion rate for 
hay in the diet, since levels of inclusion were not variable enough 
to permit the prediction of a quadratic relationship; the TCA fibre 
value for the highest level of hay inclusion was only 122 g per kg, 
which is well below the optimum 160 g per kg defined frcm chopped straw 
pellet work.
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When considering liveweight gain, the optimum level of fibre 
inclusion in the diet appears to be slightly lower than the correspond
ing value defined for concentrate intake. The equation describing the 
quadratic relationship between post-weaning liveweight gain (y, g per day) 
and TCA fibre content (x, g per DM) of the diets, frcm the chopped straw 
pellet work is:

y = 6.196 x -0.021 x 2 +305.09 r = 0.968*
±2.1003 ±0.0085 R = 93.6

Thus, maximum liveweight gain would occur with a diet containing 
150 g per kg TCA fibre {= 180 g per kg 1XAD fibre). Again,—these .values are in 
close agreement with those of Kang and Leibholz (1973) who predicted 
that maximum weight gain would occur with a diet containing 180 g per 
kg ADF, or 190 g per kg straw inclusion.

Having defined the optimum level of fibre inclusion in the diet 
of calves between 5 and 12 weeks of age to be 150 to 160 g per kg 
(TCA fibre), it is then possible to formulate diets using different 
quality roughages to derive an inclusion rate corresponding to the 
optimum fibre level. It must be emphasised however, that in the 
absence of further studies, this fibre level is only appropriately 
used for chopped roughage (20 mm) inclusion in the diet. Changing 
the physical form of roughage has been shown to affect its time of 
retention in the alimentary tract (Hodgson, 1971c), and therefore 
could affect the optimum inclusion rate. Nevertheless, it is possible 
to project the optimum hay inclusion rate, of the quality used in the 
Hay Trials (90 g per kg crude protein; 329 g per kg TCA fibre), to be 
300 g per kg to maximise liveweight gain.

Both optimum inclusion rates of straw and hay give rise to crude 
protein levels in the diet in the region of 120 g per kg (air-dry 
basis) , which is the minimum recommended for calves after 8 weeks of 
age (Stobo, Roy and Gaston, 1967) and is considered too low for 
younger calves (Roy, 1980). It is feasible to suppose that there 
might be a response to the addition of a higher quality protein source 
to these diets. In the work of Kang and Leibholz (1973) an
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effort was made to keep all diets isonitrogenous (160 g per kg crude 
protein), by the addition of increasing amounts of urea as straw 
levels were increased. As the derived optimum inclusion rate of 
fibre and straw were very nearly identical for the work of Kang and 
Leibholz (1973) and the present work, it may be assumed that the 
protein level of the current diets was not a limiting factor for 
growth.

Optimum inclusion rates were hcwever derived for the post-weaning 
period, and under ad libitum feeding conditions, and it cannot be 
discounted that the lower pre-weaning intakes may not have satisfied 
the protein requirement of the calf. The objective of the current 
exercise must be to find the optimum dilution rate for the formula
tion of the basic early-weaning diet used. This has been established 
in experimental work to be 220 g per kg for straw, but in the absence 
of actual observations on a 300 g per kg hay diet, this remains unsub
stantiated. The results of the Hay Trials seemed to shew that the 
optimum rate would be nearer to 200 g per kg.

In the experimental context, it may be more appropriate to 
consider empty body weight gain rather than liveweight gain, although 
in the commercial situation, calves of three months of age are normally 
marketed on the basis of their liveweight and condition. Optimum fibre 
(TCA) inclusion for maximising empty body gain in the chopped straw 
experiment was 114 g per kg, which represents a straw level of 130 g 
per kg; this relates to a hay inclusion rate of 180 g per kg. The 
equation describing the relationship between empty body weight gain 
(y, g per day) and TCA fibre content (x, g per kg DM) of the straw 
diets is:

y = 6.446 x - 0.028 uc2 +307.41 r = 0.931
±2.9409 ±0.0119 R = 86.7

Roughage inclusion in the diet has also been seen to mediate 
significant advantageous changes in rumen characteristics, which 
may be classed as either physiological effects, or those associated 
with the physical presence of the material itself.
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The main physiological advantage refers to the increase in 
rumen buffering capacity, as reflected by a rise in rumen pH status.
This seems to be the result of a greater saliva production on eating 
the roughage, and ruminating it to reduce the unit size of the material. 
The degree of rumination required will depend on the length of the 
roughage, and the quantity included in the diet; thus it was seen 
both in the Roughage and Hay Trials that more chopped roughage was 
required in diet to effect the equivalent rise in rumen pH status seen 
with lcng roughage.

Advantages accruing from increasing rumen pH status are 
multifold. An increased concentrate intake is facilitated, as hyper
acidity is inhibitory to intake, and there is a decreased probability 
of bloat as a result of acidosis suppressing rumen contractions (Ash 
and Kay, 1959). The proven incidence of rumen parakeratosis associ
ated with the low rumen pH status, whether it be caused by the lew 
pH, increased VFA concentration, or the high propionic acid levels, 
is also alleviated by the inclusion of roughage in the diet. In 
addition, a rumen pH of over 6.0 is necessary for the development of 
a normal rumen flora and fauna in the calf (Eadie, Hobson and Mann,
1967); the benefits of satisfying this condition have been clarified 
in the present studies, in an earlier concentrate intake development 
and an accelerated rumen function evolution.

The importance of rumen, buffering capacity to the young calf 
provides a convincing argument for the inclusion of artificial 
buffers in the diet to increase rumen pH status, and 35 g per kg 
sodium bicarbonate was examined in the present work. This level was 
seen to reduce the Metabolisable Energy value of the diet more so 
than the inclusion of 53 g per kg straw, and was not as effective as 
the straw diet in increasing rumen pH status. It would seem frcm 
the literature that a level of inclusion of 75 g per kg is required 
to achieve the optimum effect, but this would decrease the energy 
concentration of the diet to an unacceptable level, and still leave 
the attendant problems (such as bloat) associated with the use of 
roughage-free diets. In addition, buffer inclusion was not success
ful in mediating the advantageous changes in the rumen fermentation 
pattern seen for roughage inclusion.
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A further physiological effect of roughage inclusion in the 
diet refers to its effect on rumen VFA production. In general, 
substitution of the concentrate fraction with roughage, increased 
the molar proportions of acetic acid and butyric acid, and decreased 
propionic acid levels, which was effective in promoting more optimum 
NGR values for growth and production (0rskov, 1975). The most inter
esting phenomenon however, was the significant increase in butyric 
acid levels noted in calves sampled in the initial stages of concen
trate intake development. This was particularly evident for the 
inclusion of 176 g per kg straw in the pellet (Chapter 3), but did 
not appear to be as pronounced for hay inclusion in a complete diet.
The molar proportion of butyric acid at this time represented a mean 
around 140 m.moles per mole, and individual calves showed levels as 
high as 200 m.moles per mole.

Although this effect has not been previously documented, 
probably largely as a result of the dearth of rumen studies at this 
early age, it does not appear to be a spurious effect. It has been 
noted in studies with fistula ted calves (Johnson, 1980, pers comm) , 

and in the work of Flatt (1955) , the most noticeable change in the 
relative proportions of VFA in the first 3 months of life was an 
increase in butyric acid levels to 250 m.moles per mole, the greatest 
increase occurring after two weeks on treatment. Moreover, this 
effect was noticed over all dietary treatments, be it milk, grain, 
grain and hay, or hay alone. Similarly, it was seen in the present 
studies that although the basic diet in the Roughage Trials was 
associated with the lowest butyric acid levels at the 2 week sampling, 
by 5 weeks it showed the highest level with a two-fold increase in 
molar proportions. This indicated that the calf sears to have an 
inherent ability to produce butyric acid at this stage, and that 
this might be related to a teleological survival characteristic.
The weight of evidence fron studies on rumen epithelium metabolism 
and development, indicates that the rumen wall has a specific require
ment for butyric acid, and it is the only VFA to be actively metabol
ised there (Penningtcn, 1952) . Furthermore, it appears to have a 
mitagenic effect (Sakata and Tamate, 1976a; 1976b, 1978), stimulating 
cell proliferation, and moreover, the capacity of the rumen epithelium 
to utilise the acid is increased by 0.80 over the adult at 4 weeks of 
age (Stangassinger, Beck and Emmanuel, 1979). The assay of a metabolic
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product of butyric acid (3-hydroxy butyrate) in current work, has 
shown an increase in its levels coincident with rumen development, 
providing evidence for its confident use as an indicator of rumen 
function development.

The method of production of butyric acid in the rumen hcwever, 
remains a matter for speculation. Rumen protozoa have been cited 
as the principal source of butyric acid production (Eadie, Hyldgard- 
Jensen, Mann, Reid and Whitelaw, 1970), but pre-weaning pH levels 
were too low for their establishment, as they cannot tolerate acidity 
(Eadie, Hobson and Mann, 1967) . Microscopic examination of rumen 
samples frcm 9 week old calves was carried out in the present studies, 
and no protozoa were evident on a diet of concentrates only; further
more , even a complete diet having a pH over 6.0 only shewed relatively 
few protozoa.

Doubts have been cast previously on the prospects for inocula
tion of calves with protozoa when they may be removed frcm their 
dams at birth, and isolated frcm contact with older animals. Even 
if inoculation did occur in the first weeks of life, establishment 
of a protozoa population is unlikely until after weaning, when pH 
levels may have risen to a more suitable level. The method of 
inoculation for the calf house situation is not easily determined, 
as protozoa are not free-living in the environment, and a fairly 
direct contact with older animals is necessary for their transmission 
(Bryant, Small, Bouma and Robinson, 1958). No ruminant animals were 
housed in the vicinity of the calf house, and neither did calf house 
attendants normally have contact with older animals. The multipli
cation and growth of a protozoa population after inoculation could 
also be hindered by the ad libitum feeding conditions, and the high 
intakes and faster rate of passage of the roughage diets (Eadie et al,
1970).

The complexity of the bacterial-protozoa relationship in the 
young calf is still incompletely understood, although it is knewn 
that bacteria may substitute for protozoa (Williams and Dinusson,
1972) . Some anaerobic bacteria have been shewn to contain the 
enzymes necessary for butyric acid production (Prins, 1977) and it
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is also reported by the same author, that pure cultures of some rumen 
bacteria produce butyric acid with an uptake of acetate frcm the 
medium. This might explain the greater butyric acid levels for 
roughage inclusion in the diet seen in the present studies. Further
more, it appears that butyric acid may be produced by the fermentation 
of glucose, fructose and sucrose, with a transient increase in lactate 
(Prins, 1977) which could account for the high molar proportions of 
butyric acid on a diet consisting only of milk in the work of Flatt 
(1955).

In the absence of more detailed studies, it is also difficult 
to speculate on the relationship between VFA production and absorp
tion rates in the young animal. It is generally assumed that VFA are 
absorbed in direct proportion to their production (0rskov, 1975), but 
it was seen in the Slaughter Trial, that the very high pre-weaning 
levels of butyric acid for butyrate inclusion in the diet, were 
dramatically halved in the week after weaning. This might reflect 
an increased absorption and turnover of the acid at this time, and 
that a four week lag period is required for the necessary structural 
maturation of the epithelium to occur. This is supported by the 
observations of other workers (Knox, 1960; Stangassinger, Beck and 
Emmanuel, 1979) that the rumen wall of a newborn animal cannot 
metabolise VFA, but at 4 to 5 weeks of age this capacity is dramati
cally increased, and for butyric acid, even surpasses adult levels.

These reflections correlate with the observations of Hodgson 
(1955), who found that weaning age assumed greater importance than 
weaning weight in relation to weight loss after weaning, thus 
indicating that the attainment of a certain chronological age was 
a prerequisite of successful weaning. In practice, this time scale 
probably equates to around 5 weeks of age, which has been proved to 
allcw successful weaning; this may reflect the attainment of an 
adequate functional maturation of the rumen epithelium by this time.

The physical presence or bulk of roughage also satisfies certain 
requirements that are not emphasised by the use of a low fibre con
centrate diet. In the main, this refers to the prevention of bloat 
by maintaining and reinforcing the tonic activity of motor neurons 
responsible for rumen motility (Colvin and Daniels, 1965) , which
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facilitates rumen cantracticns. This also has the effect of promot
ing a more thorough mixing of rumen contents encouraging a more 
uniform fermentation throughout the rumen, and thereby a more 
efficient use of the available surface area afforded by the rumen 
papillae for VFA absorption. Slaughter studies showed that an all 
concentrate diet tended to fall into the caudo-ventral sacs of the 
rumen where the enhanced paillary height indicated the main absorp
tion of VFA to occur; by contrast, the addition of roughage to the 
diet seemed to encourage more absorption from the parietal surface 
posterior to the reticulo-rumen fold.

The physical presence of roughage in the rumen, and its 
increased retention time in the alimentary tract (Castle, 1956b), 
could also have the effect of slowing dawn the rate of passage of 
the more rapidly digested concentrate fraction, thereby increasing 
its absolute digestibility value (Blaxter, McC.Graham and Wainman, 
1956). The current metabolism studies indicated that this was not 
obviated over the roughage inclusion rates examined, as a result of 
the increased intakes of the roughage diets, and it has been demon
strated that the greater the feed intake, the shorter is the reten
tion time of the diet in the alimentary tract (Castle, 1956a).

The need for definition of the particle size of the roughage 
is obviously important in determining its effect on intake, 
digestibility and performance characteristics. VJhile a specification 
is normally quoted for the material before inclusion, a further reduc
tion in size may occur in the pelleting process (Pickard, Swan and 
Lamning, 1969) before feeding to the animal. A standard method for 
comparing the physical characteristics of feed packages is offered 
by Tetlow (1974) in the concept of Modulus of Fineness (MF) and 
Uniformity measurements. The former gives an estimate of mean parti
cle size in a package on a scale frcm 0 (very fine) to 6 and the 
Modulus of Uniformity gives a measure of the distribution of coarse, 
medium and fine particles in the sample (eg 1:6:3). Estimations 
were carried out for certain diets used in the current series of 
experiments (see Appendix 29) , but results showed the method to be 
inappropriate for high concentrate diets. Diets containing no 
roughage were seen to have the same MF values as diets containing
0.18 or 0.32 chopped straw, as a result of their content of grain 
husks and larger particles of processed grain. Pre-digestion in
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rumen fluid to remove the latter, presumably readily soluble 
fraction, did little to improve the differential. The work of Tetlcw 
and colleagues had been carried out with forage diets, which showed 
a good correlation between MF measurements, intake and digestibility 
(Wilkins, Lonsdale, Tetlow and Forrest, 1972).

The above discussion has elucidated the function of roughage 
in the diet of the early-weaned calf, and has obviated the conditions 
that must be satisfied by an early-weaning diet. As concentrate 
intake must be imaximised to make maximum use of the efficiency of 
the young animal, roughage substitution must include enough to 
provide for these conditions, but not at the expense of a decrease 
in liveweight gain as a result of an over-reduction of concentrate 
intake. This is well exemplified by the work of Eadie (1962) who 
formulated a diet for early-weaned calves based singularly on main
taining a ciliate protozoa population. This required a roughage: 
concentrate ratio of 2:1 or 3:1, and calves offered these diets 
became very weak. A compromise to a 1:1 ratio was felt necessary 
to maintain calf and ciliate population.

The criteria that must be satisfied, under optimum conditions, 
by an early-weaning calf diet, are therefore, to ensure a pH over 
6.0 for normal adult microbial development, to provide bulk for 
rumen muscular development, and to promote rumen motility, and if 
possible, to provide in conjunction with the concentrate fraction 
of the diet, a rumen fermentation pattern high in butyric acid to 
encourage early rumen function development. In light of these 
specifications, recommendations for roughage inclusion in the diet 
will be detailed in terms of the quantity, quality and physical form 
of roughage required to satisfy these criteria.

A reconmendation concerning the optimum quantity of roughage 
inclusion in the diet depends to seme extent on what it is desired 
to maximise, be it concentrate intake, liveweight gain or empty body 
weight gain. However, since attention in the ccmmercial situation 
is confined principally to liveweight gain, this has been chosen as 
the most meaningful. Leibholz (1980) recommended the inclusion of 
at least 150 g per kg roughage in the diet of the early-weaned calf, 
and present studies showed the optimum level of straw inclusion was
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represented by a crude fibre level in the diet of 150 g per kg (TCA 
fibre). For the quality of roughages used in the present investiga
tion, this represented 220 g per kg straw inclusion and 300 g per kg 
hay inclusion. This level of straw inclusion has been shewn to 
provide a rumen pH over 6.0, and has the capacity for a high butyric 
acid fermentation (120 m. moles per mole). It is not possible to be 
so decisive concerning 300 g per kg hay inclusion in the diet, as 
the highest level used in the present series of experiments was only 
210 g per kg, which did not raise rumen pi! above 5.85 in the 
pre-weaning period; however it might be assumed that the inclusion 
of more hay would achieve this effect.

With regard to the quality of roughage, the convention of supply
ing good quality hay to young calves has not proved necessary. How
ever, it may still be true that for the conventional voluntary long 
roughage system of rearing, calves will find hay more palatable than 
straw, and thus consume greater quantities. Certainly the practice 
advocated by BOCM Silcock (Thickett, 1979, pers comm) of not offering 
any roughage for feeding, and allowing calves access only to their 
bedding straw, is not to be recotmended, in view of the importance 
of encouraging roughage intake in the early stages of rumen develop
ment. Although direct comparisons between trials in the current 
experiments are not warranted, the presence of a carrmon basic, no 
roughage treatment throughout all trials, provides a suitable basis 
for comparison of liveweight gain between straw and hay treatments. 
Thus the inclusion of 176 g per kg straw in a pelleted diet promoted 
a 0.51 increase in overall gain over the basic diet while the 
inclusion of 210 g per kg hay resulted in only a 0.18 increase.
These two levels of inclusion are belcw the calculated optimum rates 
for maximising liveweight gain, especially for hay, but the difference 
between thorn remains surprising. The main reason seemed to be the 
superior performance of the calves on the basic treatment in the hay 
trial (554 g per day) compared with those in the straw work (423 g 
per day).

A more valid comparison may be gleaned frcm a further experiment 
designed as a continuation to this series, where comparisons were made 
between chopped hay and chopped straw included in a concentrate pellet 
respectively, at a rate of 150 g per kg (Appendix 30). Liveweight
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gains were increased for the chopped hay treatment, by 107 g per day 
for the 9 week period, compared with straw. Rumen pH values were 
however higher for the straw treatment, although chopped hay was 
associated with the higher proportions of butyric and propionic 
acids.

Therefore, in the reduced availability of hay, straw would seam 
a perfectly adequate substitute for inclusion in a concentrate pellet. 
As the nutritional characteristics of roughages are particularly 
variable, it would be wise to make a previous analysis of the basic 
diet and the roughage, and calculate an inclusion rate corresponding 
to 150 g per kg TCA fibre.

The physical farm of roughage inclusion in the diet must there
fore accommodate the pelleting process, as the feeding of a complete 
diet ensures that every animal consumes the same pre-determined 
roughage:concentrate ratio on a regular basis, providing optimum 
conditions for rumen function development. In the current studies, 
roughage inclusion In the pellet was facilitated by chopping it into 
20 mm lengths before inclusion, and the effects of grinding the 
roughage were not investigated, on the basis that this nullified the 
beneficial rumen buffering and stabilising qualities associated with 
long roughage. A compromise was to chop the material into lengths 
that were short enough to allow pelleting, without prior processing 
through a hammer-mill. It has been subsequently demonstrated that 
roughage of this length essentially maintained the same character
istics as long roughage with respect to buffering capacity and fer
mentation pattern, provided that more was included in chopped form.

Leibholz and Russell (1978) carried out a trial comparing 
chaffed or ground roughages, and their results showed very little 
difference between the two physical forms of roughage inclusion in 
a barley pellet, both using straw and lucerne. Their results are 
presented for the post-weaning period only however, and there was 
an inclusion of 20 g per kg sodium bicarbonate in all diets, which 
would have prevented the acidosis due to ground straw inclusion in 
the diet. No rumen pH data is afforded; acetic acid was slightly 
decreased for ground straw inclusion, and butyric acid slightly
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increased. Furthermore, there was a significant interaction between 
the quality and physical form of roughage inclusion, and feed intake 
and weight gain. Calves consumed more of the chaffed lucerne than 
ground lucerne diets, but more of the ground straw than chaffed straw 
diets. This is possibly explained by an increased rumen buffering 
capacity on the chaffed diets as compared to the ground diets, but in 
the case of the chaffed straw, the slower digestion and rate of passage 
of digesta would tend to depress feed intake compared to ground straw.
It is unlikely that the higher digestible dry matter intake associated 
with lucerne inclusion in the pellet was the result of greater stimu
lation of saliva secretion than effected by wheat straw, as declared 
by Leibholz and Russell (1978).

It remains difficult to recommend a critical length below which 
the valuable rumen buffering and stabilising qualities of roughage 
are lost. Moreover, definition of roughage as being either ground or 
chopped is not sufficient, as some ground straw is passed through 8 mm 
hammer-mill screens (Pickard, Swan and Lamming, 1969) and roughage 
processed through a 38 mm screen has been defined as coarsely ground 
(Putnam, Yams and Davis, 1966). This reduces the differential between 
ground and chopped matter, and emphasises the need for definition of 
physical form, something which has been found frequently lacking in 
published papers. The critical length must refer to the point where 
rumination is made obsolete by the diminished particle size, with a 
resultant decrease in saliva production and an increase in rumen acidity.

An interesting theory in relation to roughage particle size was 
postulate dby Pickard, Swan and Lamming (1969) , albeit with cattle 
of 120 to 500 kg in weight. They concluded that the lack of effect 
of straw particle size (1.5, 5 or 8 mm screens) on digestibility and 
rate of passage of diets in their work, indicated that the particle 
size of even the coarsest straw was not large enough to restrict its 
passage through the reticulo-cmasal orifice. Although it is possible 
that this situation will be different for a younger animal, a recommend
ation that roughage for inclusion in calf diets should not be belcw 8 mm 
is justified. In meeting this specification it should be borne in mind 
that there may be a further reduction in particle size in the pelleting 
process (Pickard et al, 1969). Examination of sieved fractions after 
particle size distribution measurements for the chopped roughage diets
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used in the current studies, indicated that there had been a reduction 
in roughage particle size from 20 irm before inclusion to 8.1 (±0.61) 
irm; there were no obvious differences between hay and straw in this 
respect.

In the trial carried out subsequent to the series of experiments 
described here, a diet containing 150 g per kg ground straw (alkali 
treated) was included, and may be compared directly with the same 
inclusion rate of chopped straw (Appendix 30). Precise definition 
of the particle size of the ground straw is not possible, especially 
in view of the fact that the purchased pelleted product was repro
cessed through a 5 mm screen before mixing and pelleting with the 
concentrate fraction; however it was certainly not ground to a powder, 
as in the work of Leibholz and Russell (1978). Results bear out 
previous suppositions that ground straw inclusion in the diet results 
in more acid rumen conditions; rumen pH was significantly greater for 
chopped straw inclusion (6.50) in the post-weaning period, as compared 
to ground straw (5.90). This was reflected in a lower concentrate 
intake and gain for the ground straw treatment in the prer-weaning 
period, when increasing rumen pH status is of paramount importance.
In the post-weaning period however, the ground straw treatment was 
associated with a better gain, and a greater efficiency of feed 
utilisation. This could well be associated with the lower proportion 
of acetic acid in the rumen liquor for ground straw inclusion, but 
higher levels of propionic acid. Available evidence therefore 
indicates that this ground straw product may be an acceptable form 
of roughage for feeding to older animals, but is not to be recommended 
until rumen micrcbial and functional development has been well estab
lished. Even then it would be prudent to include a certain amount of 
chopped roughage to ensure normal rumen motility patterns.

Finally, there would seem to be considerable advantages associated 
with the feeding of a complete diet in the conmercial situation. Dilu
tion of the concentrate fraction by 0.20 roughage does not depress 
performance, and encourages earlier solid feed intake development, 
providing a cheaper rearing product. The convention of feeding good 
quality hay becomes superfluous, which has valuable connotations in 
view of its decreasing availability; a complete package also avoids
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the waste invariably associated with the feeding of loose long hay.
The more precise nutritional specification of a complete diet ensures 
that optimum conditions are provided for rumen development and growth, 
and may reduce the variation in gain in a group of calves.
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CONCLUSIONS

The importance of roughage to the early-weaned calf may be 
summarised thus:

a. It increases rumen buffering capacity which results in:

i. development of adult-type microbial population,
ii. earlier development of concentrate intake,
iii. expeditious rumen function development,
iv. prevention of rumen parakeratosis.

b. Increases total feed intake.

c. Increases liveweight and empty body weight gains.

d. Improves efficiency of utilisation of protein and energy 
metabolism of the concentrate fraction of the diet.

e. Guards against digestive disorders (bloat).

f . Produces a rumen fermentation pattern high in butyric acid
which promotes:

i. rumen papillary growth,
ii. production of optimum VFA ratios for body gain.

The optimum specifications of roughage are provided by a complete 
pellet diet containing:

Quantity - 150 g per kg TCA fibre in DM (220 g per kg straw or
300 g per kg hay)

Quality - a roughage ME value of 5.5 to 9.5 MJ per kg EM

Physical form - roughage particle size of not less than 8 mm
as fed to the calf.
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APPENDIX 2: THE ESTIMATION OF LIVEWEIGHT GAIN

INITIAL LIVEWEIGHTS

WEIGHING METHOD
TRIAL I TRIAL II

kg SD cvf kg SD CVf

Mean of three in one day 53.9 6.77 0.91 47.3 3.79 0.42
Mean of three consecutive days 53.6 6.82 1.62 47.3 3.82 2.81
Linear Regression (to weaning) 49.8 3.96 - 44.3 3.74

^The coefficients of variation are the residual standard deviation 
having removed the animal and time effects, expressed as a propor
tion of the means.

COEFFICIENTS OF VARIATION FOR LIVEWEIGHT GAIN

TRIAL I TRIAL II
DAYS: 0-64 0 3 5  :35-64 0 6 4 0 3 5  35-64

Mean of three in one day 19.5 26.0 22.9 28.3 44.0 25.0
Mean of three consecutive days 19.9 25.8 23.4 28.3 43.6 25.2
Linear Regression (to weaning) 18.7 25.0 22.0 25.4 43.9 24.8
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Liveweight gain

y = a + bx + cx2 

which on differentiation gives

= b + 2cxdx

predicting liveweight gain for a given point in time. The point in
time of weight stasis (dy = 0) is given by solving

dx
x = H d 

2c

This method has been used to calculate stationary weight points in 
terms of days after-arrival for individual calves in the calf house 
trials.

Concentrate intake

Use of the quadratic function has also been made to estimate the 
number of days (x) taken by individual calves to reach a daily con
centrate intake of 0.50 kg (y), by solving quadratic equations based 
an daily concentrate intakes.

APPENDIX 3: THE QUADRATIC FUNCTION
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APPENDIX 4 : THE ESTIM ATIO N OF FAECAL DRY MATTER CONTENT
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APPENDIX 12: COEFFICIENTS OF VARIATION FOR METABOLISM WORK COMPARING
DIFFERENT LENGTHS OF COLLECTICN PERIODS

LENGTH OF 
COLLECTION PERIOD

METABOLISM PERIOD

I II COMBINED

4 DAYS

Urine Gross Energy 32.0 21.1 27.1
Urine Nitrogen 41.2 33.1 33.3
Faeces GE 32.9 24.5 25.3
Faeces N 38.0 19.8 25.4
Faeces Ash 39.3 16.8 25.7

36.7 ± 1.81 23.1 ± 2.80 27.4 ± 1.52

3 DAYS

Urine GE 24.4 35.4 29.6
Urine N 21.2 26.8 21.3
Faeces GE 38.3 11.4 24.3
Faeces N 42.1 12.8 25.3
Faeces Ash 38.6 14.9 23.7

32. 9 ± 4.22 20.3 ± 4.66 24.8 ± 1.36

7 DAYS

Urine GE 24.0 24.5 25.1
Urine N 22.1 27.9 22.8
Faeces GE 35.2 17.6 23.0
Faeces N 39.6 16.3 25.0
Faeces Ash 36.1 15.6 22.9

31. 4 ±3.50 20.4 ± 2.45 23.8 ± 0.53
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APPENDIX 13: INTAKE, DIGESTIBILITY, DIGESTIBLE CCNTENT, NITROGEN
RETENTION AND METABOLISABLE ENERGY RESULTS FOR THREE 
DIETS COMBINING THREE 4-DAY METABOLISM PERIODS

Diet B

INTAKE SE

g . (kg IW) 71 day 1 21.4a 26.4b 23.3^ 1.32

g. (kg LW0'75).1 day 1 66.2 81.5 72.2 4.41

DIGESTIBILITY COEFFICIENTS

Dry matter (DM) 

Organic matter 

Crude protein 

Energy

0.80 0.78 0.76

0.81 0.80 0.79

0.82 0.80 0.80

0.79 0.77 0.77

0.033

0.029

0.025

0.033

DIGESTIBLE CONTENT (of DM)

Organic matter (g.kg 1) 762 726 730 27.3

Crude protein (g.kg l) 159a 137b 138b 4.4

Energy (MJ. kg“ 1 ) 14.5 13.6 13.8 0.60

Nitrogen retention (g.day-1) 29.7 33.9 30.9 6.56

Metabolisable energy (MJ.kg EM“1) 12.2 11.7 11.7 0.72

Means with different subscripts differ significantly (P<0.05).
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APPENDIX 14: INTAKE, DIGESTIBILITY, DIGESTIBLE CONTENT, NITROGEN
RETENTION AND METABOLISABLE ENERGY RESULTS FOR THREE 
DIETS COMBINING THREE 3-DAY METABOLISM PERIODS

Diet A B

INTAKE SE

g. (kg LW) "I1 day-1 24.1 28.4 26.4 1.70

g. (kg LW0-75)':1 day-1 74.6 88.1 82.2 5.30

DIGESTIBILITY COEFFICIENTS

Dry matter (EM) 0.81 0.77 0.77 0.016

Organic matter 0.82 0.79 0.80 0.020

Crude protein 0.82 0.79 0.81 0.012

Energy 0.80 0.77 0.78 0.018

DIGESTIBLE CONTENT (of DM)

Organic matter (g.kg 1) 770a 708b 740ab 14.2

Crude protein (g.kg-1) 159a 135b 141b 2.2

Energy (MJ. kg-1 ) 14.7a 13.3b 14.1a13 0.31

Nitrogen retention (g.day-1) 36.6 35.9 33.7 5.58

Metabolisable energy (MT.kg EM- 1 ) 12.5a 11.3d 12.0a13 0.33

Means with different subscripts differ significantly (P<0.05).
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APPENDIX 27: SECTIONS FROM THE VENTRAL BLIND SAC OF THE RUMEN FROM
CALVES SLAUGHTERED AT THREE DIFFERENT AGES AND FOR THREE 
CONCENTRATE PELLET TREATMENTS

4 DAYS OLD

CALF W 22

CALF W 23

Continued
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APPENDIX 27: Continued

4 DAYS OLD

CALF W 25

CALF E 25

Continued





APPENDIX 27: Continued

4 WEEKS OLD - MILK ONLY

CALF 610

CALF 613

Continued
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APPENDIX 27: Continued

4 WEEKS OED - MILK ONLY

CALF 611

CALF 612

Continued
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APPENDIX 27: Continued

4 WEEKS OLD - MILK + DIET B

CALF 681

CALF 1103

Continued
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APPENDIX 27: Continued

8 WEEKS OLD - DIET A

CALF A 182

CALF A 183

Continued
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APPENDIX 27: Continued

8 WEEKS OLD - DIET B

CALF A 180

CALF A 184

Continued





APPENDIX 27: Continued

8 WEEKS OLD - DIET C

CALF A 179

CALF A 181
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