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Abstract
Ketelaars,J.J.M.H. andB.J.Tolkamp, 1991.Toward anewtheory of feed intakeregulation in
ruminants. Doctoral thesis, Agricultural University Wageningen, Wageningen, The
Netherlands,254pp.

Part Iof this thesis contains acritical appraisal of thecommonly accepted theory with regard
tofeed intake regulation inruminants and the presentation of a new theory. This new theory
assumes that feed consumption creates both benefits to the animal (in a non-reproducing
animal the intake of net energy for maintenance and gain) and costs (the total oxygen
consumption of the animal).Itis hypothesized that, for the animal,the intake level where the
ratio between benefits and costs becomes maximal, is optimal. Predictions of this optimum
levelfor awiderangeoffeeds areshowntoagreeclosely withobserved voluntary feed intake
in non-reproducing ruminants. Physiological processes related to the concept of an optimum
feed intake are discussed. Maintenance of intracellular pH and associated energy costs may
appear to be key factors in view of increases of the metabolic acid load consequent upon
changes in intake. It is concluded that the concepts developed here may reflect a more
universal principle governing the intensity of different forms of behaviour in ruminants as
well asinmonogastricanimals.
Part II reports results of a long-term feeding experiment with small West African Dwarf
goats and alarger sheep breed given pelleted roughage.Between species,intake of digestible
organicmatterandfasting heatproduction appeared tovary asafunction of metabolic weight.
The effect of nutrient supplements on intake of low to medium quality roughages was
investigated in supplementation and infusion experiments with the same species. Nutritive
substances tested were by-pass protein, rumen microbial material, grass juice, intestinally
digestible carbohydrates, and volatile fatty acid mixtures. Nutrient supplements usually
depressed roughage intake but increased estimated intake of metabolizable energy (ME).
From the theory presented in Part I it is inferred that such changes of intake are the result of
changesoftheefficiency of MEutilization.
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1. Deintroductievanditproefschrift kandienen alsillustratie vanKuhn'sparadigmatheorie.
HermanKoningsveld,1976.Hetverschijnselwetenschap.Boom,Meppel,221pp.
2. De flexibiliteit waarmee herkauwers de vullingsgraad van het maagdarmkanaal en de
digesta-passagesnelheid aanpassen aan veranderende interne of externe omstandigheden is
nietinovereenstemming metdeideevanfysische beperkingen aanhet voederopnameproces.
3. Respiratie-onderzoek kan een grote bijdrage leveren aan verdieping van het inzicht in de
oorzaken vanvariatieinvoederopname.
4.Maximalisering vanefficiëntie speelt eenveelgrotererolin 'foraging behaviour'danveelal
(bijvoorbeeld doorStephensenKrebs, 1986)wordt aangenomen.
DavidW.StephensenJohnR.Krebs, 1986.Foragingtheory.PrincetonUniversityPress,247pp.
5.Metdethansin gebruik zijnde mathematische modellen voorde beschrijving van 'normale'
groeicurves (als besproken door Parks, 1982, p. 5-15) kan voor herkauwers slechts een zeer
onnatuurlijk gewichtsverloop beschreven worden.
JohnR.Parks, 1982.Atheory offeeding andgrowth ofanimals.Springer, Berlijn, 322pp.

6.Kanis'(1988) observatie dat selectieprogramma's waarin eenzijdig de nadruk wordt gelegd
opvoederconversie envleespercentage vanmestvarkens kunnenresulteren invarkensmeteen
verlaagd voederopnamevermogen, kan goed in verband worden gebracht met de in dit
proefschrift ontwikkeldetheorie.
Egbert Kanis, 1988.Food intakecapacity inrelation tobreeding and feeding ofgrowing pigs. Proefschrift
Landbouwuniversiteit Wageningen, 129pp.

7. In publikaties over voederopnameregulering bij landbouwhuisdieren worden 'hoe' vragen
meergestelddanbeantwoordterwijl voor'waarom'vragenhetomgekeerde geldt.
8.DedoorOldenbroek (1988)vermelde verschillen in deverhouding lichaamslengte/gewicht
en schofthoogte/gewicht tussen kleine en grote melkveerassen suggereren geen verschil maar
juist een grotematevanovereenkomstin lichaamsbouw.
J.K.Oldenbroek,1988.Feedintakeandenergyutilizationindairycowsofdifferent breeds.Proefschrift
LandbouwuniversiteitWageningen, 155pp.
9. Het valt te betreuren dat veeteeltwetenschappelijke literatuur zo zelden literaire waarde
heeft.
IlseN.Bulhof,1988. DarwinsOriginofSpecies: betoverendewetenschap. Eenonderzoeknaarderelatie
tussenliteratuurenwetenschap.Ambo,Baam, 166pp.
10.Overderolvan smaakvaltuitstekendtetwisten.

Stellingen van Bert Tolkamp behorende bij het proefschrift: 'Toward a new theory of feed
intakeregulation inruminants'.
Wageningen, 8februari 1991.

1.Kenmerkend voor de aanpassing van herkauwers aan natuurlijke voedingsomstandigheden
zijn een bescheiden consumptie van slecht verteerbare voeders en een hoge consumptie van
goedverteerbarevoeders.
2. De samenstelling van de extracellulaire vloeistof is van grote invloed op de efficiëntie
waarmeecellen energiebenutten.
3. Gezien de rol van vluchtige vetzuren in de regulering van de voederopname van
herkauwers verdienen deze stoffen meer aandacht bijpogingen deeffecten van voedingsvezel
opdevoedselopname vaneenmagigen teverklaren.
4. De techniek van intragaslrische voeding van herkauwers is onvoldoende getest om de
ermeeverkregen resultaten toetekunnen passen opde stofwisseling vanhet zelfstandig etend
dier.
0rskov,E.R.,D.A. Grubb,G.WenhamenW. Corrigall,1979.The sustenanceofgrowingandfattening
ruminantsbyintragastricinfusion ofvolatilefattyacidandprotein. BritishJournalofNutrition41: 553558.
5. De benutting van stikstof in de melkveehouderij in ons land is nog gunstig vergeleken bij
debenuttingvankoolstof.
6. Voor het bepalen van de optimale stikstofgift op grasland dienen toenemende marginale
kosteneneen afnemende marginaleopbrengst uitgangspuntte zijn.
7. Het verdient aanbeveling in onderzoek naar landbouwsystemen het begrip 'duurzaamheid'
tevervangen doorbegrippen als'levensduur' of 'gebruiksduur'.
8.Voordeoverleving als soort iseen efficiënte exploitatie van deomgeving metals resultaat
een talrijk, vruchtbaar nakomelingschap zoweleen voorwaarde alseen bedreiging.
9.De verwachting dat voortgezet veevoedkundig onderzoek voorde veehouderij steeds meer
toepasbarekennisopzalleveren staatopgespannen voetmeteen streven naarbehoudvanhet
zelf-regulerend vermogen van landbouwhuisdieren.
10.De plaats en afleesbaarheid van meters voor het huishoudelijk verbruik van elektriciteit,
gas en water, alsmedede gangbare betalingswijze voordeze goederen dragen niet bij aaneen
doelmatige terugkoppeling gerichtopeen beheerstgebruik van schaarse grondstoffen.

Stellingen van Jan Ketelaars behorende bij het proefschrift 'Toward a new theory of feed
intakeregulation inruminants'.
Wageningen, 8februari 1991.

Voorwoord
De start vanonsonderzoek wasmogelijk dankzij hetinonsgestelde vertrouwen vanprof.dr.
P.W.M, vanAdrichem, emeritus hoogleraar indealgemene fysiologie vanmens en dier,dr.
ir. H. Bakker, voormalig hoogleraar in de tropische veehouderij, en dr. ir. P. Gaastra,
voormalig directeur vanhetCentrum voor Agrobiologisch Onderzoek (CABO). Naast dezen
hebben ookdr.ir.G.Zemmelink,prof.dr.ir.M.W.A. Verstegen,prof.dr.D.Zwartendr. ir.
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positief effect heeft gehadophetuiteindelijke resultaat.Daarvooronzehartelijke dank.
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van Zodiac die geholpen hebben bij de respiratiemetingen. Dr. Th. Wensing willen we
bedanken voordeanalysesvanbloedmonsters.
Ir. C.A.J.vanVught,directeur van hetslachthuis Nijmegen, enzijn personeel steldenons in
staatmateriaalteverzamelen vooréénvandeinfuusproeven, waarvoor hartelijk dank.
Verder waren bijdeuitvoering enuitwerking vanverschillende proeven studenten vanLUW
enHASbetrokken.Wijdanken henvoordeinzetenstimulerendediscussies.
Een aantal mensen die geholpen hebben bij de uitvoering en interpretatie van het
experimentele werk willen we met name noemen: ing. P. Hofs, G.A. Bangma, ing.B.O.
Brouwer,ing.W.vanderHel,ing.A.Waanders,J.H.Geurink,G.J.Smeitink,enG.Mekking.
Hun praktische ervaring gecombineerd metinzicht indeexperimentele vraagstelling is voor
ons onderzoek van groot nut geweest. Ing. P.W.J. Uithol en M. Smits-Ketelaars waren
behulpzaam bijdeafronding vanons proefschrift. Wij dankenjullie allen hartelijk.
Vele anderen hebben voorafgaand aan en gedurende ons onderzoek door middel van
discussieseen bijdrage geleverd aandevorming vanonzeideeën.Wedenkendanaandr.ir. J.
van Bruchem,dr.ir.G.Hof,prof.dr.ir.S.Tamminga,ir.H.G.vanderMeer,dr.H.Breman,
prof. dr.ir.H.vanKeulen,drs.N.Vertregt,dr.S.C.vandeGeijn enalle anderen metwie we
de voortgang vanonsonderzoek bespraken. Dereacties vanprof. dr.R.A.Prins enprof.dr.
W.A.deVoogdvanderStraatenopeeneerdereversievanonzetheoriewaren stimulerend.
Tenslotte willen weWillie, Jos,Timen Mieke bedanken voor hunbetrokkenheid bij hettot
standkomenvandit proefschrift.
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General introduction

Questions
Thecauses of variation involuntary feed intakeinruminants havebeen afascinating research
topic for many ruminant nutritionists during the last decades. Why does, for instance, a
mature ewe when offered straw, consume less than 1 kg dry matter per day, an amount
insufficient tomaintain body weight,while the same animal given access toyounggrass will
consume more than 2kgof dry matter and will deposit a substantial amount of body energy?
What causes the intake of both feeds to increase when days lengthen and to decrease again
when days shorten? Why does the same animal consume substantially more, from straw as
well as from grass, when she is lactating instead of dry? Finally, why do sheep, when
lactating, consume dry matter equivalent to up to 4% of body weight, smaller-sized dwarf
goatsupto6%,butmuchlargercattleusually notmorethan 3.5%?

Acommon answer
In an attempt to explain the differences in voluntary intake between feeds a strong emphasis
has been laid on the negative effects of gut fill on intake (Van Soest, 1982; Forbes, 1986;
NRC, 1987). Likewise, differences in voluntary feed intake between animals are generally
thought to represent different equilibria between nutrient requirements on the one hand and
the tolerance for acertain gutfill on theother (Weston, 1982;Weston andPoppi, 1987).This
important role attributed to gut fill as a cause of variable feed intake has led to the
development of a particular field of digestive physiology dealing in an increasingly detailed
way with feed degradation and digesta transactions in various parts of the gastrointestinal
tract. A gradual segregation between feed intake research in ruminants and feed intake
research in monogastric animals has taken place as a result of the more important role
attributed togutfill intheregulation ofintakeinruminants ascompared tomonogastrics.

Acrucial assumption
The explanations mentioned above are firmly rooted in the general belief that, in essence, it
would be beneficial to the animal to consume more of a given feed as long as a genetically
determined maximum nutrient intake level has not been reached. This belief and the
observation that ruminants consume less nutrients than the maximum level from all but the
bestquality feeds, hasledtotheobvious conclusion that,apparently,ruminants arephysically
unable toconsume, from manyfeeds,theamountof nutrients thatwouldbemost beneficial to
them.

Doubts
We started our research by questioning the strong emphasis on physical limits to feed
consumption. Many observations on feed intake and feeding behaviour do not justify this
emphasis and we have summarized our criticism in Chapters 1and 2of this thesis.Wewere,
however, no exception with regard to the general belief noted above: we also supposed that
the animal would benefit from consuming more nutrients from mediumorpoor quality feeds.
Initially, we did not even recognize this idea as axiomatic, let alone that we questioned the
validity of it. In fact, in most publications on ruminant feed intake regulation this belief
remains an implicit assumption. Probably, the agricultural setting of most research on
ruminant feed intake regulation has contributed to this state of affairs, because such research
has often been preoccupied with identifying and removing constraints limiting short-term
productivity. During our research, we have gradually come to realize that this axiom with
regard to feeding behaviour prevents a better understanding of the causes of differences in
voluntary feed intake. Contrary to this axiom, it may not be beneficial to the animal to
consume more energy from a medium or poor quality feed even if the animal is loosing
weight.
Tracing back what caused us to change our mind appears to be difficult now: several
factors seem to have contributed. Our dissatisfaction with the lack of predictive power of
currently available models of intake regulation, in combination with a certain belief that it
should be possible to develop alternative concepts, was one of them. The outcome of own
experiments which did not seem to agree with the concept of a constrained intake, was
certainly another. Alsoour fascination for evolutionary processes and theidea that ruminants
must bewelladapted totherangeof feed qualitiescharacteristicoftheirnaturalhabitats,must
have played a role. Ultimately, it was the relationship between the intake of metabolizable
energy and net energy that helped us to formulate a new theory of feed intake regulation in
ruminants.

Anewconcept
Intake of metabolizable energy is a measure of the energy absorbed from feed, whereas the
intakeof netenergyisthatpartof metabolizable energy intakethat isnotreleased inthe form
of increased heat production astheresult of feed consumption. Bothparameters arerelatedto
each other according to the law of diminishing returns: each additional increase in
metabolizable energy intakeresults in aprogressively smallerextra gain in netenergy intake.
This law is well known in agriculture as it applies to many input-output relationships, for
instancetotheresponseof grassgrowth tofertilizer application.Incombination with theprice
tags attached to in- and outputs, the relationship is used to determine the optimum level of
fertilizer input, i.e. the optimum combination of costs and benefits. In a similar way we have
usedtherelationshipbetween intakeof netandmetabolizableenergytoestimatetheoptimum
energy intake level, i.e. the most favourable combination of costs and benefits of feed
consumption for theanimal. Benefits for theanimal asaresultof feed consumption aremore
or less self-evident, but it is quite unusual, at least in ruminant nutrition, to ascribe to feed
consumption costs for the animal. However, it has been known since the beginning of this
century that under laboratory conditions with high quality diets, life span in rodents can be

substantially increased by a restriction of feed consumption (Masoro, 1988). A decrease in
wear and tear of tissues as a result of a limited energy intake is generally considered
responsiblefor this phenomenon. Theoxygen free radical theory of ageing appears tooffer a
physiological explanation for thisprocess of wearandtear (Harman, 1986).According tothis
theory, it is the oxidation of substrate that causes damage to cell structures, loss of vitality,
ageing and a limited life span. This means that any activity which increases oxygen
consumption, including feed intake, though useful and necessary, has also negative aspects
for the organism. We therefore consider metabolic activity, quantitatively measured by
oxygen consumption, as inevitable physiological costs which increase upon feed
consumption. A reinterpretation of data available in the literature shows that for widely
different feeds,voluntary feed consumption corresponds with theintakelevel atwhich thenet
energy intake per litre oxygen consumed isexpected tobemaximal.For thisreason, wehave
concluded that voluntary feed intake is theoptimum intake from thepointof view of oxygen
utilization.With a seasonally fluctuating feed quality,characteristic of the natural habitats of
ruminants, the optimum intake will be periodically below and above the maintenance
requirements of the animal. Chapter 3 constitutes a discussion of this new theory of feed
intakeregulation.

Aphysiological background
The fact that efficiency of oxygen utilization for net energy intakereachesamaximum value
with increasing intake of any feed has two causes: the existence of a basal oxygen
consumption, and a decreasing partial efficiency of metabolizable energy utilization. For a
physiological interpretation of the concept of optimum feed intake it is important to know
why this partial efficiency decreases at higher intake levels. Why is a progressively greater
part of each increment in metabolizable energy intake respired in the body so as to leave a
smallerpart asgain in netenergy?Nodefinite answers tothatquestion have beengiven in the
literature (Blaxter, 1989).Atfirst,we thought that perhaps higher absorption costs inorder to
obtain more energy from a feed might be responsible. Measurements of oxygen use in
different organs have shown that oxygen consumption bythe gut is aconsiderable fraction of
total consumption and increases exponentially with intake (Webster et al., 1975). After
studying effects of volatile fatty acids - the main substrate in ruminant metabolism - on
cellular metabolism, we have concluded that increased costs to maintain cellular
homoeostasis, inparticular intracellular pH,are amorelikely cause.Such increased costs are
due to the fact that the metabolic acid load upon cells increases as a function of feed intake
and metabolic activity. These increased costs tomaintain cellular homoeostasis are therefore
shared by the cells of all body tissues, which would mean that all organs probably function
less efficiently whenever feed intake is raised. Chapter 4 contains our reasoning in this
respect.

Perspectives
Weconsider thetheory offeed intakeregulation developedinPart Iof thisthesis (Chapters 14) interesting for anumber of reasons.First of all,it shows how well ruminants have become

adapted to thefluctuatingnutritional conditions of the habitats they evolved in. This sharply
contrasts withthemorecommonviewthatthelownutrientintakefrom lowquality roughages
is the result of physical limitations to roughage intake, implying a lack of anatomical
adaptation. Secondly, it suggests that the sameprinciple maycontrol feed intake in ruminants
and monogastric animals. Finally, it suggests that the principle controlling the intensity of
feeding behaviourmay beamore universal one governing alsotheintensity of other forms of
behaviour,inruminants aswell asinmonogastric animals.

Experiments
Part II of this thesis (Chapters 5-7) describes results from experiments carried out within the
framework of this thesis. These experiments included a long-term feeding trial and several
short-term supplementation and infusion trials with two different ruminant species: West
African Dwarf goats and sheep of mixed breeds (Swifter and Flevolander). West African
Dwarf goats were studied because of the special interest of the Department of Tropical
Animal Production of the Agricultural University, Wageningen, in the nutrition of this
species.Sheepwerechosen asexperimental animals becauseof thelargebodyof datarelating
tofeed intake,already availableand-alsoforpracticalreasons.
Dwarf goats areaninterestingruminant speciesbecauseoftheirsmall size (adultdoesize
about 30kg) which mightposeproblems indealing with low quality feeds if intake is indeed
physically constrained. So it was decided to study the effects of age and live weight on
voluntary feed intake of diets of different quality and compare the intake levels measured
with dwarf goats with the intake of a much larger sheep breed (Swifter). To allow a
meaningful comparison offeed intakelevels,regularmeasurements offasting heatproduction
were included in this long-term experiment. Results are described in Chapter 5. They show
that on thediets of pelleted roughage tested,dwarf goats,despite their small body size,attain
a similarlevel ofenergyintakerelativetofasting heatproduction compared tosheep.
Results of supplementation and infusion trials arereported in Chapter 6 and 7.The trials
weredesigned totest anumberof ideaswithregard totherole of nutrients and nutrient ratios
in explaining differences in intake between feeds. Results helped to formulate the theory
discussedinChapters 3and4.Part IIof thisthesis,therefore,reflects subsequent stagesinour
thinkingaboutfeed intakeregulation inruminants.
Before planning our experimental work we hadconcluded, independently (even unaware
of each others activities), that the concept of physical limits to roughage intake was
inadequate to explain the observed variation in intake, between feeds as well as between
animals.Apublication of one of us (Ketelaars, 1984) brought us together and wefound that,
although part of our reasoning coincided, each of us had his specific arguments for rejecting
theideaofphysical limitations.
In our search for an alternative concept wewere first attracted by theconcept of nutrient
imbalances as a possible cause of low energy intake from roughages. According to some
researchers, intake and productivity of ruminants on roughage diets is mainly determined by
nutrient ratios, especially the protein/energy ratio (e.g. Preston and Leng, 1987). Hence we
thought it worthwhile to test whether roughage intake could be improved by increasing
intestinal protein supply of the animal. This led to a series of supplementation and infusion
trials with dwarf goats reported in Chapter 6. Initial results indicated positive effects of by-

pass protein but these could not be confirmed in more extensive experiments. Reasons for
these negative results are discussed. We concluded that the protein/energy ratio may
positively affect theintakeof some,butcertainly notallroughages.
In an attempt to reconcile the failure to increase roughage intake by a more ample
intestinal protein supply, with thepositive correlation between nitrogen content of roughages
and intake,wethought thatperhaps nutrients associated withprotein might beresponsible for
this correlation. Since duodenal protein in ruminants mainly consists of microbial protein
originating from feed degradation in the forestomachs, protein supply is closely correlated
with the availability of other compounds (carbohydrates, lipids, nucleic acids) present in
microbial cells. To test whether effects of microbial material differ from an equivalent
amount of protein alone, microbial material was harvested from ruminai contents of
slaughterhouse cows and infused in the abomasum of lambs. However, neither microbial
materialnorcaseinateaffected roughageintake.
Protein in plant material (vegetative parts as well as seeds) is also correlated with
potassium. Hence, this element could also be implicated in the positive effects of increased
feed protein contents onroughage intake.Anotherreason toassumeaneffect of potassiumon
intake was evidence that the absorption rate of volatile fatty acids from the forestomachs
mightbe animportant limit toroughage intake andthat thisratemight beaffected byruminai
potassium concentrations. This evidence is discussed in Chapter 6 and 7. It led to similar
experiments in dwarf goats and sheep in which we looked at specific effects of an increased
potassium supply withorwithoutextraprotein onintake.Nospecific effects were found.
Allexperiments up to this stage were essentially aimed at identification of the factor that
was limiting the intake of roughage in the animals in our experiments. None of the
experiments, however, suggested the existence of any such limiting factor. At the same time
we had realized that, one way or another, feed intake was linked to the efficiency of energy
utilization. As explained above, this relationship became the basis for the concept of an
optimumfeed intake.
Crucial for aphysiological interpretation of thisconcept is anunderstanding of thecauses
of variation in efficiency of energy utilization. From available literature we derived that
energy costs for the resorption of nutrients may significantly contribute to differences in
energy utilization between feeds. This hypothesis could not be tested in one study. We,
therefore, investigated to what extent differences in absorption costs between nutrients of
similar nutritive value may induce different intake responses. For this purpose we chose
intestinally digestible carbohydrates as a model system. Subsequent infusion trials showed
differential intake responses depending on type and amount of carbohydrate infused.
Interpretation was, however, complicated by the occurrence of diarrhoea and we concluded
that abomasal infusion of these substances is not a suitable method to study effects of
differences inabsorption costs.
Finally, Chapter 7contains theresults of an experiment which was set up toexamine the
contribution of rumen degradable and by-pass protein to the favourable intake response to
increasedprotein contents of roughages.Resultsof thisexperiment suggest that both fractions
of plantprotein maycontribute toanincreased energyintake from protein-rich roughages.As
both protein fractions provide the animal with nutrients of completely different nature
-volatile fatty acids versusintestinally digestible protein - the experiment also demonstrated
that to obtain an increase in energy intake the type of nutrients can be of secondary
importance.

Synthesis
When we started our experimental work we assumed that the role of nutrients in roughage
intake regulation may be described in terms of a hierarchical system, each nutrient limiting
intake at a particular level of energy intake. Although the literature provides examples
supporting the idea of limiting nutrients, this concept is clearly inadequate to explain the
responsesobservedinmanyothertrials,including ourownexperiments.Thetheory discussed
in Chapters 3and 4offers a satisfactory -though still crude -explanation of these seemingly
conflicting results.Generalizing, thistheory states thattheeffect of specific nutrients (protein,
carbohydrate, lipids, vitamins, minerals) on feed intake will depend on their effect on
efficiency of energy utilization. Such effects may vary from highly positive to extremely
negative, depending among others on the type of basal diet, the type of nutrient and the way
and site of administration. Consequently, responses of roughage intake following
administration of specific nutrientswill alsorangefrompositive tonilor negative.Tobeable
topredict which response can beexpected with aparticular combination of feed and nutrient
supplementfurther research isrequired.
The theory of intake regulation discussed in this thesis has been developed in close
cooperation and the origin of most ideas cannot be traced back toeither one of us. They are
therefore presented as a joint thesis. Jan Ketelaars is, however, first responsible for the
contentsof Chapters 1,4and7andBertTolkampfor thecontentsof Chapters 2,3,5and6.
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Parti
Towardanewtheoryof
feed intake regulation
inruminants

1

Causesofdifferences inintake between
feeds:critiqueofcurrentviews

Abstract
This first chapter critically examines current ideas about the nature of differences in intake between feeds.
Explanations for such differences have usually been based upon the explicit or implicit assumption that an
animal seeks to obtain a genetically determined maximum growth and production rate and a therefore required
maximum nutrient intake,but thata submaximum nutrient intakeoften occurs as theconsequence of restrictions
tothe intakeprocess. Aphysical restriction, i.e.rumen fill, isprimarily held responsible for the large differences
inroughage intake.
Experimental data that ought to support this conceptual framework are evaluated. It is concluded that the
framework offers an incomplete and unsatisfactory explanation for theobserved variation in intake.For instance,
correlations between feed characteristics and intakedonotpointexclusively toarelationship between rumen fill
and intake; they also suggest a relationship between the efficiency of utilization of metabolizable energy and
intake. In addition, relations between intake, rumen fill and digesta passage rates as such do not prove the
existence of a physical restriction of intake. Furthermore, intake responses to ruminai infusion of the normal
endproducts of digestion, i.e. volatile fatty acids, also do not support a prime role of rumen fill in intake
regulation. Detailed studies of feed degradation in therumen show that ruminants can greatly increase roughage
intakeby speeding uppassage of digesta. It isnot known why theanimal uses thisextra capacity for intake only
incertain situations and toa certain extent. Finally,doubt exists with regard tothebasic assumption that feeding
behaviour aims atachieving amaximum nutrient intake.

1.1 Introduction
The consumption of feed is the first step in the process which converts feed into valuable
products like milk and meat for human consumption. The amount of feed ruminants
voluntarily consume profoundly influences the efficiency of this conversion process.
Voluntary feed intake of ruminants varies as a function of characteristics of the feed, the
animal andits environment.
Inthe scientific literatureof thepastdecades,generalagreementhasgrown abouttheway
differences in feed intake can be understood. However, this consensus amongst researchers
has led neither to basically new ways of improving feed intake, nor to the successful
construction ofexplanatory models topredictfeedintake.
The causes of this lack of progress are notobvious.Isit due tothecomplicated natureof
feed intake behaviour and insufficient knowledge of the many interactions between the
animal, the feed and the environment, or to inappropriate assumptions in the study of feed
intakeregulation?
In an analysis of these questions, this first chapter takes current ideas about thecausesof
differences inintakebetween feeds asastartingpointfor discussion.
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1.2 Causesofdifferences in intake between feeds
Ideas about the causes of differences in intake between feeds had already been formulated
some fifty years ago. Since then, they have not changed in essence. This is particularly true
for the way differences in intake between roughages are viewed, i.e. differences between
feeds that constitute the natural diet of ruminants. For instance, Lehmann (1941) stated his
theory of ballast: from the results of his experiments he concluded that ruminants were
capable of consuming only alimited amount of indigestible matter. Hence,dry matter intake
of.poorly digestible feeds must be necessarily less than the intake of highly digestible feeds.
How little the ideas Lehmann (1941) already presented havechanged, is shown by arecently
published feed intake model (Mertens, 1987).Whereas Lehmann (1941) assumed aconstant
intakeofindigestiblematter,Mertens (1987)postulates aconstant intakeofcellwall material.
Both authors agree that differences in the filling effect of feeds induce differences in
roughage intake; in other words,the consumption of roughages would be constrained by the
physical processes of filling and emptying the gastrointestinal canal or, more likely, its first
compartment:thereticulo-rumen(hereafter abbreviatedtorumen).
Between 1941 and 1987 many researchers have elaborated the idea of a physical
restriction ofroughageintake.Thishasresulted inremarkably similarstatementsinalonglist
of publications (seefor instance:Fissmer, 1941;vonKrüger and Müller, 1955;Blaxter etal.,
1961; Balch and Campling, 1962; Conrad, 1966; Campling, 1970; Baumgardt, 1970;Jones,
1972;Jarrige etal., 1973;Mertens, 1973;Weston and Hogan, 1973;Baile and Forbes, 1974;
Journet and Rémond, 1976;Egan, 1980).From these publications it is also apparent that the
intake of highly digestible feeds is generally not considered physically limited. Theintakeof
rations rich in concentrates and possibly also the intake of lush material of grasses and
legumes would be primarily dependent on the nutrient requirements of the animal, i.e.
physiologically determined.
The distinction between a physiologically determined intake and a physically restricted
intake has contributed to the formulation of a comprehensive framework to explain
differences in intake. As witnessed by recent publications of various research groups, the
consensus about this framework is sowide that wemay speak of an accepted theory (see for
instance: Demarquilly et al. 1981; Minson, 1982; Van Soest, 1982; Waldo, 1986; Forbes,
1986;Weston andPoppi, 1987;Grovum, 1987;NRC, 1987;Baile andDella-Fera, 1988;Gill
etal, 1988).Theessenceof thistheorymaybesummarized as follows.
- The basic urge to consume feed is the tendency of the animal to realize a genetically
determined maximum capacity for growth and milk production. This genetic capacity
corresponds tothemaximumrateatwhichtissuescanutilizenutrients.
- Thenutrient intakeananimalrequires toexpress this genetic capacity isonly attained if the
nature of the feed, environmental conditions and health status are all conducive to it.This
requires thepresence of feed with a high nutritive value,i.e. of high digestibility and with
adequatecontentsofprotein,minerals andvitamins.
- A low nutritive value restricts the intake of dry matter and hence the intake of nutrients.
The main restriction to intake is a slow and only partial degradation of feed in the rumen,
whichinturn slowsdowntherateatwhich theanimalcan ingest new feed.
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- Actual feed intake does not depend only on the filling effect of a feed but also on the
tolerance of the animal for a certain rumen fill. This tolerance generally increases with an
increase innutrientrequirements of theanimal.
- Notwithstanding the dominant role of rumen fill, many other factors may increase or
decrease feed intake: this is true for feed characteristics (differences in palatability,
differences in fermentation products), environmental conditions (temperature, daylength),
and for animal factors (health status, presence of members of the same species). All
positive and negative factors are integrated by the animal into a final 'decision' about the
actuallevelofintake.
For ease of discussion theabove points will becalled the accepted framework of feed intake
regulation. The distinction between a physical and physiological type of regulation is here
denoted as the two-component model. A graphical representation of it as found in many
publications isshowninFig.1.1.

Intake

OMD (%)

Fig. 1.1. Graphical representation of a two-component model of intake regulation with organic matter intake
(OMI) and digestible organic matter intake (DOMI) as a function of organic matter digestibility (OMD) of the
feed. Thebreaking point isusually assumed tooccurbetween 65and 70%OMD.

As thisFigure illustrates, organic matter intake is considered toincrease with digestibility as
longasintake isphysically limited andtodecreasewith digestibility when intakeisnolonger
restricted by rumen fill. Digestible organic matter intake is considered to increase with
digestibility up to a satiation level corresponding to the maximum nutrient intake. In the
following analysis we will examine to what extent the evidence available supports the
accepted framework. For this purpose we will consider: 1. relationships between feed
characteristics and intake,2.effects of feed consumption onthe animal, 3.simulation models
of feed intake in ruminants, and 4. a crucial assumption with regard to the aim of feeding
behaviour.
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1.3 Relationships between feed characteristics and feed
intake
Thesystematic analysisofrelationships betweenfeed characteristics andintake stillremainsa
major source of ideas about thecauses of differences in intake.Here some examples of such
relationships for twodifferent typesof rations,roughages androughage-concentrate mixtures
willbediscussed. Thedatamainly comefrom experiments with sheep,probably theruminant
speciesbeststudiedforintake,butarecompletedwithdatafrom otherspecies.

Roughages
From 831types of roughage information wascollected on composition and intake by mature
male castrated sheep. These data were published by Milford (1960), Heaney et al. (1963),
Minson et al. (1964), Demarquilly and Journet (1967), Milford (1967), Minson (1967),
Minson and Milford (1967), Milford and Minson (1968a,b), Minson and Milford (1968),
Demarquilly and Weiss (1970), Mertens (1973), Minson (1973), INRA (1978), Vona et al.
(1984) and Armstrong et al. (1986). The feeds tested by these researchers cover the whole
range of roughage quality, with organic matter digestibility (OMD) varying from 30 to84%
andwithcontent of nitrogen intheorganic matter (N)from 0.3 to5.6%.Grasses andlegumes
from temperate and tropical regions areincluded. Feeds were fed either fresh or dried, in the
longform orcoarselychopped.Onlythosetrials wereconsidered inwhich,apart from intake,
at least N and invivo digestibility were measured. If dry matter digestibility (DMD, %)was
reported instead of OMD the latter was estimated with the help of a regression function
derived from 166data pairs:OMD = 1.01 * DMD + 1.69 (r2 =0.98,rsd = 1.06).Allfigures
relatingtointakeof organicmatter (OMI),digestibleorganic matter (DOMI),andindigestible
organic matter (IOMI)havebeen expressed in gramsperkgmetabolic weight (MW =W0-75)
perday.
The data obtained from this collection of intake trials have been analysed in different
ways.
- First, agraphical presentation has been made of therelationships between OMDandOMI,
DOMIandIOMI.Resultsfor theentiredatasetareshown inFig.1.2a-c.
- Secondly, the relationship between feed characteristics (OMD, N) and OMI has been
analysed in more detail using linear regression. As systematic differences in intake level
between locations were present, probably as a result of differences in the type of animals
used,external conditions orexperimental design, andthedistribution ofdata from different
locations was not homogeneous over feed quality classes, location has been included asan
additional explanatory factor in all the analyses.Effects of OMD and N were investigated
by stepwise regression, including linear effects, interactions and quadratic effects. The
results of five different statistical models arepresented inTable 1.1.In addition,Figure 1.3
shows the average relationship between OMI and N at a OMD of respectively 55,60,65,
70,75 and80%accordingtothemodelwhichgavethebestfit(model5,Table 1.1).
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Fig. 1.2. Intake of organic matter (OMI) (a), digestible organic matter (DOMI) (b), and indigestible organic
matter (IOMI) (c), expressed in g per kg metabolic weight (MW) per day, as a function of organic matter
digestibility (OMD, %): published data of 831 roughages fed ad libitum to mature wether sheep. See text for
literature sources.
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Table 1.1. Regression analyses of theresults of feeding trials with831
different roughages with organic matter intake (OMI, g.kg W""-75.d~l)as
dependentvariable andnitrogen contentof organic matter (N, % ) , organic
matterdigestibility (OMD,X)andmetabolizability (q,metabolizableenergy
as fraction of gross energy)as the independent variables. In allmodels
thelocationoftheexperimentshasbeenincludedasexplanatoryfactor.
Model

1.OMI2.0MI=
3.OMI4.0MI=
5.0MI=

6.OMI=

a + b.OMD
a + b.N
a + bi-OMD
+ b2.N
a + bL.OMD
+ b2.N
+ b3.OMD.N
a + bi.OMD
+ b2.OMD.OMD
+ b3.N.N
+ b4.N.0MD
a + bl-l/q
+ b2.N/q

Parameter
a

values
b

r2

-5.6
33.6
2.8

0.9349
8.1959
0.6157
5.0158
0.8504
13.9636
-0.1285
2.3039
-0.0175
-1.8872
0.2242

0.59
0.58

9.6
9.8

0.64

9.1

0.64

9.0

0.65

8.9

0.63

9.1

-13.2
-42.8

73.5

-16.2550
2.9829

*residualstandarddeviation

- Thirdly, the outcome of this statistical analysis has been compared with information on
differences between feeds in the efficiency of utilization of metabolizable energy (ME).
This latter parameter together with voluntary intake level and feed digestibility are main
determinants of the nutritive value of any feed. Between feeds especially the efficiency of
ME utilization for gain (kg) shows a wide variation that has been linked to differences in
feed metabolizability (q, metabolizable energy as a fraction of gross energy) and N
(Blaxter, 1989). As q is almost proportional to digestibility these are the same feed
parameters which have been used to predict voluntary intake. The relationship between q
andNandkg hasbeendrawn inFig. 1.4 usinginformation from Blaxter (1989).According
to this author kg can be estimated from q and N as k g = 0.951 + 0.023 * (N/q) - 0.336 *
(1/q). To see how well the same statistical model would explain the observed variation in
intake between roughages in our sample, Table 1.1 also includes the results of a linear
regression with the variables 1/q and N/q (model 6).For thispurpose q has been estimated
from OMD usingdata from INRA (1978) asq =0.0091 * OMD -0.086 (r2 =0.995,rsd=
0.004).
Resultsof thedifferent elementsof thisanalysis arenow discussed.
As Figures 1.2a and b illustrate, differences in OMI and DOMI between feeds of different
digestibility are very large: DOMI ranges from less than 0.5 to 3 times maintenance
requirements.Fig. 1.2b also shows thatDOMIdoes notreach asatiation level with increasing
digestibility. Hence, the two-component model shown in Fig. 1.1 does not apply to this
16
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compilation of intake data despite the fact that many feeds had an OMD well over the value
of65-70%atwhichDOMIisusually considered tolevel off.
Thelargevariation inintakeapparent from Fig. 1.2 hasprompted studies of theprocesses
underlying such differences in intake. Attention has mostly been focused on the magnitude
and behaviour of the less digestible and indigestible fractions of the feed. The presence of
these fractions causes a variable degree of filling of the gastrointestinal canal and this effect
has been supposed to explain the variation in intake. However, the intake of indigestible
matter is not constant but relatively low at both low and high digestibility of the feed (Fig.
1.2c).If cell wall content is used as a measure of the filling properties of roughage the same
phenomenon is seen: the intake of cell wall material appears low at both low and high cell
wall contents (Mertens, 1973). Especially remarkable is the low intake of filling material
whenfeed quality (digestibility) isrelativelyhigh,i.e.over70%.Infact,rumen fill with these
feeds also appears toberelatively low (Weston, 1985).Apparently, rumen fill does not limit
intake of highly digestible roughages, whereas within this group of feeds an increase of
digestibility still positively affects OMI and DOMI. From these observations one may doubt
whether the true advantage of a higherfeed digestibility must be attributed to alower degree
ofrumen fill ortoother factors.
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Fig. 1.3.The statistical relation between thenitrogen content (N)of feed organic matterand theintakeof organic
matter (OMI,g per kg metabolic weight (MW) per day) at an organic matter digestibility (OMD) of 55, 60,65,
70, 75,and 80%,corresponding to a metabolizability (q, metabolizable energy as fraction of gross energy) of
0.42,0.46,0.51,0.55,0.60, and 0.64,respectively. This Figure shows intake as predicted by regression model 5
from Table 1.1.
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Fig.1.4.Therelationbetweenthenitrogencontentoffeedorganicmatter(N)andtheefficiency ofutilizationof
metabolizableenergyforgain(kg)atametabolizability(q,metabolizableenergyasfraction ofgrossenergy)of
0.40,0.45,0.50,0.55,0.60and0.65,accordingtodatafromBlaxter(1989).

Uncertain is also the correct interpretation of the effect of nitrogen on intake. As shown
by the results in Table 1.1 (model 1 and 2) both OMD and N appear to be positively
correlated withOMI.Effects of OMDandNarepartly independent: within each digestibility
class higher nitrogen contents stimulate intake over awiderange of nitrogen contents (model
3, 4 and 5, Fig. 1.3). With location, OMD and N 64% of the variation in OMI could be
explained.Figure 1.3 shows thattherangeof nitrogen contents overwhich apositive effect is
seen far exceeds values that might limit microbial fermentation in therumen. So,an indirect
effect of nitrogen on the rate of rumen emptying through an increased rate of fermentation
doesnotappear sufficient toexplain itsfavourable effect onintake.There arethreereasons to
think of an effect of nitrogen - or more appropriately protein - on intake not related to any
change in rumen fill: 1.the positive effect occurs not only when grasses are compared with
legumes, which usually have higher crude protein contents, but also in a comparison of
grasseswithdifferent crudeproteincontents (results notshown),2.thesamepositiveeffect of
protein isfound in trials with syntheticdiets inwhich thedigestible and indigestible fractions
have beenvaried independently (Dinius andBaumgardt, 1970,seebelow),and 3.protein-rich
supplements generally have alower substitution value thanprotein-poor supplements, bothin
sheep (Crabtree andWilliams, 1971a,b)andincows (Oldham, 1984;Thomasand Rae,1988).
Thisdoesnotyetexplain theeffect of nitrogen.Effects ofdietaryprotein inruminants maybe
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due either to changes in fermentation products in the rumen or to a more liberal supply of
undegradedproteininthesmallintestine.
A further suggestion that a correct interpretation of the role of feed digestibility and
nitrogen content in intake regulation may involve entirely different factors than rumen fill
comes from thethirdelementof ouranalysis.Looking atthevariation involuntary intakeand
inefficiency ofenergy utilization for gain (k„)between feeds itwasfound that the same feed
characteristics (digestibility or metabolizability and N) are positively correlated with intake
and kg. This parallel follows from a comparison of Fig. 1.3 and 1.4. Furthermore, the
statistical model used by Blaxter (1989) for his analysis of differences in k g appeared to
explain almost asmuch of theobserved variation involuntary intake asthemodeldepictedin
Fig. 1.3: 63% as compared to 65% (see model 6 and 5 in Table 1.1). Apparently, feed
characteristics commonly associated with the filling effect of a feed, also profoundly affect
the metabolism of the host animal.The possible significance of this latter association hasnot
received sufficient attention infeed intakestudies andwillbeconsideredinChapter3.

Roughage-concentrate mixtures
The analysis of feeding trials with roughages is inconclusive for the existence of a
physiologically determined upper limit tointake:DOMIdoes not attain a satiation level with
increasing OMD as the two-component model presupposes (Fig. 1.1). The absenceof such a
level, of course, explains the continuous search for still more digestible roughages. That an
upper limit toDOMI exists has tobeproved by trials withrations higher indigestible energy
content or intake, i.e. those composed of roughage and concentrates often fed as pelleted
diets. The experiments of Dinius and Baumgardt (1970) and Conrad et al. (1964) deserve
special attention inthisrespect astheseexperiments havecontributed greatlytothebelief ina
two-component model of intake regulation. Re-appraisal of their publications causes us to
doubtthevalidity of theinterpretation andconclusions andwewanttosummarize briefly our
comments.
The experiments of Dinius and Baumgardt (1970), partly also presented by Baumgardt
(1970), were carried out with pelleted rations composed of mixtures of concentrates and
different diluents: sawdust, sawdust with 3% kaolin clay, or verxite. Maize and soya were
usedasconcentrate ingredients.Therations with sawdustwere tested attwodifferent protein
contents: a constant content and a variable content depending on the degree of dilution with
sawdust. The constant protein content was achieved by varying theproportions of maize and
soyaintheconcentratepart.Allrationswerefed towethersheep.
Thedataon intake of both sawdust series show a similarrelation withDMD and seemto
obey the two-component model of Fig. 1.1.The data of the verxite series deviate from this
model and were discarded by the authors arguing that apparently 'the feed containing verxite
was unpalatable' or 'the chelating nature of the verxite interfered with normal metabolism'.
Theoriginal datadonotjustify suchamanipulation.Toshowthis,theoriginaldatahavebeen
plotted in Fig. 1.5a and b together with a set of intakedata of pelleted feeds as published by
Heaney et al. (1963), Demarquilly and Journet (1967), Minson (1967), Minson and Milford
(1968), Tetlow and Wilkins (1974) and Clancy et al. (1976). This set of data shows similar
variationtothecompilation ofdataofpelleted feeds byARC(1980).
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Fig. 1.5. Dry matter intake (DM) (a) and digestible dry matter intake (DDMI) (b),both in g per kg metabolic
weight (MW)per day, as a function of dry matter digestibility (DMD, %): a comparison of data on intake from
thesawdust and verxiterations in thedilution experiments of Diniusand Baumgardt(1970) with otherdata from
pelleted feeds. Seetextfor literaturesources.

Figures 1.5a andbleadtothefollowing comments.
- At high digestibility values the data of both series from Dinius and Baumgardt's (1970)
trials deviate from the normal pattern of intake for pelleted feeds, the verxite data being
certainly notmoreanomalousthan thesawdustdata.
- The maximum intake of digestible matter measured by Dinius and Baumgardt (1970) is
considerably lowerthan thelevelusuallyattained with sheepof similarbody weight (37kg
atthestartand 50kgattheendofthetrials).
- If the sheep for whatever reason had disliked the verxite rations one would have expected
the largest discrepancies in intake between thetwo series atthe highest degree of dilution;
quite contrary to this, the sheep consumed on average more dry matter of the rations with
40-50%verxitethanoftherationswith similaramountsof sawdust.
Comparison of the sawdust series atdifferent protein content leadsto anotherremarkable
conclusion. As Figure 1.6 shows, intake of the low protein ration was lower than of the high
protein ration at all but thelowest twolevels of sawdust where differences in protein content
were small or absent. Despite these positive effects of protein, the authors concluded that
protein had no effect on intake. They did so because they could not show a statistically
significant difference inintakeatthehighestdegreeofdilution wherethelargestdifference in
protein content occurred.Theyprobably would havefound such asignificant difference ifthe
proteineffect hadbeenanalysed atalllevels.
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Fig.1.6.Theeffect offeed nitrogencontent(N,% ofdrymatter)onintakeofdrymatter(DMI)ingperkg
metabolicweight(MW)perdayatapercentagesawdustvaryingfrom 5 to50% offeeddrymatter.Resultsof
the dilution experiments of Dinius and Baumgardt (1970).To facilitate comparison, data pairs withequal
percentagesawdustinthefeedhavebeeninterconnected.

Direction and magnitude of the effect of protein on intake in the dilution experiments are
similar to those found with roughages. Clearly different is the fact that in the dilution
experiments the composition of digestible and indigestible fractions has been varied
independently whereas with roughages changes of both will be confounded. Therefore, the
resultsofDinius andBaumgardt (1970) suggest thatthepresenceofproteinper seprovokesa
higher feed intake. Summarizing, we conclude that the results of Dinius and Baumgardt
(1970) are not convincing evidence for the existence of a two-component model of intake
regulation.
Infact, the sameconclusion applies tothefrequently quoted experiments of Conradetal.
(1964). The choice of an inappropriate statistical model by these authors has already been
criticized by others (Mertens, 1973; Grovum, 1987). As important perhaps is the bias of
experimental data thatdoesnotpermit athorough analysis of theeffect of feed characteristics
onintake asexplained hereafter.
The data used by Conrad et al.(1964) came from 134feeding trials with lactating dairy
cows of the Holstein and Jersey breed. Rations were roughages and roughage-concentrate
mixtures varying in DMD from 52 to 80%.The basic data of DMI showed a positive linear
relationship withDMD,though withmuch scatter. After statistical analysis with correctionof
intakefor differences between animals inbody weight, faecal dry matter output andoutputof
productive energy in milk and body protein gain, the corrected DMI was found to increase
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withDMDbetween 52and 66%DMDand todecrease for DMDvalues over 66%.However,
itisdoubtful whether thisisatrueeffect of digestibility.
- From theoriginal data (given by the authors as average valuesper type of ration) it can be
inferred that thedistribution of experimental animals overrations with varying DMD must
have been severely biased. As Figure 1.7 shows, mean body weights for the rations with
lowest and highest average DMD were 332 and 521 kg, respectively. This difference of
nearly 200kg suggests thatonaverage theJerseycowswerefed theleastdigestiblerations,
theHolstein cowsthebestdigestiblerations.
- IfDMIpertypeof ration isexpressed as afunction of mean metabolic weight of thecows,
DMI increases between 55 and 70% DMD (Fig. 1.7). This range includes 122 out of the
total of 134 trials. The remaining 12 with an average ration DMD of 76% show a lower
DMI per kg MW than expected from the trend between 55 and 70% DMD. These 12
experiments were carried out with cows which on average weighed 119 kg more and
which, moreover, received a different type of ration. Furthermore, Figure 1.7 shows
average intake of digestible dry matter (DDMI) per kg MW to increase over the whole
rangeofDMDvaluescontrarytotheprediction of thetwo-component model.
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Fig.1.7.Meanintakeofdrymatter(DMI)anddigestibledrymatter(DDMI)(a),bothingperkg metabolic
weight(MW)perday,andmeanliveweightsofcowsinkg(b)for sevengroupsofexperimentsdiffering in
averagerationdrymatterdigestibility(DMD, %):resultsoftheexperimentsanalysedbyConradetal. (1964).
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Neither the trials of Dinius and Baumgardt (1970) nor of Conrad et al. (1964) can thus be
considered unequivocal illustrations of thetwo-component model of intakeregulation. When
mixtures of roughage and concentrates are fed, deviations from this model are frequently
found. A compilation of feeding trials with sheep and cattle by Grovum (1987) shows that
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often DDMI is lower when almost pure concentrates are fed than at less extreme levels of
concentrate feeding. This suggests aquadratic type of relationship between DDMIorDOMI
and feed digestibility. Whatever the exact relation may be, correlations between intake and
feed characteristics donotimply anyparticularcausalrelationship.

1.4 Effects offeed consumption ontheanimal
Theidea thatrumenfillisanimportantcauseof lowfeed intakemustbeanhypothesis which
should be tested in more detailed studies of effects of feed consumption on the animal. Such
an hypothesis shouldalsobeconfronted with others.Alternative hypotheses which have been
tested in order to explain feed differences in intake concern the role of taste and the role of
variable ratios of absorbed nutrients. Although some weight is given to both, most authors
agree that none of these can fully explain the huge differences in intake between lowly and
highly digestible feeds. How detailed knowledge of effects of feed consumption has
contributed totheacceptance of aphysicalmodelofintakeregulation isnowdiscussed.

Oral effects
The first sensations an animal obtains from a feed is by the senses of sight, smell,touch and
taste.Their importance in therecognition and selection of feeds has been shown in the work
of Arnold (1981).Opinionsdiffer on theirrelevance for thedecision of theanimal howmuch
toeatfrom agivenfeed. Thishasmuch todowithimprecise useofterminology.Palatabilitythe hedonic response to differences in taste - is often mentioned as acause of differences in
intake.Onreflection, this means nothing morethan that feeds havebeenobserved todiffer in
theamount animalsvoluntarily consume,aswecannottruly measurewhether ananimalfinds
one feed more palatable than another. The question we can try to answer is whether
differences in taste contribute significantly tothe variation in intake seen in Fig. 1.2a. In our
opiniontheanswerisnegative.Experimentsinwhich theeffects oftastehavebeen eliminated
by introducing feed directly into therumen do not show abnormal intake responses (Weston,
1966;Egan, 1972),unless access tofeed isrestricted toonlyafew hoursperday (Greenhalgh
and Reid, 1967).Another, more practical, argument is the fact that up to now it hasnot been
possible to remove the large differences in intake by adding certain flavours to poorly
digestible feeds. Even if it is found that taste affects intake under certain circumstances, an
important question from an evolutionary point of view remains what selective advantage
animals may have gained by the ability tovary feed consumption according todifferences in
taste.

Gastrointestinal effects
The inflow of feed into the gastrointestinal canal has many different but confounded effects.
Feed and digesta occupy space, induce secretory activity resulting in a drain of substances
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from the internal environment into the gut, provoke motorial activity tocomminute, mix and
propel digesta, induce the release of useful and harmful products of digestion and stimulate
their absorption, utilization and excretion. To disentangle the feedback of all these processes
isdifficult ifnotimpossible.Attempts havefocused onthefirst andlastmentioned aspects.
The feedback of rumen fill to the feed consumption process has been investigated in
various ways andwith variable success.Anapproach usedrepeatedly is acorrelative analysis
of measurements of rumen fill and digesta flow and measurements of feeding intensity.
Examples are studies ofrumen fill inrelation totheinitiation andcessation of mealsortothe
magnitude ofdailyintake (Camplingetai, 1961;Ulyattetal.,1967;Egan, 1970),and studies
of digesta retention time in relation to feed intake (Thornton and Minson, 1973). Such
correlative studiesdonotallow anyconclusion astocause andeffect: isahigherintakecause
of a shorter retention time or the consequence of it? Even in situations where at the same
intakeleveldifferences inretention timehavebeenfound (for instance between leaf andstem
fractions), it is difficult to prove that such differences per se are the cause of a variation in
intake. Recent studies show retention time of solid and fluid phases not to be constant for a
given feed but highly variable depending on the physiological state of the experimental
animal (Weston, 1988).
The weaknesses of a correlative approach called for a more independent way to
manipulate rumen fill. This has been found in artificial changes of rumen contents itself or
rumen space. Part of the results has already been mentioned: addition of feed to the rumen
throughafistula isusuallyfollowed byoralcompensation of intake.Thiswas notfound when
a relatively inert material like polyvinyl chloride powder was introduced into the rumen:
intake remained almost unaffected despite a large increase in consumption of indigestible
matter (Weston, 1966).Asimilarphenomenon seemed tooccur withremoval of digesta from
the rumen: when digesta were removed soon after a meal compensation of intake was more
complete than somehours laterwhen,in fact, digesta must have consisted for alarger partof
truly indigestible matter (Campling and Balch, 1961). Both observations do not support the
idea that rumenfillper se determines intake. They seem to indicate that methods to change
rumenfillaffect simultaneously otherprocessesintheanimal.
A logical but extreme conclusion of the latter is to manipulate rumen volume itself in
ordertobeable tostudy theroleof fill. Then itappearsthat for instance byintroducing water
filled bladders in the rumen the intake of roughage can be reduced (Egan, 1972). Yet, the
artificial nature of such a procedure creates some doubts as to the relevance of theresults to
normal feeding conditions. Reduction of stomach volume alsoreduces intake of monogastric
animals (Geliebter et al., 1987), although feed intake of monogastrics is generally not
consideredphysically restricted.
In ruminants, changes in digestibility and nitrogen content of the feed are paralleled by
changes in the ratio of absorbed nutrients, higher ratios of protein to volatile fatty acids
(VFA) being characteristic for better quality feeds (Weston and Hogan, 1973).The effect of
changes in nutrient ratiosper se has been studied with the help of infusion experiments. The
results of extensive experiments with different kinds of roughage have shown that extra
protein may enhance the intake of lowquality roughages (Egan, 1965, 1977;Egan and Moir,
1965).Withbetterqualityroughagesextraprotein hasnoorsometimesanegativeeffect. This
means that the intake of digestible matter is not merely a function of the ratio of digestible
protein andenergy.
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However, results of experiments with VFA infusions suggest an important role for
fermentation products in the regulation of intake. In many experiments animals have
responded with a decrease in roughage intake even to small additions of VFA (Egan, 1966;
Weston, 1966). With mature sheep such negative intake effects were found at infusions of
less than 0.5 Mole VFA whereas these animals absorb from 3-4 Moles VFA at maintenance
level and up to 10 Moles with ad libitumfeeding of high quality roughages. These effects
occurregardless thewayof administration (asVFA- saltsor acids)and theprotein contentof
the feed. Infusion of acetic acid usually appears more harmful than a mixture of acetic,
propionic andbutyric acids.Thenegativeeffects of acetatecouldbepartially compensated by
highdosesofproteininfused intotheduodenum(Egan, 1977).
Infusion experiments with the normal products of digestion thus demonstrate effects of
nutrients on intake but not in a form corresponding to a simple model of one or a few
nutrients (like protein or glucogenic precursors) limiting roughage intake. They also seem to
disprove theideaof apurelyphysically constrainedroughageintake.

1.5 Simulation models offeed intake
Simulation models have been used to integrate knowledge of processes of ruminai
degradation, digestion and passage of feed to enable prediction of digesta flow from the
rumen and thus feed intake (Mertens, 1973;Mertens and Ely, 1979;Forbes, 1980; Black et
al.,1982;Bywater, 1984;Fisher etal.,1987).Actually, attempts todevelop truly explanatory
models have failed. Causes are not a lack of quantitative data as argued by some researchers
(Black etal., 1982),but apoor understanding of theflexibility of feed intake behaviour. We
willillustrate thisstatement usingafeed intakemodelpresentedbyMertens (1973).
Mertens (1973) compared feed intake with thefilling of avessel (therumen) from which
material flows continuously in two different ways.One flow represents the disappearance of
digesta as a consequence of passage to the abomasum and small intestine, the other the
disappearance of feed duetoabsorption of fermentation products.Obviously, inthelongterm
therate of filling (orrateof feed intake) should bebalanced with therateofemptying (orrate
of disappearance of digesta). So if we can calculate the rate of disappearance of digesta, we
arealsoabletopredict thepossiblerateoffeed intake.Thisreasoningseemsattractive.Butas
soon as werealize that digesta do not disappear passively but are actively removed from the
rumen, the idea loses much of its attractiveness. For if we introduce in the analogy of the
vessel apump which pumps material through it, it isclear that the capacity of thispump will
determine themagnitudeof throughput; inotherwords,itdependsontheefforts of theanimal
how much feed can beprocessed at a given rumen size.In fact, theinfluence an animal may
exert on thedisappearance of digesta is large.This is because much of thedigesta present at
any moment is in small particle form which can be passed easily. What is required is a
sufficiently large flow of electrolyte fluid (saliva) towash out these small particles from the
rumen. Why the animal exploits this opportunity only to a limited extent is not clear. Up to
now, rates of passage of solid and fluid phases cannot be predicted from feed or animal
characteristics without prior knowledge of intake itself. This means that with currendy
available simulation models fractional passage rates and rumen volumes must be known
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before intakecan beestimated.Inthatcasewecannolongerspeakof atrueintake prediction;
what is left is a verification whether measurements or estimates of the rate of processing of
feed fit theobservedrateofintake.
This does not mean that the construction of simulation models has been a useless
exercise. Models are helpful in testing the validity of hypotheses, for instance with regard to
the important role often attributed to particle breakdown. Several simulation studies have
shown that variations in the rate of particle comminution has little effect on the rate of
disappearance of digesta (see for an elegant example the study of Poppi et al., 1981).
Unfortunately, considerable efforts are still devoted to studies of the physical breakdown of
feeds. Admittedly, grinding and pelleting often enhances intake.But simulation models show
thatfor anexplanation we shouldnotconsider somuchthecomminutiveeffect itself butmore
likely side-effects of suchatreatment.

1.6 Acrucial assumption on feed intake behaviour
In theforegoing sections anumber of critical comments havebeen made as tothe conceptual
framework of feed intakeregulation.Theseespecially apply tothedominantrolerumen fill is
thought to play. Furthermore, we had to conclude that the literature does not provide a true
alternative framework. Current acceptance of a physical type of intake regulation must
certainlybeattributed inparttotheabsenceof such analternative.
The common answer to the question what causes differences in intake between feeds is
essentially dual. First theexistence of constraints tofeed consumption is stated and secondly
the nature of these constraints in any particular situation is indicated. Adiscussion about the
validity of this answer should deal with both parts. In fact, intake research has concentrated
completely on the second part, trying to identify the nature of the constraints to the intake
process.Inperforming even moredetailed analyses of feed degradation one hopes tofind the
basicfactors limitingroughageintake.
This state of affairs has much to do with a common view on the aim of feed intake
behaviour: feed intake is considered part of a system which tries tomaximize nutrient intake
andhencegrowth andproductionrates.Aslongasthis assumption isnotfalsified, itislogical
tothink in terms of constraints. Besides,efforts to identify and remove constraints on intake
are reinforced by the agricultural interest in means or methods to improve intake. If the
assumption proves to be incorrect, however, the concept of a constrained intake may well
appear inappropriate. Unfortunately, the hypothesis that animals always try to obtain a
maximumnutrient intakehasmostly beentaken for grantedinsteadofrigidlytested.
Yet there are good reasons to search for new explanations with regard to the causes of
differences in intake.Theidea itself of a limited orconstrained intake isdifficult toreconcile
with the flexibility animals show when they change intake of the same feed in response to
changing nutrient needs, for instance during cold stress or lactation. This flexibility is often
explained with reference to the idea of a balance between nutrient requirements on the one
hand and the discomfort intake of bulky feeds, like roughages, may cause on the other hand.
How attractive such an idea intuitively might appear, itiscompletely obscure how an animal
should weigh the benefits of feed consumption against the discomfort caused by feed
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consumption. The question also arises why ruminants do not always use an apparent extra
capacity for feed consumption. If feed intake behaviour isindeed aimed atrealizing agenetic
capacity for growth, why then do animals often accept a slower growth rate than to which
they arephysically capable?
Doubtexists if animals evertry togrowasfast astheycan (SiblyandCalow, 1986).First
of all,doubt arises from the observation of compensatory growth: thephenomenon that after
periods of growth inhibition or retardation the growth rate exceeds the 'normal' rate for the
age/weight class. This suggests that the 'normal' growth rate is not truly maximal. A second
reason for doubt is the fact that forced feeding or hormonal treatments can increase normal
growth and production rates. Especially the effects of hormone administration suggest that
undernormalconditions theendocrine system controls growth andproduction rates belowthe
physiological capacityof theanimal.
We may wonder why animals apparently accept a submaximum growth rate.
Evolutionary biologists have suggested thatfor the animal anincreased growth ratemay have
both advantages, for instance earlier sexual maturity and breeding, and disadvantages, for
instance a higher risk of mortality (Sibly and Calow, 1986). For herbivores in a natural
environment, higher mortality risks can be imagined toresult from longer grazing times with
greater risks of prédation. However, physiological processes may also contribute to higher
mortality if, for instance, higher growth rates are linked tolower investments in maintenance
and repair processes. A higher growth rate, i.e. a higher energy intake, may also contribute
moredirectly toadecrease in vitality and lifespan. Evidence for such arelationship has been
found andwillbediscussed inChapter3.
If we abandon theidea that feed intake behaviour is aimed atmaximizing nutrient intake,
newquestions for research willcome up.This can beillustrated withthe helpof information
developed from Fig. 1.2.Herewebroughttogetherdataabouttheintakeofroughages varying
widely in nutritive value as measured by differences in organic matter digestibility. In a
natural environment, this variation in digestibility reflects the seasonal fluctuation in feed
quality characteristic for the ecosystems where ruminants have evolved: seasons with young
and highly digestible plant material alternate with seasons when drought or cold stop plant
growth and the feed on offer consists of old and poorly digestible material. Ruminants
respond tothiswith ahigh intake inperiods with highquality feed andalowintakeinperiods
with low quality feed. This pattern of intake isoften accentuated once more by theimpactof
daylength on intake (see Chapter2).Thefluctuation inintakereflects itself in adultanimalsas mostly used in comparative feeding trials like those of Fig. 1.2 -in alternating periods of
weight gain (mainly fat) andweightloss.Averaged from yeartoyear,bodyweight ismoreor
less constant. This is an important finding: it shows that animals are able to maintain
themselves in anenvironment which seems torestrict feed consumption periodically. Atleast
for adult animals, maintenance of weight will be the aim of feeding behaviour rather thanan
unlimited deposition of body fat. The latter happens if the normal seasonal fluctuation is
removed and high quality feed is continuously available. Then body weight and body
composition of sheep attain abnormal valueswithclearly harmful effects on health:longterm
feeding experiments showfat percentages of 50%of empty body weight (Searle etal.,1972;
Doizeetal, 1979;Blaxter etal.,1982).Under natural conditions, highquality feeds areonly
available seasonally. The variation in intake between feeds may thus be considered the
expression of a kind of storage economy in which periodically excess feed is stored as body
energy tobeused intimeswhen feed quality makesitunattractive toconsumemuchofit.
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This type of feed intake behaviour appears relatively successful given the long term
survival of ruminant species in periodically harsh environments. The question is why
ruminants have developed this particular strategy and no other. The usual answer of feed
intake research is that ruminants are not physically able to increase the intake of poorly
digestibleroughages uptoamaintenancelevel.Thatadifferent answerispossiblewill appear
assoonasthephysiological costsandbenefits ofdifferent strategies areconsidered.

1.7 Conclusions
1. The accepted model of feed intake regulation assumes that an animal seeks to obtain a
maximum growth and production rate and a therefore required maximum nutrient intake,
butthat asubmaximum nutrient intakeoften occurs asaconsequence ofrestrictions tothe
intake process. Physical restrictions, i.e.rumen fill, are primarily held responsible for the
largedifferences inroughageintake.
2. This conceptual framework provides an incomplete and unsatisfactory explanation for
differences inintakebetween feeds for severalreasons.
a.Differences between feeds which suggest a relationship between the filling effect of a
feed andintake alsopointtoarelationship between theefficiency of MEutilization and
intake. Research has almost exclusively focused on the possibly causal nature of the
relation betweenrumen fill andintake.
b.Relations between intake,rumen fill anddigesta passage rates as such do notprove the
existenceof aphysicalrestriction ofintake.
c.Attempts to isolate the role of fill from confounding factors have been only partly
successful.
d.Intakeresponses toruminai infusion of thenormal end products of fermentation (VFA,
i.e. the main substrate in ruminant metabolism) do not support a prime role for rumen
fillinintakeregulation.
e.Detailed studies of ruminaidegradation,digestion and passageof feed demonstrate that
in principle ruminants can greatly increase roughage intake by speeding up passage of
digesta.Itisnotknown why theanimal usesthisapparent extracapacity for intakeonly
incertain situationsandtoacertain extent.
f. The basic assumption that animals try toobtain amaximum growth andproduction rate
conflicts withactualobservations ontheregulation of growth and production.
3. To find new answers tothe question whatcauses differences inintake we need torethink
the aims of feed intake behaviour and pay more attention to possible physiological costs
andbenefits associated withchangesinintake.
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2 Feedintakecapacityofruminants:
flexible orconstrained?
Abstract
Using published data about feed intake,basal metabolism and gut fill of domestic ruminants, different opinions
are tested with regard to animal differences in intake capacity. Special attention is given to the idea that
constraints imposed by gut sizeanddigestaretention timecausefeed intaketovarybetween animals.
Between genotypes (species, breeds or individuals) intake is generally proportional to basal metabolism. Per
kilogram liveweight, small genotypes have a considerably higher intake capacity than large genotypes, and
corresponding larger gutcontents and/or a shorter digestaretention time.Differences of the latterparameters are
morelikely theconsequence of adifference in intake than itscause.
Within genotypes, parallel changes in intake, gut contents and digesta retention time following changes in
weightorphysiological state (pregnancy or lactation),do not necessarily imply acausalrelationship between gut
fill and intake. Simultaneously, drastic changes in animal metabolism occur as reflected, for instance, in
differences in theefficiency of metabolizable energy utilization for production.
Effects of temperature and daylength demonstrate that the same animal can modify its intake of both high and
low quality feeds to a considerable extent. Why ruminants use this capacity to raise energy intake only under
certain conditions, may be related to necessary changes in metabolic activity which are not beneficial in all
situations.

2.1 Introduction
The level of voluntary feed intake relative to maintenance requirements greatly influences
productivity of ruminants. Depending on the quality of roughages, ad libitum intake of
digestible organic matter by mature sheep appears to vary from less than 0.5 to 3 times
maintenance requirements as shown in Chapter 1. Apart from differences in feed
composition, differences in animal genotype, physiological state and environmental
conditions influence the level of voluntary feed consumption. A greater understanding of the
latter variation in intake is not only of scientific interest, but may also serve practical purposes
as for example in the development of breeding strategies, the choice of genotypes for
particular nutritional environments and the choice of optimum growth trajectories.
In Chapter 1, concepts currently used to explain differences in voluntary intake between
feeds were discussed. The essence of these concepts can be summarized as follows.
- Animals seek to obtain a genetically determined maximum growth and milk production rate
and a therefore required maximum nutrient intake.
- This inborn tendency can be inhibited by both endogenous and exogenous factors like a
limited physical capacity to ingest feed (a too small rumen size in conjunction with a high
fibre content of feeds), low palatability of feeds, unfavourable climatic conditions and
disease.
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- Actualintakedependsuponthebalancebetweenintake stimulatingeffects, inparticularthe
demand for nutrients, and intake limiting effects. In case of roughage consumption, the
rumenfilling effect offeed isconsideredthemainconstraintonintake.
From an analysis of relevant literature we concluded in Chapter 1that these ideas are
inadequate to explain the variation in voluntary intake caused by differences in feed
composition.The sameconceptsarealsofound in studies andreviewsof theeffects of animal
differences on intake. However, also essentially different opinions have been expressed.
Therefore, this second paper starts with a brief outline of opinions on differences in intake
capacity between herbivores. Their applicability to domestic ruminant species will be
subsequently tested with the help of published data on the variation in intake due to
differences in genotype, physiological state and environmental conditions. Finally, we will
discuss which aspects of feed intake behaviour need tobe studied in greater detail in orderto
improveourunderstandingofthecausesof animalvariation inintake.

2.2 Opposing opinions
From comparative studiesof herbivorous species,quitedifferent opinions emerge withregard
to the capacity of herbivores to consume roughages, i.e. feeds which constitute their natural
diet. These differences become especially apparent when considering the putative effects of
energy requirements for maintenance and production, and gut size on feed intake capacity.
This can be illustrated best with a comparison of large and small-sized species. It is well
known thatenergyrequirements of speciesroughly increase asafunction ofmetabolic weight
(MW=W0-75).This means that small species have higherrequirements relative totheir body
weight than large species. Comparing a small species with a large one on the same diet, we
mayexpecttofind oneofthreepossiblerelationships.
1. Feed intake capacity of different species is proportional to their maintenance energy
requirements. As a consequence, the small species will consume more feed relative toits
body weight. This requires a larger gut size, a shorter digesta retention time or a
combination ofthetwo.
2. Feed intake capacity of different species isproportional totheir body weight. In that case
the small species will consume less feed relative to its energy requirements. In a natural
environmentitwillprobably selectbetterquality feeds.
3. An intermediate relationship: the feed intake capacity of the small species is somewhat
larger relative to its body weight but not enough to compensate for the higher energy
requirements.
The first relationship reflects the opinion of for instance Kleiber (1961). Illustrating the
statement that feed conversion is not affected by the size of the species, Kleiber (1961)
claimed that a 2000 lbs batch of hay will give the same weight gain (some 240 lbs),
irrespective whether we feed it to 300 rabbits of 4V3lbs each or to a steer of 1300 lbs.The
rabbits will have finished thehay in 30days, the steer only in 120days.This is because the
maintenance energy requirement per kg weight of the rabbits is four times that of the steer,
andbecausefeed intakeissupposedtodiffer accordingly.
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Aradically different opinion was expressed by Van Soest (1982). To illustrate the effect of
feed digestibility onroughageintakeofdifferent-sized ruminant species,thisauthorpresented
a model calculation for a feed of 70% digestibility. According to this calculation, ruminants
with a body weight of less than 105 kg and a dry matter retention time in the rumen of 36
hours areunabletoconsumeasufficient amountof thisfeed toattainmaintenance level;quite
contrary to this, larger species would be able to gain considerable weight on the same feed.
These results follow from the assumption that gut size isproportional to body weight; if this
is true and digesta retention time is independent of species size then intake would also be
proportional tobody weight.
Apparently, Kleiber (1961) in his analysis of species differences considered energy
requirements to determine intake and assumed that gut size and digesta retention time are
flexibly adjusted. On thecontrary, Van Soest (1982)considered gut sizeand digestaretention
times toactasconstraints toroughageintake.
The samedifferences in viewdominate discussions ontheeffect ofphysiological stateor
external conditions on voluntary feed consumption. For instance, some authors attribute the
low feed intake by fat mature animals or animals in late pregnancy to a lack of space in the
abdominal cavity due to the presence of fat or a gravid uterus, while others point tochanges
in animal metabolic state. Similarly, the positive effect of cold stress on intake is linked by
sometoahigherrumen motility, byothers tochanges inenergy requirements (Weston, 1982;
Forbes, 1986a; Kennedy etal, 1986;Young,1987).
Most researchers in ruminant nutrition do not seem to adhere to either one of the two
extreme views as presented by Kleiber (1961) and Van Soest (1982).More often they accept
effects of bothmetabolic factors andgutsizeonintake.Inthisway,Weston (1982)concluded
in his review of animal differences in intake that 'keyroles in this regulation (of intake) may
be played by the rumen digesta load and the animal's energy deficit, the latter being the
difference between the capacity of the animal to use energy and the energy it receives from
absorbed nutrients'. This latterview isessentially in linewith theaccepted waydifferences in
intake between feeds areinterpreted (seeChapter1).
In this Chapter the literature is reviewed to find out which opinion is best supported by
datafor domesticruminants.

2.3 Effects of genotype
Differences between species
The most important domestic ruminant species, cattle, sheep and goats, have substantially
different mature weights. Hence, effects of size on intake need to be considered first in an
analysis of species differences. Above we discussed how two qualified researchers have
presented completely different opinions with regard to this size effect and it is important to
know why.
The example Kleiber (1961) gave does not stem from an actual experiment comparing
rabbits and steers on the same diet, but was derived from the general proportionality of basal
metabolism, feed intake and production, with metabolic weight. Such relationships have
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usually been derived from comparisons of species as different as rats and cattle which must
havereceived different diets. Sothisrelationship does not necessarily apply to species on the
samediet.
Also the model calculations of Van Soest (1982) were not based on data of comparative
feeding trialswithdifferent herbivorous species.Instead, theywerebasedon aproportionality
of gutcontents andliveweight observed inherbivorous species andon estimated maintenance
energy requirements as a function of W0-75. Data on gut contents were obtained from
capturedwildanimalsbelonging toarangeof species withbodyweightsof lessthan0.1kgto
more than 1000 kg. This means that the observed proportionality between gut contents and
body weight did not stem from animals on the same diet; probably the smaller species, by
nature concentrate selectors, will have consumed a more digestible diet than the larger
species. Such data may not show the potential gut size unless we assume that gut size is not
influenced by type of diet which is unlikely (ARC, 1980;Weston andPoppi, 1987).Itis also
worth noting that gut contents appear to vary between 7 to 20% of body weight for species
weighing less than 20 kg as well as for species weighing more (Demment and Van Soest,
1983).
It is evident, however, that over the total range of body weights studied, gut size cannot
be related to W0-7^. This is not compatible with real anatomic proportions as the following
example shows.Basedon normal gutcontents of75kgfor cattleof 500kg (ARC, 1980;Van
Soest, 1982), or 0.7 kg per kg W0-75, a proportionality of gut contents with W0-75 would
imply actual gut contents of 372, 105, 59, 33, 19 and 10% of body weight for animals
weighing respectively 0.02, 0.2, 2, 20, 200 and 2000 kg. Obviously, very small herbivores
willbeforced to shorten digesta retention time and/orselect amoredigestible dietin orderto
satisfy theirenergy requirements.However, for herbivores with abody weightabove 10kg,a
gut size and intake proportional to W0-75 does not seem impossible. All domestic ruminant
species belong to this upper weight range, varying from dwarf goats to cattle with female
matureweightsof about30and600kg,respectively.
Much of the confusion with regard to species differences can be removed by looking at
actualdataof gutcontents,retention timesandfeed intakeof domestic ruminants onthesame
or similar diets. For instance, ARC (1980) derived relations between live weight (LW) and
empty bodyweight(EBW)from almost 100datasetsfor bothcattleandsheep.Forlongdried
roughages the equation is:LW = 1.09 * (EBW + a),with a=25 for cattle and a=5 for sheep.
To compare species at similar maturity we have scaled this relation to the mature weight of
reproductive females. For sheepweassumed aweightof 75kg,for cattle 600kg.Figure 2.1a
shows that at equal maturity gut contents per kg EBW are much higher for sheep than for
cattle. The same Figure also includes some observations of gut contents of three groups of
dwarf goats (means of 8-12 animals per group). These animals were fed on grass hay for at
least a month and then slaughtered early in the morning just before they usually took their
largest meal (Zemmelink and Tolkamp, unpublished data). This smallest species clearly has
thelargestrelative gutcontents.Sotheproportionality of gutcontents with bodyweight found
by Van Soest (1982) in wild herbivores is absent from this comparison of three domestic
ruminant species fed similar diets. Instead, gutcontents appear roughly proportional to basal
metabolism asFigure2.1billustrates.InthisFig.gutcontents havebeen scaledtofasting heat
production (FHP) as a measure of basal metabolism. FHP of cattle and sheep were estimated
according to ARC (1980). Dwarf goats have a similar FHP relative to W0-75 as sheep (see
Chapter5).
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Fig.2.1.Theratioofgutfill(kg)toemptybodyweight(EBW,kg)(a)andtofasting heatproduction(FHP,
MJ.d1)(b)asafunctionofmaturity,i.e.bodyweightasafractionofmatureweight.Seetextfordatasources.

The average trend in Fig. 2.1a is based upon a large number of observations and indicates
relatively high gutcontents in sheepanddwarf goatsascompared tocattle.Exceptions tothis
general trend do occur, however. For instance, Poppi et al. (1980) and Hendricksen et al.
(1981) found rumen contents between sheep and cattle to vary almost proportional to body
weightin trialswith 10different roughages with adrymatterdigestibility varying between 46
and 58%. Despite this, the average digestible dry matter intake relative to estimated
maintenance requirements was not lower in sheep than in cattle. This was associated with a
significantly shorterretention timeofdrymatterintherumen (-30.4%, s.e.:4.5)andaslightly
lower digestibility in sheep compared tocattle.Also some other studies show longer digesta
retention times inlargeruminants compared tosmaller-sized species (Engelhardt etal, 1985;
Blaxter, 1989).
Direct comparisons of feed intake and FHP of different ruminant species at a similar
physiological state are scarce. The available data generally show differences in feed intake
and basal metabolism to be proportional. For instance, Blaxter et al. (1966b) confirmed this
relationship in experiments with sheep and cattle given oat straw, hay, dried grass and
mixturesof these feeds.Diets covered arange of energy digestibility coefficients of lessthan
50% toover 70% and adigestible energy intake of approximately maintenance level to three
times this level. Dry matter intake relative to maintenance requirements of sheep was
somewhat higher than that of cattle, especially on the lower quality feeds; but the potential
positiveeffect of thisdifference ondigestibleenergy intakewasoffset byasmallreductionof
digestibility insheep.
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From Australian experiments, Weston (1982) also concludes that the differences in intake
between sheep and cattle are paralleled by similar differences in maintenance requirements.
Thesameconclusion wasdrawn from acomparison ofcattle,buffalo andbanteng (Frischand
Vercoe, 1977;Vercoe and Frisch, 1980) and in own experiments with dwarf goats andmuch
heavier Swifter sheep.Thelatter experiments involved measurements of feed intake andFHP
over aperiod of 1.5 year on three different rations of long or pelleted roughage (see Chapter
5).FHPwas measured 6times during this period. When thedigestible organic matter intake
in the month preceding the measurement of FHP was expressed per MJ FHP no significant
differences (P>0.20)weredetected between sheepanddwarf goats(Fig.2.2a,b).
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Fig.2.2.Theratioofvoluntary intakeof digestibleorganicmatter(DOM,g.d"1)tofasting heatproduction
(FHP,MJ.d"1)(a)andliveweights(kg)ofdwarfgoatsandsheepatsixdifferent ages (b)(seeChapter5). Diets
fedinthe2monthsprecedingeachFHPmeasurementwerechoppedgrasshay(atage38 weeks),pelletedgrass
straw(50,65and83 weeks)orpelletedlucerne(101 and118 weeks). Barshorizontallyshadedrefertodataof
dwarfgoats,barsverticallyshadedtodataofsheep.

The data discussed so far apply to growing animals. Direct comparisons of feed intake and
basal metabolism of lactating sheep and cattle have not been traced. However, ARC (1980)
gives separate estimates of FHP and feed intake during lactation based upon an extensive
literaturesurvey.ARC(1980)estimatesFHPperkgW0-75oflactating sheepat75%ofthatof
lactating cattle. For rations with a metabolizability of 0.55, ad libitumintake for sheep and
cattle is estimated at 105 and 135 g.kg-°-75.d_1, for rations with metabolizability 0.50 the
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figures are 84and 115g.kg-0-75^"1. Inthefirstcase,intakerelative toW0-75of sheep is 78%
of intake of cattle, in the second case this percentage is 73%. Therefore, also in this
comparison differences in intake appear approximately proportional to differences in basal
metabolism.
In lactating primiparous dwarf goats (body weight around 20 kg) fed pelleted roughage
with dry matter digestibility of about 55%,we measured a dry matter intake of over 6% of
bodyweight (Adenugaetal.,1990).Thedigestibleorganic matterintakeof thesedwarf goats
amounted to some three times maintenance requirements, quite similar to the estimates of
ARC (1980) for lactating cattle and sheep. Apparently, this small ruminant species shows a
similar capacity for feed intake to that of much larger ruminant species if scaled to basal
metabolism.
Summarizing, we conclude that between domestic ruminant species of widely differing
size,feed intake varies proportional tomaintenance requirements as Kleiber (1961) expected.
This isaccompanied bylargedifferences ingutcontentsperkgbody weightand/orindigesta
retention times. Between species, therefore, gut size does not seem to act as a constraint to
intake capacity.

Differences within species
Theproportionality between feed intake andmaintenance requirements observed in betweenspecies comparisons is also found within species: between breeds as well as between
individuals within breeds.Although directevidence is scarce,clearexamples areprovided by
the experiments of Vercoe and Frisch (1982) with Bos taurus and Bos indicus breeds and
crosses, and the experiments of Blaxter et al. (1966a, 1966b) with sheep. Unfortunately, in
manyothercomparative studiesonlyfeed intakeorFHPhasbeen measured.
Indirect evidence is more amply available. For example studies of Ferell and Jenkins
(1984) confirmed earlier publications that basal metabolism per kg W0-75 (measured with
non-lactating animals) ispositively correlated with themilkproduction capacity of thebreed.
Geay and Robelin (1979) and Béranger and Micol (1980) concluded that the same positive
correlation applies to feed intake (measured in bulls) and milk production capacity of the
breeds concerned.
Several factors may disturb the correlation between basal metabolism and feed intake.
First of all, maturity changes therelationshipbetween intake and basal metabolism in nonreproducing animals. As discussed below, feed intake decreases relative to maintenance
requirements with an advance of maturity. Therefore, comparing breeds of different mature
size at equal weights instead of equal maturity may create differences in intake relative to
maintenancerequirements.
Yet even at equal maturity some variation still remains, part of which appears to be
related to breed differences in the composition of weight gain i.e. the proportion of body fat
and body protein. This conclusion mainly comes from comparisons of the Limousin,
Charolais andHolstein breeds (Geay and Robelin, 1979;Béranger and Micol, 1980).It leads
toan interesting parallel with aconclusion drawn in Chapter 1.There wesaw that differences
in intake between feeds are positively correlated with differences in efficiency of
metabolizable energy (ME) utilization for gain.Here asimilarphenomenon occurs for animal
differences in intake, as it is well documented that the efficiency of ME utilization for body
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protein gain is lower than for body fat gain (Pullar and Webster, 1977; ARC, 1980).
Armstrong (1982) also pointed to a direct relation between the ratio of protein and fat in
weight gain of cattle and sheep and the efficiency of ME utilization for gain. This parallel
needs further confirmation by direct comparisons of feed intake,composition of weight gain
andefficiency of MEutilizationindifferent breeds.
Finally, within-species differences in intake and basal metabolism may be related to the
sex of the animal. Most studies show a 10 to 15%higher basal metabolism in intact males
compared tofemales andcastrated animals (ARC, 1980),somedonot (for instance Blaxteret
al, 1982). Although intact males sometimes show a substantially higher intake (see for
instance Gettys et al, 1989),more often intake differences between sexes are small or even
absent (ARC, 1980;Béranger and Micol, 1980;Blaxter etal, 1982).Possibly, differences in
composition of weight gain and efficiency of energy utilization between sexes are also
involvedhere (Armstrong, 1982).
We conclude that, between and within species, differences in intake largely disappear
when corrected for differences in basal metabolism and maturity. The remaining variation
appears tobelinked atleastpartly todifferences in composition of weight gain and sex,both
factors of metabolic origin. No evidence was found for effects of anatomical sizeper se on
intake.Forinstance,theproportionality betweenroughageintake andbodyweightin lactating
animals often quotedfrom thework of Conrad etal.(1964)isan artefact due totheuseof an
inappropriate statistical model (Grovum, 1987). Also the opinion of Oldenbroek (1988) that
differences in intake of lactating cows of different breeds may be due to differences in body
conformation appears to be based on an incorrect interpretation of breed differences in the
ratiosofbodylength andbody heighttobodyweight.

2.4 Effects ofphysiological state
Growthanddevelopment
Daily feed intake in absolute terms generally increases with increasing age to a maximum
level which is then maintained for months or even years and sometimes decreases again ata
later stage. Published data do not provide a uniform picture of the feed intake curve as a
function of age or weight. Sometimes the maximum level of intake is reached at about one
third of mature weight (i.e.aroundpuberty), sometimes after this (ARC, 1980; Béranger and
Micol, 1980; Blaxter et al, 1982; NRC, 1987). Some evidence exists that the form of the
intakecurveisinfluenced bydifferences indietquality:maximumintakewouldbeattainedat
lower weights when diet quality is higher (Taylor, 1985). Many different mathematical
models have been used to describe the intake curve (ARC, 1980; Parks, 1982; NRC, 1987;
Illius, 1989). The same is true for curves relating basal metabolism or maintenance
requirements toweight. Forthe latterrelation the allometric model, sometimes extended with
an effect of age, seems to be preferred (ARC, 1980). Whatever the exact nature of
mathematical relations may be, most publications assume a decrease of voluntary intake
relative to basal metabolism for the final two-third or half of the full weight range. An
exception are the models ARC (1980) presented to estimate intake and basal metabolism of
40

cattle. Those models suggest a continuous increase of intake relative to basal metabolism
which cannot be realistic: as mature weight is approached growth rates decline and intake
levelmusttendtowardsmaintenance requirements.Hence,theproportionality between intake
andbasalmetabolism observed between genotypesdoesnotexistwithin agenotype.
In an attempt toexplain thechangesofintakewith ageor weight,early publications have
stressed thereduction of gutcapacity duetothepresenceof largeamountsoffat. This viewis
not generally accepted any more (Blaxter etal., 1982;Weston, 1982;Forbes, 1986a). Recent
publications more often refer to a genetically determined growth curve ('the genetic
programme for growth', Weston and Poppi, 1987) and changing energy requirements as a
consequence of this. Asthe growth rate decreases whenmatureweight is approached, energy
requirements andthusfeed intakerelativetomaintenancerequirements willalsodecline.This
is correct in itself but explains little as long as the requirements for energy cannot be
measured truly independently from the consumption of feed. The question always remains
whether alowerrelativeintakeiscauseoreffect of areduced growthrate.
In Chapter 1we argued that, if indeed something like a genetic programme for growth
exists, this is certainly not fixed as for instance the phenomenon of compensatory growth
shows.In addition, one may wonder what thereal significance is of growth curves measured
inruminants fed highqualityfeeds adlibitum for years.Severalexperiments demonstrate that
such conditions induce considerable fattening (Searle et al., 1972; Blaxter et ah, 1982).
Fattening startsataboutonethirdoffinalbodyweightundersuchconditions.Thismeansthat
ultimately two third of body weight consists of body reserves with a fat percentage of about
70%. Fattening - and its counterpart periodic mobilization of body reserves- may be
considered a useful strategy of ruminants as long as they are kept in their natural
environment, normally characterized by large seasonal fluctuations in feed quality and feed
availability. The enormous fat deposition as actually measured in long-term feeding trials
may have little todowith ageneticprogramme for growth butmorewith thefailing response
of asystemfacing abnormalnutritional conditions.

Pregnancyandlactation
Intake usually changes during pregnancy but not always in a predictable way. A pattern
regularly observed is a slight increase during mid-pregnancy followed by a slight decrease
towards the end of pregnancy. Just before birth a sharp decrease of intake often occurs. The
decrease of intake during thelast trimester of pregnancy is independent of type of ration and
ration quality.Digesta retention time appears to shorten in thecourse of pregnancy (Weston,
1982;Forbes, 1986a,b).
This intake pattern does not seem to match the increasing energy needs of the pregnant
animal which implies that energy requirements and intake do not always change in parallel.
Why this happens is not clear. Here again competition for space between the gut and the
gravid uterus hasbeen mentioned asapossible cause (Forbes, 1986a).But,asWeston (1988)
commented, changes in rumen volume are not consistent with changes in the size of the
graviduterus: 1.rumen volume starts todecrease before uterus sizehaschanged significantly
and 2. the change of rumen volume is similar whether one or two foetuses are present in the
uterus.Theseobservations,togetherwith thefinding thatintake alsodecreaseson concentrate
richrations,donotsupportacausalrelationbetweengutsizeandintake.
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In an attempt to explain this paradox, Weston (1988) points to the altered endocrine status
during pregnancy which may influence the capacity to handle digesta and, by this, intake.
However, changes in hormonal concentrations can show atbest theway achange in intake is
realized, they do not constitute a functional explanation in themselves. Such an explanation
may befound in the metabolic processes which accompany pregnancy and lactation. Studies
of Metz and Van den Bergh (1977) have shown that the increased mobilization of body fat
results from an increase in lipolytic and a decrease of lipogenic activity in body adipose
tissues.Such changes becomedetectable sometimebefore parturition. Simultaneously, blood
concentrations of free fatty acids begin to rise. This probably means a reduction of the
capacitytousefeed energyfor fat synthesis.Allthesemetabolicchangesmay beconsidereda
useful preparation of thepregnant animalfor theonsetof lactation. Byactivelyreducing body
fat synthesis, the animal prepares for the major channelling of feed energy into milk after
parturition. Preparatory metabolic changes probably need some time and this would explain
thedecreaseof intake before parturition.
Lactating animals consume more of the same feed, irrespective of its quality, than nonlactating animals of similar weight, age and nutritional history. Usually, the difference in
intake amounts to some tens of percentage units, sometimes considerably more, up to 100
percent in cattle and sheep as well asindwarf goats (ARC, 1980;Adenuga etal., 1990).The
increasein intake is positively influenced by milk yield,numberof suckling youngand body
leanness of the mother animal. The higher intake during lactation is accompanied by an
increase in gut contents and a decrease in digesta retention times and sometimes an increase
in the average size of faecal particles is observed (ARC, 1980; Van Soest, 1982; Weston,
1982, Forbes, 1986b). A reduction of digestibility (ARC, 1980) also indicates a more rapid
digesta turnover.
During lactation there is nostrict link between observed changes in intake andchangesin
milkenergy output.During thefirst part of lactation animals generally have anenergy deficit;
lateronthischanges intoapositiveenergy balanceifdietquality issufficiently high.
Thechanges of feed intake duringlactation areoften considered aclearillustration of the
idea that intake follows from a balance between the demand for nutrients and the constraints
imposed by gut size.Higher requirements would induce the animal to accept a higher rumen
fill or a more rapid digesta turnover and this would allow a larger intake (Forbes, 1986b;
Weston, 1988). Here again, cause and effect are difficult to distinguish. In addition, any
change in intake due to whatever cause will show itself in changes of gut fill or digesta
retentiontime.
Changes in intake may be equally well related to changes in metabolic processes. These
concern of course the nature of animal products but perhaps more important is the efficiency
with which these are formed from metabolizable energy. It is worth noting that both the
efficiency of ME utilization and intake are higher in lactating animals compared to nonlactating animals (ARC, 1980).On theother hand,efficiency of MEutilization for pregnancy
is remarkably low and this is frequently combined with a decrease in intake despite the fact
thatenergyrequirements can beexpected toriseaspregnancy advances (ARC, 1980).

42

2.5 Effects ofexternal conditions
Amongst the external conditions affecting intake in ruminants, especially the effects of
temperature anddaylength maythrow somemorelightoncausesof differences inintake.

Temperature
Variation in temperature over arelatively widerange has little effect on intake byruminants.
Adecrease of temperature tobelow thelower critical level or an increase of this latter value
(for instancefollowing shearing)raisesintakeof both growing andpregnant animals (Weston,
1982; Forbes, 1986a; Young, 1986, 1987). The magnitude of the increase depends on the
severity of cold stress: values of up to 60% have been recorded, usually in association with
increased rumen volumes or a shorter digesta retention time (Weston, 1982; Forbes, 1986a;
Kennedy et al., 1986; Young, 1987). Sudden and severe cold stress may actually depress
intake:insuchcases animalsoften showhypothermia andsheltering behaviour.
In his extensive studies of effects of cold on intake, Young (1986, 1987) assumed that
generally roughage intake is physically limited; in his opinion increased rumen motility,
shorterruminai retention times andconsequently amore ample supply of protein tothe small
intestine are the causative factors explaining a higher intake during cold stress. If so, the
question ariseswhyruminantsdonotexploit thesamemechanism inthethermoneutralzone.
An intriguing observation is the fact that the increase in intake in cold stress does not
occurimmediately butonly after aperiodof adaptation lasting atleast aweek (Forbes, 1986a;
Sasaki and Weekes, 1986). During that time, animals show shivering behaviour. Once
animals have become adapted, shivering is nolonger apparent, pituitary activity israised and
basal metabolism increased up to 30-40% for both sheep and cattle. This rise of basal
metabolism also occurs in animals fed restricted allowances. If cold adapted animals are
transferred to a warmer environment it takes again some time before basal metabolism reestablishes itself onalowerlevel (Young, 1986,1987).
Unlikecold stress, sudden heat stress changes feed intake immediately, thedepression of
intake being dependent on the severity of stress.Usually, intake is more depressed during a
period of adaptation than afterwards. After adaptation, heat and cold stress have opposite
effects on digesta retention time, digestibility, pituitary activity and basal metabolism.
(Weston, 1982;Forbes, 1986a;Kennedy etal., 1986;Young, 1987).
The sequenceofevents during the adaptation tochanges intemperature seemstoindicate
a causal relationship between intake and basal metabolism. For instance, during heat stress
feed intake decreases suddenly followed later by an adaptation of basal metabolism but
recovery of intake once the heat stress isremoved takes again some time.During cold stress,
feed intake increases not before metabolic changes have taken place. This suggests that a
ruminant with a given basal metabolism is not capableof a sudden increase in intake even if
the need for extra energy is acutely increased or the risk of hyperthermia is suddenly
removed.
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Daylength
Effects of daylength onfeed intakehavebeen found in wild herbivores aswell asin domestic
ruminants, in both intact and castrated animals. These are independent of the presence of
seasonal fluctuations in feed quality as experiments have shown. Under natural conditions,
thecycle of daylength variations lasts a year.Theeffect on intake is a sinusoid fluctuation of
feed intake as a function of time. As an example, Figure 2.3 shows the course of daily feed
intake of dwarf goats fed ad libitumpelleted lucerne for a period of two years. Peaks and
troughs usually coincide with the extreme daylengths as in the example of Fig. 2.3, but
sometimes a slight shift is seen.With artificial variations in daylength it has been possible to
induce two cycles of feed intake per year (Blaxter and Boyne, 1982; Weston, 1982;Forbes,
i986a; Young, 1986,1987;Gettysetal, 1989).
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Fig. 2.3.The development of digestible organic matter intake (DOMI, g.d"1) and fasting heat production (FHP,
MJ.d"1) over a period of two years of dwarf goats fed pelleted luceme (Tolkamp and Hofs, unpublished data).
Liveweights increased from about 12to40kg in this period. Animals werekept under a natural daylength cycle
with the shortest days falling in week number 1,53 and 105.Minimum temperature in winter was maintained at
17°C.

Thevariation inintakeduetodaylength differences appears tobelinked toasimilar variation
in basal metabolism as was found in the studies with dwarf goats (Fig. 2.3). Blaxter and
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Boyne (1982)have shownthatthesechangesinbasalmetabolismalsooccurinanimalsfed at
maintenance levelthroughout theyear:thustheyarenottheconsequence ofanalteredintake.

2.6 Feed intake,basal metabolism and efficiency of
energy utilization
In the previous sections we have mentioned the correlation between feed intake and basal
metabolism, apparent between animals of different genotype and within animals when
environmental conditions change.To somedegree,theexistence of parallel changes in intake
and basal metabolism may be considered self-evident: a genotype with a high basal
metabolism also needs a high intake in order to be able to survive and be competitive with
other genotypes.The exact natureof therelationship between intake and basal metabolism is
difficult toestablish. From the effects of temperature and daylength wecan atleast conclude
that an increase in basal metabolism is not theconsequence of ahigher intake. It is tempting
toassume areverserelationship: anincrease inbasalmetabolic activity beingrequired for the
animaltoraiseitsintake.
From this assumption the question arises why animals do not show a permanently high
levelof metabolic activity andfeed intakebothinshort andlongdaysandinthermoneutralas
well as cold conditions. What might be possible disadvantages of such a strategy? For adult
animals for which weight gain mainly consists of body reserves at least apartial answer can
be given. An increase of basal metabolism seems a disadvantage in either of the following
situations.
1. Asituation when thequality of feed on offer is good, yet its availability prevents animals
toreach the level of ad libitumintake.Without thelatter restrictions, animals with ahigh
basal metabolism would gainmore weight than animalswith a lowbasalmetabolism. On
a restricted amount of feed, however, the animal with the lowest basal metabolism will
havethehighestgaininbodyreserves.
2. Asituation when feed availability isnot limiting butquality is solow that evenadlibitum
intake is insufficient for maintenance.If alsoin this case feed intake remains proportional
tobasal metabolism, animals with alow basal metabolism will havetomobilize lessbody
reserves than animals withahighbasal metabolism.
Both situations occur seasonally in many natural environments when, due to cold or
drought, all feed and especially young and well digestible plant material is scarce. In
temperate climates this is the season with short days. Apparently, ruminants have 'learned',
during their evolution, to use the daylength signal to adapt to such fluctuating nutritional
conditions. In this way, they are able toreduce their energy needs attimes when feed energy
is notreadily available orfeed quality toolow toattain maintenance level.Ontheother hand,
an above averagebasalmetabolism duringlongdayswouldallow animalstoprofit extra from
highquality feeds.
The above illustrates how in the case of goodquality feeds, animals may benefit from an
increase of basal metabolism if only this way an increase of intake is made possible. Yet it
does notexplain why animals do notuse the same mechanism toconsume aconstant amount
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of metabolizable ornetenergy from feeds of moderatetohighquality. Common explanations
assume that animals arenot physically capable of doingthis.However, wefind it difficult to
imaginewhy cattle should only consume twotothree percent of body weight whereas dwarf
goats may consume four to sixpercent of bodyweight from the samefeed. Likewise, we feel
it hard to believe that a gut fill of 30 or 40% of empty body weight per se may be well
tolerated by a dwarf goat, whereas for cattle the same would be impossible or unacceptable.
Doubt as to the validity of such an explanation isreinforced by the observed flexibility with
which the same animal appears to change gut fill and digesta retention time in response to
changinginternal andexternalconditions.
Apart from the correlation between basal metabolism and intake we have pointed to the
correlation betweenintake andtheefficiency of utilization ofmetabolizable energy.Thelatter
correlation was found when considering the intake of different feeds (Chapter 1) and it
reappeared here when considering the intake of animals of different genotype and
physiological state. How both correlations have helped to formulate a new theory on feed
intakeregulation willbethesubject ofChapter3.

2.7 Conclusions
1. In domestic ruminants, voluntary feed intake of genotypes of different mature size is
positively correlated with basal metabolism or maintenance energy requirements: small
and large genotypes have a similar capacity tofulfil their energy needs when offered the
same feed.
2. Small genotypes have a substantially higher intake capacity per kilogram body weight
than large genotypes. This is linked to relatively larger gut contents and/or a shorter
digesta retention time. Differences of the latter parameters are more likely the effect of a
difference in intakethanitscause.
3. Differences in intake between genotypes of similar mature size are also correlated with
differences in basal metabolism and in addition with differences in the composition of
weight gaini.e.theproportionofprotein and fat.
4. The variation in intake within animals due to changes in weight or physiological state
(pregnancy or lactation) is often explained by a variation in the physical capacity to
process feed and the tolerance for gut fill. In fact, such an explanation merely shows the
wayachangeinintakeisaccommodated, notitscause.
5. Effects of temperature and daylength demonstrate that the same animal can modify its
intakeof bothhigh andlowquality feeds toaconsiderable extent.Why ruminants usethis
capacity to raise their energy intake only under certain conditions may be related to
necessary changesinmetabolic activitywhich arenotbeneficial inallsituations.
6. In order to improve the understanding of the animal variation in intake, the possible
significance ofdifferences inbasalmetabolism andefficiency of energy utilization for the
animalneeds tobe studied.
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3 Costsandbenefits offeed consumption:
anoptimization approach
Abstract
In this chapter a new concept of feed intakeregulation inruminants isdeveloped starting from the idea that feed
consumption presentsboth costs andbenefits totheanimal.Foranon-reproducing animal weconsider the intake
of net energy for maintenance and gain tobe thebenefits of feed consumption, the concomitant consumption of
oxygen the costs, since the use of oxygen by tissues indirectly causes an accumulation of damage to cell
structures, a loss of vitality, ageing and a limited life span. This leads to the hypothesis that feed intake
behaviour will be aimed at maximizing the efficiency of oxygen utilization: from each feed an animal will
consumesuchan amount thatthe intakeofnetenergyperlitreoxygen consumed willbe maximal.
Testing this hypothesis extensively with data from non-reproducing ruminants shows a good quantitative
agreement between predicted and observed ad libitum intake of feeds widely differing in metabolizability,
nitrogen content and physical form. Changes in intake parallel to changes of basal metabolism also agree with
our hypothesis.Effects on intake of changes in maturity and physiological state are more difficult to test due to
insufficient information about the effects of maturity on efficiency of metabolizable energy utilization and
uncertainty abouttheexactnatureofcostsandbenefits of feed consumption inpregnantandlactatinganimals.
Maximization of the efficiency of oxygen utilization may reflect a more universal principle governing the
intensity of different forms of behaviour, inruminants aswellasin monogastric animals.

3.1 Introduction
Common ideas about feed intake regulation in ruminants attribute an important role to
constraints to feed consumption: feed and animal factors which would counteract the inborn
tendency of an animal toachieveamaximal nutrientintake.Inthecaseofroughage diets,itis
thought that especially a limited gut size in combination with bulkiness and fibrosity of the
feed preventstheanimaltoconsume alargeamountofdigestibleenergy.InChapters 1 and2
we argued that such a concept of intake regulation is inadequate to explain the observed
variation in feed consumption. As an alternative, an approach was suggested that takes into
account possible biological advantages and disadvantages of changes in feed intake. We
supposed that in the natural environment where ruminants have evolved, a variable energy
intake may augment the chances of survival and reproductive success more than a constant
intakeindependent from changes infeed quality,physiological stateorexternal conditions.In
Chapters 1 and 2wealsoconcluded thatdifferences involuntary intakebetween genotypesor
subsequent to changes in external conditions are correlated with differences in basal
metabolism. In addition, part of the variation in intake due to differences in feed and animal
factors appeared to be correlated with the efficiency of utilization of metabolizable energy
(ME).Bothcorrelations couldbekeystoagreaterunderstanding ofintakeregulation.
Generally, basal metabolism is estimated from the heat production of a fasting animal.
The efficiency of ME utilization of a feed is calculated from the extra heat an animal
produces for each increase in ME intake. In both instances, heat production is derived from
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measurements of oxygen consumption and carbon dioxide production by the animal. This
means that changes in basal metabolism as well as in efficiency of ME utilization have a
commondenominatorinchangesofoxygenconsumption.
Oxygen consumption appears to have a dual meaning for the animal. On the one hand
consumption of oxygen is anecessity for aerobic organisms for the supply of energy required
for maintenance and reproduction of life. On the other hand, consumption of oxygen has
damaging effects on living organisms which are supposed toaccumulate in thecourse of life
and toresult in loss of vitality, ageing and finally death (Harman, 1986).The adverse effects
linked with the consumption of oxygen appear crucial for a better understanding of feed
intake behaviour and perhaps, more in general, of behaviour the intensity of which causes
oxygenconsumption toriseprogressively.
This third chapter starts with a brief review of harmful effects of oxygen use and the
correlation between oxygen consumption and life span.From this we infer that, in thecourse
of evolution, animals will have developed mechanisms aimed at maximization of the
efficiency of oxygen utilization.We willtest this hypothesis by meansof model calculations
usingpublisheddataonvoluntary feed intakeandefficiency ofMEutilization inruminants.

3.2 Oxygen asa toxin
In aerobic organisms like mammals, oxygen is hydrogenated to water in the process of
oxidative phosphorylation to provide the energy for the synthesis of energy-rich compounds
which areessential for maintenance of life. Inevitable by-products of thisprocess areoxygen
free radicals: a family of oxygen-containing molecules with one or more unpaired electrons
(de Jong, 1981;Miquel and Fleming, 1986;Oberley and Oberley, 1986; van Ginkel, 1988).
These free radicals are highly reactive substances which can oxidize many different cell
compounds. The living cell has a number of defence mechanisms to reduce the potential
damage caused by oxygen radicals. First, a number of smaller molecules like ascorbic acid
(vitamin C),uricacidandglucosereadilyreactwithdifferent oxygenradicals.In addition,the
cell has a more specific defence system in the form of antioxidants like catalases,
peroxydases,and superoxidedismutases whicheliminate part oftheradicalsbefore they reach
vital cell compounds. Finally, the cell membrane contains substances like a-tocopherol
(vitamin E) which can stopcertain chain reactions inthe membrane initiated bythe action of
oxygenradicals (Koster, 1986;vanGinkel, 1988;Oberley andOberley, 1986).
The protective action of forementioned mechanisms is not complete: part of the free
radicalsoxidizesessential cellcompoundslikethemembranesof thecellorcellorganells and
DNA of cell nucleus and mitochondria. For instance, Brouwer et al. (1986) estimate the
number of DNAdamages in man as some thousands percell per day. Organisms would soon
losetheirvitality if cells were notcapableofrepairing suchdamages.Modern ageing theories
assume,however, that not alldamage isrepaired orthaterrors aremade in therepairprocess.
Especially the mitochondrial capacity to recover from 'oxidative injury' would be limited.
Thismeans thatduringcelllife thereisanaccumulation ofdamagewhich isnotoronlypartly
repaired. Such an accumulation results either in loss of function and death of cells or in
uncontrolleddivisionofcells andtumourdevelopment. Both will havenegative repercussions
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for tissue and organ functioning. Finally, loss of organ function will accelerate itself and
eventually cause the death of the organism as a whole (Ordy, 1984; Brouwer et al., 1986;
Harman, 1986; Katz and Robinson, 1986; Koster, 1986; Miquel and Fleming, 1986; Vijg,
1987;Yuetai, 1990).
The hypothesis that ageing is intimately linked to oxygen consumption was already
formulated in the 1950's by Harman and is supported by a growing number of publications
(see for instance the recent reviews in Johnson et al., 1986; Brouwer et al., 1986; Koster,
1986). Although the scientific discipline of gerontology seems remote from the agricultural
sciences,we think and hope to demonstrate that it can help to understand feeding behaviour
ofruminants.

3.3 Oxygen consumption and life span
Iftherelease of free radicalsduringoxygen useintissues isthebasiccauseof loss of vitality,
one mayexpect morerapid ageing tooccur whenever daily oxygen consumption isrelatively
high. This is confirmed by correlations between cumulative oxygen consumption and life
spanobservedboth between andwithin species.
For instance, it is well documented that for mammals in the mouse to elephant weight
range both basal metabolism and average metabolic activity increase proportionally to
metabolic weight (MW =W0-75). As metabolic activity is almost synonymous with oxygen
consumption, average daily oxygen consumption is also proportional to W0-75. Hence,
average oxygen consumption per gram of cells per day will be proportional to W°-75/W or
W~0-25.As theaveragecell sizedoesnotappeartovary systematically with thesizeof animal
species,alsotheaverageconsumption ofoxygen byindividualcellswillincreasewithW"^-2^.
This general rule agrees with observations of single cell types as for example cells of heart
muscle andrespiratory muscles (Peters, 1983;Calder, 1984;Schmidt-Nielsen, 1984).
It is also well known that between species many time-related parameters systematically
vary as a function of body weight. For instance, the time between twoheart beats is roughly
proportional toW0-25, indicating acontraction frequency in, for instance, mice and elephants
of about 600 and 30 beats per minute, respectively. The general proportionality of timerelated parameters to W0-25 is found for parameters as diverse as time between gut
contractions, pregnancy and lactation period, time to reach mature weight and potential life
span. This proportionality of life span with W0-25 means that elephants may live 20times as
long as mice. It also shows that the hearts of mice and elephants which reach their potential
life span, will have beaten approximately the same number of times (about a milliard): yet,
mice will have reached this number in less than 5%of thetime elephants take (Peters,1983;
Calder, 1984;Schmidt-Nielsen, 1984).
Combining information about sizeeffects on daily oxygen consumption and life span we
may infer that a similar conclusion as to the number of heart beats also applies to the
cumulative amount of oxygen consumed per gram of heart cells. As average daily oxygen
consumption per gramofcellsisproportional toW"0-25andpotential life spanproportional to
W0-2^, cumulative amount of oxygen consumed per gram of cells in a lifetime is not
systematically influenced by species size, so constant for both mice and elephants. In other
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words, roughly speaking, heart cells appear to die after they have consumed a definite
quantity of oxygen and this quantity is the sameregardless of the species to which the cells
belong. This suggests that damage to a given cell type as a result of oxygen consumption is
directlyproportional tothequantityofoxygenconsumed.
Survivalrate (%)
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Fig. 3.1.Survival curve of two groups of female Sprague-Dawley rats fed ad libitum or at a level of 54%of ad
libitum:data from Bergand Simms(1961).

Relationsbetween cumulativeoxygen consumption andpotential life span arenotabsolute:a
notable exception is man who livesrelatively long taking into account his average metabolic
rate. Yet, also within species evidence exists for more rapid ageing whenever the rate of
oxygen consumption is increased. This evidence comes from both in vitro and in vivo
experiments. For instance, liver cells which were induced in vitro to consume more oxygen
showed signs of early ageing like the accumulation of the ageing pigment fuscin (Koster,
1986). In vivo evidence has been mainly obtained with insects and rodents. InDrosophila
melanogaster, life span is inversely proportional to metabolic rate regardless whether
variation in metabolic rate is the result of differences in genotype, temperature or activity
allowed. Inthis species,slowrates of development caused bylowtemperatures orhigh larval
density areassociated with longlife spans (Lamb, 1977;Miquel andFleming, 1986).Alsoin
other poikilotherms, low temperatures or limited access to food, resulting in a decreased
oxygen consumption rate,increase life span (Lamb, 1977).Most research with mammals has
been carried out with rats and mice. In these experiments, oxygen consumption has been
changed by chronic dietary restriction comparing the effect of restricted and ad libitum
feeding on life span and development of tumours and lesions. Without exceptions it was
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found that at an age at which ad libitumfed animals had died, many of the restrictedly fed
animals were still alive. These beneficial effects of dietary restriction mainly depend on the
restricted calorie intake and are little influenced by the source of calories: fat, carbohydrates
orprotein.Asanillustration Figure3.1 hasbeen drawn.

Table 3 . 1 . Percentage of i n d i v i d u a l s showing d i f f e r e n t d i s e a s e c o n d i t i o n s
amongst female Sprague-Dawley r a t s fed ad libitum or 54X of ad
libitum;
data are given for two ages (from Berg and Simms, 1961).
feeding
age (days)

ad l i b
795

lesions*
muscle degeneration
tumours
*: examined for
myocardium

restricted
821

60
2
41

glomerulonephritis,

ad l i b
1063

0
0
12
periarteritis

89
88
83

restricted
1150
24
41
53

and d e g e n e r a t i o n

of

From Table 3.1 it also appears that certain disease conditions were more rare in restrictedly
fed animals compared toad libitumfed animals at the same age. Some observations suggest
that the cumulative oxygen consumption of ad libitumand restrictedly fed animals are little
different (Berg and Simms, 1960, 1961;Ross, 1961;Ross and Bras, 1975; Weindruch and
Walford, 1982;Kubo et al., 1984; Masoro, 1988, 1990;Engelman et al., 1990;Johnson and
Good, 1990;Yuétal., 1990).
Although studies of effects of daily oxygen consumption on potential life span are still
relatively scarce,the available observations are consistent with a causal relationship between
oxygen consumption andvitalityorlife spanassuggested bybetween speciescomparisons.

Oxygenconsumptionandlifespanofruminants
Productive life span of ruminants is an important parameter in some branches of livestock
production, for instance dairy husbandry.However, for intensive livestockproduction it often
appears more profitable to design systems which maximize short term productivity without
overconcern about longevity. Obviously, themajority of ourdomestic animals is slaughtered
atanagewhich isonly afraction ofpotential life span.
In a natural environment or under extensive livestock production conditions, longevity is
of much greater importance as many individuals in a population die at an early age and
reproductive parameters are generally much less favourable. Population models for cattle
show that under extensive livestock conditions the decrease or increase in number is highly
sensitive to changes in the average reproductive success of female animals (Dahl and Hjort,
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1976).Thismeansthatthesurvivalof thepopulation isdependentonthereproductive success
ofasmallgroupoffemales reaching alongerlife span.
Therefore, life span must have played an important role in evolutionary processes. If we
considerevolution bynatural selection asanoptimization process (Alexander, 1982),wemay
expect to find an optimum combination of rate of oxygen consumption and life span in
currently existing species.This iseven morelikelyif anincreaseinoxygen consumptionrate,
as a consequence of anintensification of certain behaviour, is notfollowed by a proportional
increasein 'fitness'. Aswewill showbelow,this seemstobetruefor feed intakebehaviour.

3.4 Maximization ofthe efficiency ofoxygen utilization
In this paragraph we will briefly discuss the criteria for an optimization approach of feed
intake behaviour. In his book 'Optima for animals' Alexander (1982) defined optimization of
animal behaviour as '...the process of minimizing costs or maximizing benefits, or obtaining
the best possible compromise between the two'. In general terms, Alexander (1982)
considered costs and benefits of animal behaviour as 'mortality or energy losses' and
'fecundity orenergygain',respectively.
Before defining likely costs and benefits of feed intake behaviour more explicitly, we
want to stress that the use of such terminology does not imply that the animal intentionally
tries to achieve a certain goal, nor that it is conscious of costs and benefits of its behaviour.
Yet, we think that a theory of feeding behaviour is not complete without answering the
question as toits aim (Raven, 1968):what is theaimof feeding behaviour? SinceDarwin we
know how a teleological - or 'teleonomic' in the definition of Mayr (1988) - explanation of
animal behaviour can inprinciple bereduced toacausalexplanation (Ruse, 1988).The usual
answer of animal nutritionists to this question is that animals try to maximize energy intake
andthusgrowth andmilkproduction rate.In thefirsttwochapterswerejected this hypothesis
for anumberofreasons.From anevolutionary pointof view,emphasis on thecontribution of
feeding behaviour tosurvival andreproductive success would appearmorelogical. If feeding
behaviour hasoppositeeffects onthelatterparameters,anoptimumintakemayexistresulting
from the balance between positive and negative effects, that is to say:costs and benefits, of
feed consumption.
Whatcan beregarded ascosts andbenefits offeed consumption?Toanswerthis question
wemay think of two animals,for example mature non-reproducing, non-lactating sheep,one
of which eats a substantial amount of agood feed, while theotheranimal is fasting. Thefirst
animal will be able to build up body reserves as fat and protein whereas the other will be
forced to mobilize its reserves. We can bring the formation of body reserves and its use toa
common denominator by expressing both in terms of energy, i.e. the combustion value of
body reserves. In animal husbandry it is common practice to speak of net energy (NE) for
gain (NEg)and NEfor maintenance (NEm). Anobjective measureof the beneficial effects of
feeding isthedifference inbodyreserves between thetwo sheep:the sumofNE m andNEgor
the total NE intake (NEI) of the feeding animal. Hence, in our optimization approach we
consider NEI the quantitatively measurable 'benefits' of feed consumption. As a sheep
consumes more of the same feed, NEI will increase. Simultaneously, the consumption of
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oxygen increases. The total consumption of oxygen, including its basal level, is considered
heretobethecostsof feed consumption for thereasons discussedearlier.Asthetotal amount
of oxygen ananimalcanconsumeduringitspotentiallife spanisthoughttobefixed, itseems
logical toassume that animals will try tomaximize the efficiency of oxygen utilization. This
means that, in our hypothesis, the optimum feed intake is the level of feed consumption at
which thebenefits (kJofNEI)obtainedperunitofcosts(onelitreofOj) becomesmaximal.
Atest of this hypothesis proved to bequite feasible with available information about the
relationships between NEIandtheintakeof metabolizable energy (MEI).Themost complete
analysesof suchrelationships isgiven byARC(1980).

3.5 Feed intake and the efficiency ofoxygen utilization
The data presented by ARC (1980) on the efficiency of ME utilization mainly come from
experiments with adult sheep. For this category of animals, ARC (1980) also provides
separate estimates of roughage intake as related to differences in metabolizability (q,
metabolizable energy asfraction of grossenergy)of thefeed. Both data setswillbeusedfora
first testofourhypothesis.
Figure3.2a showstherelation betweenNEIandMEIfor ananimalfed anaveragequality
roughage with aq-valueof 0.55. NEI andMEI have been scaled to basalmetabolism (NEm).
Themodelusedfor thispurpose is:NEI =B* (1-e"P*MEi). Thevalues for Bandpcan be
derived from theefficiency of MEutilization for maintenance (km) andgain (kg)according to
B =km/(km -kg)andp=km * ^(kjj/kg). Km andkg canbeestimatedfrom theq-value ofthe
roughage askm =0.56 +0.207 * qandkg= 1.32 * q-0.318.Derivation oftheformulae forB
andp,andkm- andkg-values aregiven byARC(1980).Figure 3.2a shows that,initially,NEI
rises rapidly as afunction of MEI but thatpartial efficiency of MEutilization gradually falls.
Clearly, benefits (NEI) per unit MEI decrease as MEI increases. Figure 3.2a also shows the
observed voluntary MEI and corresponding NEI, according to ARC (1980) (see alsobelow).
For our model calculations the relationship between MEI and NEI had to be extrapolated
beyondthislevel.
Figure 3.2b shows how heat production, again scaled to NEm, varies with MEI. Heat
production has been calculated as MEI-NEI+1. The oxygen consumption is roughly
proportional to heat production (see however theremarks below).Figure 3.2b shows that the
additional oxygen consumption per extra unit of ME consumed becomes higher as MEI
increases.
From Fig.3.2a and bit isevident thatwith anincreaseof MEI,marginal benefits become
progressively smaller and marginal costs progressively higher. But in our optimization
approach MEI is only of secondary importance unlike NEI and oxygen consumption, here
represented by heat production. Hence heat production is plotted against NEI in Fig. 3.2c.
According to our hypothesis, the optimum feed intake level is achieved when the ratio of
benefits to costs attains its highest value. In Fig. 3.2c this is the level of NEI at which the
tangent of the curve passes through the origin. All other levels of NEI will result in a lower
ratioof benefits tocosts.
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NEI/NEm

1
NEI/NEm

NEI/NEm

Fig. 3.2. NEI as a function of MEI (a); heat production (HP) as a function of MEI (b); heat production as a
function of NEI (c) and the efficiency of oxygen utilization (NEI/02-consumption) as a function of NEI (d).
NEI, MEI, HP and 02-consumption have been scaled to net energy for maintenance (NE,,,). All data apply to
roughages of metabolizability 0.55. Individual points on curves depict values corresponding with the average
observed voluntary intakeof such feeds in sheep.Allaccording toARC(1980).
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The ratio of NEI to total oxygen consumption is shown in Fig. 3.2d as a function of NEI.
Oxygen consumption has beencalculated from heatproduction asthelatter isusually derived
from measured oxygen consumption rates, taking into account CO2and methane production
and urinary nitrogen excretion. According to Blaxter (1989), heat production can be
calculatedfrom oxygenconsumption usingafigure of 19.7kJperlitre0 2 for afasting animal
which mobilizes mainly fat and a figure of 21.5 kJ per litre 0 2 for an animal which deposits
large amounts of body fat. These figures have been used for conversion of heat production
intooxygen consumption assuming thatoxygen consumption perMJheatproduced decreases
linearly from 50.76 to 46.51 litre when NEI relative to NEm increases from 0 to 2.0. In our
example (Fig. 3.2d), the maximal efficiency of oxygen utilization is reached at NEI/NEm =
1.35 andaNEIperlitreoxygenconsumedequalling 14.84kJ.l"1.

NEI/02-consumption
20

q=0.65

q=0.60

NEI/NEm

Fig. 3.3. The efficiency of oxygen utilization (NEI/02-consumption) as a function of NEI for roughages of
metabolizability q = 0.45, 0.50, 0.55, 0.60 and 0.65. Individual points on curves depict values corresponding
with theaverageobserved voluntary intakeof such feeds in sheep.Allaccording toARC (1980).

Using data of voluntary feed consumption collected from the literature, ARC (1980)
calculated aregression linerelating voluntary dry matter intake (DMI)of roughages toq for
sheepwith anaverageweightof 60kg.Estimated DMIfor aroughageof q=0.55 amountsto
61.0 g.kg W-O-Ad"1.This value can beconverted toMEI with MEI =DMI* 18.4* qwhich
gives a value of 617kJ.kgW"0-75^"1 in ourexample.The NE m for ourreference animal can
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be estimated according to ARC (1980) as: Z = 0.251 * (W/1.08)0-75 + 0.0106 * W = 5.74
MJ.d"1 or 266 kJ.kg W"0-75^"1. Scaling MEI to NEm we find afigureof 2.32. Inserting this
value in the formula mentioned above with the appropriate values for B and p results in an
averageNEI/NEmof 1.38.Wecanfurther calculate aNEIperlitreoxygen consumed of 14.83
kJ.H. This estimate of NEI based upon observations of ad libitumfed animals differs only
2% from the NEI for which the ratio between NEI and total oxygen consumption was
estimatedtobemaximal.
Figure 3.3 shows therelation between the efficiency of oxygen utilization and NEI for a
number of roughages with q-values ranging from 0.45 to 0.65. These curves were calculated
in the sameway as explained above.The maximum value to which the efficiency of oxygen
utilization canrisefor anyparticular feed appears toincrease with themetabolizability of the
feed. Thelevel of NEIatwhich themaximumefficiency is attained alsoriseswithq.Foraqvalue of 0.45 the maximum efficiency is found at an intake level close tomaintenance, for a
q-valueof 0.65 atanintake levelof abouttwicemaintenance.
Figure 3.3 also includes estimates of the average ad libitum intake for the various
roughage qualities according to the regression model of ARC (1980). For each roughage
quality,theobserved NEI/NEm is almostidentical tothevalue of NEI/NEm atwhich theratio
of NEI tooxygen consumption is maximal. This means that our hypothesis, when applied to
results from respiration measurements ofrestrictedly fed animals,appears topredict observed
adlibitumintakeaccurately.

Effects ofration type
TheARC(1980)estimatesof intake andefficiency of MEutilization for roughages arebased
upon regression analyses of a large number of individual observations with the q-value as a
measure of ration quality. Hence, the ARC (1980) models probably represent the average
relations fairly well.However, intake of roughages with a given q-value shows a substantial
variation. Similarly, variation in intake is found between rations of equal q but of different
type, for instance between fine diets (pelleted roughages and concentrates) and long
roughages or between roughages androughage-concentrate mixtures (ARC, 1980).The same
remarks apply toestimates ofk m andkg asafunction of q.From our hypothesis we expected
that at least part of the variation in intake for feeds of a given q-value is explained by
differences inkm andkg.
Unfortunately, data sets with regard to intake and efficiency of ME utilization differ in
some respects. The 'pelleted diets' which ARC used for estimates of k m and kg mainly
comprised pelleted roughages (Blaxter and Boyne, 1978), whereas the 'fine diets' for which
intake data are available contained on average 48% concentrates. Especially for rations of
higher q-value, concentrates were the major ingredient. Hence, a test of the effect of ration
type is restricted to pelleted rations of low metabolizability. Thus for a q-value of 0.45 the
intake level was calculated at which the efficiency of oxygen utilization becomes maximal,
using km and kg values for pelleted diets. The optimum intake (NEI/NEm = 1.67) is now
much higher than the optimum intake for long roughages of equalq (NEI/NEm = 1.05).This
is mainly caused by a higher efficiency with which ME from pelleted feeds is utilized for
gain. The average observed intake of 'fine diets' with q=0.45 appears to be 1.64 (NEI/NEm)
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and the average observed intake of long roughages of similar q-value 1.02. Again, observed
andpredictedintakearealmostidentical.
The estimates of k m and kg for 'mixed diets' (consisting of roughage and concentrates)
given by ARC (1980) are, at least for the lowerrange of q-values, higher than for roughages
of equal q. From our hypothesis, mixed diets are thus expected to show higher intake than
roughages of similar q, which is indeed confirmed by the ARC (1980) regression analysisof
data for cattle:intakeis higheras theproportion of concentrates in adietof agivenq-valueis
higher. In the regression analysis of sheep data, the effect of concentrate portion on intake
was not significant, perhaps because concentrates on average made up only 5% of the diet.
Unfortunately, alackof dataprevents further quantification ofconcentrateeffects onNEIand
oxygen consumption.

Effects ofnitrogen content ofdiets
TheARC(1980)regression modelsrelatingefficiency ofMEutilization toqwerebasedupon
a set of almost 1000 respiration data collected by Blaxter and Boyne (1974). In a later
publication (Blaxter and Boyne, 1978),these authors have shown that apart from differences
in q also differences in the nitrogen content of the feed significantly contribute to the
variation in km and kg. In Chapter 1we havequantified the effects of q and nitrogen content
on roughage intake using a set of 831 roughage feeding trials reported in the literature.
Combining detailed information on intake and efficiency of ME utilization as affected by q
andnitrogencontent ofroughages allowedafurther testof ourhypothesis.
Calculations of optimum intake were again made for a sheep of 60 kg in the way
explained above,except that km andk„were now estimated from the analysis by Blaxter and
Boyne (1978).Recently, Blaxter (1989) hassummarized theresultsof thisanalysis presenting
twoequations:
km =0.947 -0.00010* (P/q)-0.128/q
kg=0.951+0.00037 * (P/q) -0.336/q,
withPastheprotein contentof theorganicmattering.kg"1.
In the 831 roughage intake trials analysed in Chapter 1 voluntary digestible organic
matter intake (DOMI, g.kg W"°-75.d_1) appeared to berelated to q and the protein content of
thefeed organicmatteraccordingto:
DOMI=-19.50+92.46*q+0.060* P (r=0.89,rsd=6.0)
In the regression analysis, the interaction between q and P was not significant. DOMI was
converted to MEI (kJ.kg W 0 - 75 ^" 1 ) as MEI = 15.8 * DOMI (NRC, 1981). Calculation of
NEI/NEm andtheefficiency ofoxygen utilization wasdone as before.
For anumberof feeds with combinations ofqand nitrogen content, covered by both data
sets,Figure 3.4 showsthe averageobserved adlibitum NEIascompared tothepredicted NEI
at which the efficiency of oxygen utilization attains its maximal value. Again, agreement
between predicted and average observed intake is remarkable. Noteworthy are the data for
roughages of a q-value of 0.40: both observed intake and intake for which efficiency of
oxygen utilization is predicted to be maximal lie below maintenance level. Highest quality
roughages have a predicted and observed NEI of about twice NEm. The nitrogen content of
the feed has a positive effect on predicted and observed NEI/NEm in all quality classes. On
average,observedintakeis 1%lowerthanpredicted.
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Fig. 3.4. A comparison of observed and predicted NEI (see text) scaled to NE for maintenance ( N E ^ for
roughages differing in metabolizability (q) andprotein content of organic matter.Protein contents were 6, 9 and
12% for q=0.40; 6, 9, 12 and 15% for q=0.45; 6, 9, 12, 15 and 18% for q=0.50; 9, 12, 15, 18 and 21% for
q=0.55;9,12,15,18,21 and 24%for q=0.60; 12,15,18,21 and24%for q=0.65.

Sofar only information on qandthe nitrogen content of roughages has been used toestimate
km and kg because more detailed information is lacking. Apart from these parameters other
feed characteristics probably also affect the efficiency of ME utilization. Clearly, feed intake
research would benefit from a more comprehensive knowledge of factors influencing the
efficiency of MEutilization.

3.6 Efficiency ofoxygen utilization and differences in
intake between animals
In Chapter 2 the most important sources of animal variation in intake were discussed. In the
next paragraphs we will briefly analyse to which extent predictions of our hypothesis agree
withthisvariationinintake.
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Genotype
Inthemodel calculations shown above NEIhasalways been scaled toNEm. This means that
NEIofadlibitumfedanimalsisexpectedtovaryproportional toNE m iftheefficiency ofME
utilization for maintenance and gain remains constant. No evidence exists for systematic
differences in km and k g between ruminant species, at least not between sheep and cattle
(ARC, 1980;Blaxter, 1989). Hence, theobservation of a proportionality between voluntary
feed intakeandbasalmetabolismindifferent genotypesisinagreement withourhypothesis.

Table 3.2. The efficiency of ME u t i l i z a t i o n for gain (k g ) and the
contribution of protein energy to t o t a l body energy gain in different
c a t t l e breeds (Armstrong, 1982).
k

genotype

Angus

bulls
steers
heifers

0.414
0.483
0.653

prote Lnenergyas
fractionof total energy gain

g
Holstein

0.379
0.407
0.450

Angus

0.27
0.20
0.13

Holstein

0.45
0.40
0.28

In Chapter 2 we also found evidence for a correlation between voluntary feed intake of
different genotypes and the proportion of fat and protein in weight gain, with lowest feed
consumption being characteristic for themost lean breeds. Table 3.2 shows values for k gof
breeds which differ in thecomposition of weight gain. Thehighest value for k g is recorded
for thebreed with thelowest proportion of protein inbody energy gain. Such a breed would
be expected to show the highest voluntary intake if a positive difference of k g is not
counteracted byanoppositechangeinkm which seemsunlikely.

Maturity
The level of voluntary feed intake relative to maintenance requirements decreases with
increasing weight oftheanimal until finally both becomeequal intermsofnetenergy andan
equilibrium weight isachieved. This finding deviates from thegeneral rule observed between
genotypes that intakeofagiven feed isproportional tomaintenance requirements. According
toourhypothesis adecreaseofoptimum NEVNEmwithincreasing weightoftheanimalmust
be attributed toalower efficiency ofMEutilization. Atfirst glance,such aconclusion seems
contradictory toavailableliteraturedata.
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However,only inafew studieshavethepossible effects of ageorweightontheefficiency of
MEutilization beenexamined.Part of theseexperiments hasdealtwithweightranges still far
from mature weights (Blaxter et al., 1966;Van Es et al., 1969).In some experiments which
did include heavier animals it was found that heavy and light animals did not differ in the
efficiency of ME utilization; yet, in those cases intake level relative to maintenance
requirements wasneither significantly different between thetwotypesof animal (Bouvierand
Vermorel, 1975;Graham, 1980).Itis also worth noting that in several experiments no effect
of weight onk„ was found although the ratio of protein energy tofat energy in body energy
gain changed with weight, sometimes considerably, for instance from 0.67 to 0.33 in the
experiments of Van Es et al. (1969). Contrary to this, Graham (1980) observed a lower k g
value in conjunction with a lower voluntary feed intake in young lambs, depositing mainly
protein,comparedtoolderandheavier sheep,depositingmainly fat.
Inanearlierexperiment,Graham (1969)hadstudiedtheeffect of weightonthe efficiency
ofMEutilization by sheepof thesameage.Heconcluded that theefficiency wasnot different
between lean andfat animals of 35 and 60kg fleece-free fasted body weight and with 5and
20 kg body fat, respectively. Measurements of efficiency were carried out after the lean
animalshadbeenfed belowmaintenance for alongtime.
Blaxter et al. (1982) concluded from a long term feeding experiment that k m for sheep
havingreached theirequilibrium weightof 130kgwas similar totheestimateof k m for much
lighter animals.This conclusion is correct if thecalculation of k m is based on theestimateof
NEm obtained in this study for sheep ranging in body weight from 40 to 130kg (316 kJ.kg
W -0 - 75 ^" 1 ). However, such a value is extremely high when compared with other estimates
(seefor instance thedatacompiled byARC, 1980).NEm mayhavebeenoverestimated dueto
a rather unusual procedure (extrapolation from gaseous exchange of animals which still
received akilogram of feed perday),orduetothefact thatmeasurements weremade inJuly,
i.e at long daylength. If we apply amore normalestimate of NE m to these results,k m for the
fat animals musthavebeen muchlowerthank mfor thelighteranimals.
As far as we know, no experiments have been reported in which the efficiency of ME
utilization has been measured repeatedly in a group of animals with voluntary intakes
gradually approaching maintenance level.Astheresults mentioned above areinconclusiveon
the matter, such experiments are needed to test our prediction that the decrease of relative
feeding levelinfat animals isassociated withadecreaseofefficiency of MEutilization.

Lactation and pregnancy
Alactating animal usually eats more of the same feed than anon-lactating animal and MEis
used more efficiently for milk secretion than for body gain (ARC, 1980). In view of the
hypothesis developed here, a relationship between both observations seems obvious. In
reality,no simple link canbe established. For themature sheep which we used asa reference
animalinourcalculations sofar, thetotal NEI(NEm +NEg)can beconsidered thebenefits of
feed consumption. In this type of animal,NEI refers tochanges in body reserves only. Fora
lactating animal,NEIhas severalcomponents.Tosomeextent,NEIcorresponds with changes
inbodyreserves,and tosomeextent with changes infat, protein andlactose secreted inmilk.
Although both components are commonly expressed as NE, it is questionable whether they
have the same meaning for the animal. The fact that lactating animals show a different
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partitioning of NE (between maintenance of body reserves, gain and milk secretion)
depending on genotype, stageof lactation,and feed composition suggest anegative answerto
thisquestion. Without knowledge of how thedifferent components should beweighted, costs
andbenefits of feedconsumption inlactatinganimalscannotbeevaluated.
Anotherproblem,ofquitedifferent nature,concernsthecommonly madeassumption that
the efficiency of ME utilization for milk production (kj) is independent of the level of MEI.
Blaxter (1989) points to theproblems involved in estimating the efficiency of ME utilization
in lactating animals. A reduction of MEI to below its ad libitum level causes not only a
decreaseof NEsecretion inmilkbutgenerally alsoachangeinenergyretention.Areviewby
ARC (1980) shows that research groups have different ways of correcting for such changes;
yet, all methods reported assume a linear relation between ME used for lactation and NE
secreted in milk. Whatever the exact relation may be, it will be difficult to detect a
statistically significant departure from linearity in view of the complications mentioned
above.
Similarcomplications occur withregardtoeffects of pregnancy. Although nutrient needs
may be expected to rise in the course of pregnancy, usually intake does not increase
concurrently.Often, feed consumption evendecreases inthefinaltrimesterofpregnancy.Itis
tempting to relate this to the very low efficiency of ME utilization for energy retention in
uterus,placenta andfoetus (about0.13 according toARC, 1980).Yet,asin lactatinganimals,
NEIis alsoofquitecomplex naturein apregnant animal.In addition,partof thetotaloxygen
consumption by the pregnant animal takes place in the growing foetus. So both costs and
benefits offeedconsumption inpregnantanimalsarenoteasytoevaluate.

Daylength and cold stress
Long days and cold stress increase both voluntary feed intake and basal metabolism. As a
result, efficiency of oxygen utilization is probably maintained at its original level.In asense,
such parallel changes may be considered an advantage to the animal as an increase in intake
independent from an increaseinbasal metabolism wouldlead toalowerefficiency of oxygen
utilization.

3.7 Maximization oftheefficiency ofoxygen utilization:
a universal principle?
The harmful effects of oxygen consumption on vitality and potential life span of aerobic
organisms made us suppose that theintensity of animalbehaviour willbecontrolledin sucha
way as to result in a maximal efficiency of oxygen utilization. Feed intake regulation in
ruminants appearstoobey such aregulatingprinciple.It is logical toassume thatfeed intake
behaviour of other classes of animals will be controlled in a similar way. A test of this
assumption is outside the scope of thispaper. Yet, wecan notrefrain from quoting a striking
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analogy we found between feed intake behaviour of ruminants and foraging behaviour of a
completely different species: the honeybee. Schmid-Hempel et al. (1985) studied this
foraging behaviour and published their findings in a paper with the provoking title
'Honeybees maximize theirefficiency bynot filling theircrop'.Theauthors test two different
hypotheses. The first hypothesis states that the foraging bee tries to maximize the amount of
nectar energy which it can deliver to the hive per unit of time. This hypothesis predicts that
thebeeoneachforaging tripwillgenerally continuetocollect nectaruntilits crop(whichhas
a limited capacity) will befilled.The second hypothesis states that the beetries to maximize
its energetic efficiency, i.e. the amount of nectar energy delivered to the hive per unit of
energy spent in the foraging process. Careful observations of foraging bees and calculations
of.metabolic costsof transportof nectar show thatforaging behaviour is bestpredicted bythe
secondhypothesis.Theauthorsconclude thatenergeticefficiency causesbeestoreturn tothe
hive often with their crop only partially filled. As an explanation they suggest the limited
amountof flight performance worker beesappeartohave.As thisbudgetisusedupthe flight
metabolism degenerates and the workers become unable to forage. Therefore, accumulation
of nectar in the hive will be maximal if each worker uses its foraging capacity energetically
most efficiently.
Despite this striking analogy, optimization criteria in many other studies of optimal
foraging havebeendifferent from energeticefficiency (Alexander, 1982;Stephens andKrebs,
1986).Athoroughevaluation inthelightoftheevidencepresentedhereisclearlyrequired.
Apart from feed intake behaviour, also other types of behaviour may well be controlled
by the principle of maximizing efficiency of oxygen utilization. Evidence may be found in
studies of the regulation of locomotory behaviour. For feed intake behaviour we expressed
intensity as the intake of net energy per unit of time and the efficiency of oxygen utilization
as the intake of net energy per litre oxygen consumed. Likewise, intensity of locomotory
behaviour is measured as distance moved per unit of time and the efficiency of oxygen
utilization as distance moved per litre oxygen consumed. The relationship between both
parameters has been studied amongothers for swimming of fish and walking of man (Peters,
1983; Blaxter, 1989).For both species,optimum speed, i.e. the speed at which oxygen costs
per metre moved are lowest, appears to agree with the preferred speed of swimming and
walkinginthesespecies.
Yet, probably the most elegant example of research into the regulation of locomotion is
the study of gait control in horses by Hoyt and Taylor (1981). Their results have been
replotted in Fig. 3.5. Oxygen consumption was measured in horses which were trained on a
treadmill belt to move slower or faster than the preferred speed without changing gait. This
was done for each of three different gaits: walking, trotting and galloping. At least for
walkingandtrotting,preferred speedwasclosetotheoptimumspeedintermsofefficiency of
oxygen utilization. For galloping this could not be confirmed with certainty due to technical
problems.
Itisimportant tonote a difference in interpretation ofresults.Although Hoyt and Taylor
(1981) actually measured oxygen consumption, they considered their findings evidence for
maximization of energy utilization by horses. We have presented their results as an
illustration of ourhypothesis that animals behave soas tomaximize the efficiency of oxygen
utilization. From data on locomotion, a definite choice of either of the two interpretations is
notindicated.
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With regard to feeding behaviour, Schmid-Hempel et al. (1985) concluded that honeybees
maximize the efficiency of energy utilization where we would see evidence for the
maximization of oxygen utilization. Also in this case, consumption of oxygen and energy
varyin aparallel wayandtherefore thedatadonotexcludeeitheroneoftheinterpretations.
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Fig.3.5.Theefficiency ofoxygenutilizationforlocomotion(distancemoved/oxygenconsumed) inhorsesasa
functionofrunningspeedandtypeofgait(a);lineswerefittedbyeye.Fig. 3.5bshowsafrequencydistribution
ofgaitsinrelationtospeedofhorseswhichwerenotconstrainedtoaparticulargait(bothFigs,redrawnfrom
HoytandTaylor(1981).

However, maximizing energetic efficiency instead of net energy gain, only makes sense if
resources are allocated from a fixed budget (Stephens and Krebs, 1986). Indeed, SchmidHempel et al. (1985) drew attention to the fact that honeybees have a limited total 'flight
budget', i.e.they canonlyoxidize agiven amountof substrate andthenthe ability toforage is
lost. The oxygen-free-radical theory of ageing offers an explanation for this limitation: it is
not the consumption of energy per se that causes flight metabolism to degenerate but the
concomitantreleaseoffree radicalsduetooxygen consumption.In aparallel way,feed intake
behaviour of ruminants can be considered tomaximize efficiency of either energy or oxygen
utilization. Again,maximization of efficiency of energy utilization only makes sense if every
MJ of energy lost by oxidation can not completely be compensated for by a comparable
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energy gain through feed consumption, but represents an irreversible loss of vitality and
lifetime. In our opinion, therefore, the optimization process studied here and in the work of
Hoyt and Taylor (1981) and Schmid-Hempel et al.(1985) should be interpreted in terms of
maximizationof theefficiency ofoxygenrather thanenergy utilization.
The idea of a universal principle underlying the control of widely differing behaviour
opens perspectives for newresearch. Oneof the intriguing questionsis how animals succeed
in optimizing the intensity of any single behavioural activity. Still more intriguing is, if and
how they succeed in optimizing the intensity of composite behaviour, like for instance
locomotion and feeding in grazing herbivores. As any type of behaviour is composed of a
mixture of different physiological activities, all contributing to changes in oxygen
consumption, body energy content andfunctional output, it may bethat similarprocesses are
involvedin thecontrol ofvery different typesof behaviour. Asearch for such aphysiological
background will bethesubject ofChapter4.

3.8 Conclusions
1.Consumption of feed presents both benefits andcosts tothe animal.For a non-reproducing
animal we consider the intake of net energy for maintenance and gain benefits, and the
concomitanttotalconsumptionofoxygen,costs.
2.As oxygen use by tissues causes an accumulation of damage to cell structures, a loss of
vitality, ageing and a limited life span,the amount of oxygen an animal can consume in a
lifetime isrestricted.
3.Therefore, feed intake behaviour will be aimed at maximizing the efficiency of oxygen
utilization: from each feed an animal will consume such an amount that the intake of net
energy perlitre oxygen consumed willbemaximal.This levelof netenergy intakeis lower
than themaximum thattheoretically can beattained.
4.Testing this hypothesis with data of non-reproducing ruminants shows a good quantitative
agreement between predicted and observed ad libitum intake of roughages differing in
metabolizability andnitrogen content.Alsodifferences inintakebetween longandpelleted
roughages, between roughages and mixed rations and the effects of basal metabolism on
intakeappeartocorrespond wellwithourhypothesis.
5.Effects on intake of changes in maturity and physiological state are more difficult to test
due toinsufficient information about theeffects of maturity on efficiency of metabolizable
energy utilization and uncertainty about the exact nature of costs and benefits of feed
consumption inpregnant andlactatinganimals.
6.Maximization of theefficiency of oxygen utilization mayreflect amore universal principle
governing theintensity of both feeding and non-feeding behaviour, in ruminants as well as
inmonogastricanimals.
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4

Optimumfeed intake:insearchofa
physiological background

Abstract
In Chapter 3weconcluded that in mature non-reproducing ruminants theefficiency of oxygen utilization for
intakeofnetenergy attainsamaximum valueclosetothelevelofvoluntary feed intake.Thislevelwas therefore
considered theoptimum intake foranyfeed. The occurrence ofa maximum value isduetotheexistence ofa
basal oxygen consumption anda decreasing partial efficiency of metabolizable energy (ME) utilization when
ME intakeincreases.
In thischapter possible causesofa decreasing partial efficiency ofME utilization arediscussed from knowledge
about the effects of volatile fatty acids (VFA), the main substrate in ruminant metabolism, on cellular
metabolism. Increasing extracellular VFA concentrations appear tohave opposite andpartly independent effects
on living cells: they stimulate both the useof substrate for synthesis of cell compounds, and its usefor
maintenance processes mainly becauseofan increasedproton leakage ofmembranes.From this observationwe
develop the hypothesis thatahigher metabolic acid load isresponsible foradecreasing partial efficiency ofME
utilization when ME intakeisincreased.Theintakelevelatwhichamaximum efficiency ofoxygen utilizationis
achieved must thenbelinked tothe presence ofacertain 'optimum' acid load and thus tocertain optimum VFA
concentrations. Feed intake regulation will aimatmaintaining such concentrations inallbody compartments.
The fact that optimum VFA concentrations inblood and gut differ according tothe quality ofthe feed maybe
due to differences in theconditions for absorption and utilization of VFA between feeds. These conditions
probably vary asa function ofdifferences in the internal recirculation of electrolytes, inthe ratio of nutrients
absorbed from thegut,andindifferences in endogenous acid production. The value of feed digestibilityand
protein contentas indicatorsofroughage intakepotential arediscussed inrelation totheseconditions.
Intracellular pH may beanimportant parameter used bytheanimal in assessing theoptimum intensity of not
only feeding behaviourbut alsoofotherbehavioural activitiesofbothruminants and monogastrics.

4.1 Introduction
The process of feed consumption in non-reproducing ruminants obeys the law of diminishing
returns: as the intake of metabolizable energy (MEI) from a feed increases, increments of net
energy intake (NEI) become gradually smaller. The level of voluntary feed intake appears to
be lower than the level at which increments in NEI, in theory, become zero. From this we
inferred in Chapter 3that aruminant does not try to obtain a maximum NEI from any feed.
Further analysis showed that the ad libitum feed intake corresponds to the intake level at
which the ratio between NEI and the total oxygen consumption is estimated to be maximal.
We interpreted this result of feeding behaviour as evidence that the animal optimizes its level
of feed consumption. For a mature animal we considered the increase in NEI as benefits from
feed consumption, and the concomitant oxygen consumption as costs. The ratio between
benefits and costs was called the efficiency of oxygen utilization for NEI. The optimum feed
intake is the level at which the efficiency of oxygen utilization, NEI per litre C*2consumed,
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becomes maximal. In Chapter 3we also discussed why it is thought useful for the animal to
maximizethis efficiency.
Theefficiency of oxygen utilization isprimarily afunction of the level of feed intake.In
addition, feed and animal characteristics influence the efficiency of oxygen utilization and
change the optimum intake level for that reason. An important question is, which metabolic
processes underlie differences in efficiency of oxygen utilization and thus optimum feed
intake.Thisquestion forms thecentral themeofthepresentchapter.

4.2 Thedecreasing partial efficiency ofenergy utilization
For agiven feed, the efficiency of oxygen utilization increases with increasing MEI to attain
an estimated maximum value close to the ad libitumintake level of ME. The existence of a
maximum value is due to: 1. the fact that a fasting animal consumes a certain amount of
oxygen and 2. the fact that both below and above maintenance the partial efficiency of ME
utilization is not constant but decreases gradually with increasing intake. A basal level of
oxygenconsumption isinherent tolife itself.Adecreasingpartial efficiency seems intuitively
self-evident, but is physiologically not well explained despite extensive studies of animal
energy metabolism (Webster, 1980; Macrae and Lobley, 1982; Blaxter, 1989).The problem
is: why is a progressively increasingpart of theextra absorbed energy apparently respired in
body tissues?
On biochemical grounds the efficiency of ME utilization for maintenance is expected to
be higher than for gain. Yet, this does not necessarily imply a continuously declining partial
efficiency: it is not evident why, for instance for a good quality roughage, the partial
efficiency for body gain is 0.6 just above maintenance level and only 0.4 close to the ad
libitumintakelevel.
From roughages ruminants appear toabsorb from 60to 85%of ME asvolatile fatty acid
(VFA)energy (seebelow).When studyingeffects of VFAoncellularmetabolism, wefound a
possibleexplanation for adecreasingpartialefficiency of MEutilization.Anelegantexample
of suchVFAeffects -asfar asruminant metabolism isconcerned -isoffered byexperimental
results published by Yang and Baldwin (1973). As they also helped to clarify theconcept of
anoptimumintake,amoredetaileddiscussion oftheseresultsispresented.

4.3 The response offat cellstochanges in extracellular
nutrient concentrations
Yang and Baldwin (1973) developed a technique to isolate cells of bovine adipose tissue in
ordertostudy invitrometabolismof glucose and acetate and acuteeffects of insulin. Isolated
cells were incubated in a medium containing glucose, acetate or both, in different
concentrations and with or without addition of insulin. Using labelled substrate,oxidation of
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bothnutrients toC0 2 andconversion tolipid weremeasured. Allconversions were expressed
permgcellprotein.Thedata shown hereinFig.4.1a andbaretheresultsof incubations with
acetate and glucose at the highest glucose concentration tested, 2.5 mM.H. For the
conversion ofacetatetolipid acurvilinearrelation wasfitted byeye.
As Fig. 4.1a shows, conversion of acetate to lipid increased sharply when acetate
concentration was raised from 0.5 to 1.0 mM.l'1, but much less at higher concentrations.
Insulin influenced therateof lipid synthesis from acetate at all but the lowest concentrations
of acetate. The oxidation of acetate shows a linear increase over the whole range of acetate
concentrations tested. Acetate oxidation was not appreciably affected by the presence of
insulin,neitherbytheleveloflipidsynthesis.
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Fig.4.1.Theconversionofacetate(a)andglucose(b)tolipidandC02byisolatedbovinefatcellsasafunction
ofacetateconcentration,withandwithoutadditionofinsulin(redrawnfromYangandBaldwin,1973).Glucose
concentrationwas2.5mM.l"1inallincubations.
The simultaneous use of glucose for oxidation and lipid synthesis shows a completely
different pattern: acetate concentration did not affect either process appreciably, but the
presenceof insulinincreasedbothatalllevelsofacetate.
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Thestronglydivergingresponsesoflipid synthesisandacetateoxidation tochangesinacetate
concentration have important consequences for the utilization of increments in acetate uptake
by these cells. These are apparent from Table 4.1. This Table gives the fractional utilization
of increments in acetate uptake (on amolar basis) for lipid synthesis as afunction of changes
inextracellular acetateconcentration.Increments inacetateuptakewerecalculated asthesum
of acetate used for lipid synthesis and oxidation. The fractional utilization falls sharply with
increasing concentration but both glucose concentration and the presence of insulin have a
positive effect on it, atlow and high acetate concentrations. Notably, insulin and glucose do
not seem to eliminate an inefficient utilization but rather improve acetate utilization by
channelling relatively more acetate into lipid synthesis. Calculations of fractional utilization
of glucose in the way we did for acetate showed no consistent changes as a result of
differences of acetateconcentration andinsulinlevel.

Table 4 . 1 . The f r a c t i o n a l u t i l i z a t i o n of Increments of acetate uptake for
l i p i d synthesis by bovine f a t c e l l s as a function of change In medium
concentration of a c e t a t e , concentration of glucose, and presence of
Insulin; figures In parentheses refer to Incubations with I n s u l i n . Data
were calculated on a molar basis from r e s u l t s of in vitro experiments of
Yang and Baldwin (1973).
Glucose concentration
(mM.l- 1 )

0.625
1.25
2.5

Change in acetate concentration
(mM.l- 1 )
(from 0.5 to 1.0)
(from 1.0 to 2.5)
0.59
0.61
0.67

(0.66)
(0.66)
(0.74)

0.05
0.04
0.14

(0.07)
(0.19)
(0.25)

The response of these fat cells toincreases in extracellular acetate concentration reflects the
general rule we observed at the level of the whole organism when MEI increases: at both
levels an increased uptake of substrate runs parallel with a decrease in partial efficiency of
substrateuse.Thisanalogyhasanumberofinterestingconsequences.
These consequences become apparent when we apply the optimization principle derived
for the whole organism to a part of it: acetate metabolism in adipose tissue. This principle
assumes that regulation of animal metabolism aims at achieving the most favourable ratio
betweenenergy retention andoxygen consumption i.e. substrateoxidation. Applied to acetate
metabolism in adipose tissue it means a maximum ratio between acetate used for lipid
synthesis and acetate used for oxidative purposes. Thisratio can becalculated from the data
ofYangandBaldwin (1973)bytakingintoaccounttheendogenous lossof acetateenergy due
tooxidation when no acetate was added to the medium. We have assumed that this loss can
be found by extrapolation of acetate oxidation to a zero acetate concentration. Figure 4.2
shows how theratio of acetate used for lipid synthesis and oxidation initially increases with
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increasing concentration, reaches a maximum value and decreases at still higher
concentrations.Thisis a similarpattern aswederived for theefficiency of oxygen utilization
as a function of NEIfor the animal as awhole.Anotable difference isthefact that,in thein
vitro experiment, cell metabolism could be manipulated beyond the conditions required for
maximum oxygen utilization efficiency; in vivo, the existence of a maximum value for the
efficiency of oxygen utilization could only be shown by extrapolation beyond the level of
voluntary feed consumption (Chapter3).
It is also important to note that the pattern observed in Fig. 4.2 was not apparent for
glucose utilization in the experiments in which fat cells were incubated with variable
concentrations ofglucose.Wewillreturntothisdifference later.
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Fig.4.2.TheratiobetweenacetateconvertedintolipidandintoCO2byisolatedbovinefatcellsasafunctionof
mediumacetateconcentrationandinsulinpresence;curveswerecalculatedfromdatainFig.4.1.

Summarizing theinformation inFigs.4.1and4.2thefollowing can beconcluded.
- Changes in acetate concentration have both positive and negative effects on cellular
metabolism. Anincreased availability of substratefor lipid synthesis maybe considered a
positive effect, an increased oxidative loss, which is at least partly independent of lipid
synthesisrateandwhichcausesdifferences inacetateutilization,anegative effect.
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- A maximum lipid synthesis rate requires an extracellular acetate concentration exceeding
1mM.1-1.
- Apart from a maximum lipid synthesis rate we can define an optimum rate at which the
ratioof acetateconversion intolipid and acetate oxidation attains amaximum value.This
optimum rate requires a lower acetate concentration, between 0.8 and 1.0 mM.1"1,
depending on glucose concentration and insulin level. The optimum synthesis rate is
consequently submaximal.
- Fat cells have no direct influence on the extracellular conditions affecting synthesis and
oxidation.
- Anorganismthataimsatmaximization of theefficiency ofoxygen utilization willhaveto
optimize the rate of lipid synthesis in fat cells. This must involve the regulation of
extracellularconcentrationsofacetateorsomederivedparameter.
Acetate concentrations in venous blood of ad libitum fed ruminants vary with thequality
of thefeed but are often close to 1mM.1"1(Baldwin and Smith, 1983),i.e. not very different
from the value we would expect from these in vitro experiments and the concept of an
optimizedlipid synthesisrate.
In order to be able to extend the above discussed findings to the level of the whole
organism it is clearly of great importance toknow more exactly how acetate affects cellular
metabolism.

4.4 Effects ofweak organic acidsoncell respiration
Non-epithelial cells
Animportant attributeof weakorganic acids (andbases) is theexistence of an ionic andnonionic (protonated) form in solutions containing the acid. Theprotonated form is peculiar due
to its relatively high solubility in lipid substances, like biological membranes, which allows
weak acids topenetratecells much moreeasily than strongacids.Thisproperty, togetherwith
a certain permeability of membranes for the ionic form has important consequences for the
intracellularenvironmentandcell metabolism.
Characteristic for the intracellular environment is an acidity which is controlled mostly
within anarrowrange tooffer optimumconditions forenzymaticprocesses.Deviations of the
average acidity are generally duetochangingexternal conditions. Additionally, the organism
appears to actively exploit the variation in intracellular pH to control metabolic processes.
The intracellular pH has thus been candidated as an 'overall governor of metabolic activity'
(Busa, 1986). Changes in intracellular pH are an effective means to modulate processes
because of a great pH-sensitivity of many enzymes. Intracellular pH of mammalian cells is
usually higher than expected from theelectrochemical proton gradient: only by a continuous
extrusion of protons,cells are able tomaintain intracellular pHon this higher level (Thomas,
1984;Boron, 1985;Madshus, 1988).
Inamedium withweakorganicacids,cellsarerapidlypenetratedbytheprotonated form
resulting in acidification of the cells' interior. Examples of internal acidification of animal
cells byfatty acids are given for instance byDeHemptinne etal.(1983) for Purkinje strands
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of sheepheartandbyThomas (1984)for snailneurons.Figure4.3showsanexamplefrom the
first mentioned authors. The difference in response between propionate and pyruvate may
indicatethatthefirst penetratesthecellpassively,thelatterthroughfacilitated diffusion.
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Fig. 4.3. Maximum rate of intracellular acidification, expressed as pH change within 10 minutes, after
superfusionofPurkinjestrandsofsheepheartwithpropioniateandpyruvateatapH6.8ofthemedium(redrawn
fromDeHemptinneetal., 1983).

Thecellreacts tothisinternal acidification withanenhancedprotonextrusion inanattemptto
correct the decrease of pH. If the cell membrane would be permeable only to the protonated
form, a new equilibrium would rapidly establish itself, the concentration of the protonated
form at both sides of the membrane being the same and the concentration of the ionic form
being higher intracellularly. As,however, theionic form passively leaks from thecell,anew
highintracellularpHcanonlybemaintained byapermanently increased extrusion ofprotons.
Ionic andnon-ionic form function together asa 'shuttle'carrying protons intothecell (Boron,
1983).This means that a cell needs more energy for maintenance of the proton gradient in a
medium containing weak organic acids than in a medium without these. This phenomenon
canbeobserved incellsof widely differing origin.
Positiveeffects oflowconcentrations andnegativeeffects of high concentrations of weak
organic acids on growth and activity of cells are mainly known from microbiological
investigations (see for instance Maesen andLako, 1952;Samson etal., 1955;Pöhland etal.,
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1966; Abbott, 1973;Ko and Edwards, 1975;Men-Chung Tseng and Wayman, 1975;Tuttle
and Dugan, 1976). The concentration at which negative effects become apparent depends,
amongothers,onextracellularpHandchainlengthoftheacid.
An elegant example of the way acetate influences cell respiration of microbes is shown
by experiments of Hueting and Tempest (1977) with the yeast Candida utilis. These
researchers cultured theyeast atdifferent medium acidities and acetate concentrations. Inthe
absence of measurable concentrations of acetate, the yeast was able to survive over a pH
range of 2.5-6.9. Moreover, this variation of pH had no appreciable effect on oxygen
consumption, contrary to the situation in the presence of acetate. A gradual lowering of
medium pH in the presence of acetate caused oxygen use to increase until a pH of 4.8 was
reached. At that moment, the culture disappeared from the continuous-flow fermentor. The
authorsconcludedthatthenegativeeffect of acetatemustbe attributed toitsprotonated form,
the concentration of which increases with decreasing pH. A low pH per se is not harmful
becauseof alowpermeability of yeastcells for protons,but weak acids act asprotonophores.
The cell is to some extent able to compensate an increased proton inflow by active proton
extrusion. When this capacity is exceeded the cell dies. The authors also concluded that the
energetic efficiency with which acetate is utilized for growth will be lower than that of
substrates which do not cause proton leakage. Such a conclusion also appears applicable to
theobservations ofacetatemetabolisminbovinefatcells.
HuetingandTempest (1977) suggested thattheincreaseofoxygen consumption mayalso
be due to uncoupling of mitochondrial respiration. Uncoupling is caused by the action of
weak organic acids asprotonophores over the inner mitochondrial membrane. It is, however,
not clear whether this phenomenon is of importance in ruminants in view of the low
concentration of acetate in blood and the relatively high pH. Data of Cunarro and Weiner
(1975) show that mitochondrial uncoupling by acetate can occur at a concentration of about
100mM.l"1andapHof7.4.Therefore, uncoupling mayberelevant for epithelial cells which,
in the case of rumen and large intestine, experience extracellular concentrations between 50
and200mM.l-1.
Weakorganic acidsmayaffect energeticefficiency ofcellmetabolism in stillotherways,
for instance byareduced energy transfer permolecule ATPhydrolysedwhen intracellularpH
is lower. Such a mechanism has been mentioned as a possible cause of a diminishing
contraction force of muscle fibres when severe muscle strain induces intracellular
acidification (Curtin etai, 1988).All theeffects mentioned sofarfindtheirorigin in internal
acidification following enhancedproton leakageof membranesof cells orcell compartments.
In addition tothis mechanism, other waysof interference of fatty acids with cell metabolism
may exist, for instance by binding to enzymes and other proteins as suggested by Samson et
al.(1955).
Clearevidence that theeffects of acetateoncellrespiration alsooccur invivoisprovided
by experimental results of Armstrong and Blaxter (1957). These workers examined the
energetic efficiency of utilization of different substrates by infusing them, separately and in
combinations, in fasting sheep. When isocaloric amounts of acetate, propionate and butyrate
were infused separately, theheat increment wasfound tobe 41, 14and 16%,respectively,of
the energy administered. Such differences are hardly surprising in view of the VFA
concentration measuredinperipheral blood:peak concentrations were 10,0.1 and0.5 mM.l-1
for acetate,propionate and butyrate,respectively. Theefficiency of utilization of acetate was
much higherand itsconcentration much lowerwhen amixtureof thethree acids was infused.
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Such differences in utilization have also been found by other researchers (ARC, 1980).
Generally, differences in acetate utilization are explained by pointing to differences in
glucoseavailability. Such anexplanation,however,canonlybepartlycorrect. Asemphasized
above in the discussion of experiments of Yang and Baldwin (1973), the effect of a higher
glucose availability is indirect: it enhances the conversion of acetate into lipid without
changing thenegativeeffect of acetateoncellrespiration.
At this point it is also worth looking again at effects of insulin. As the results of Yang and
Baldwin (1973)showed,insulinincreasestheaffinity oflipidsynthesisfor acetatebothatlow
and highconcentrations.Thismay beduetoahigherintracellular glucose availability. Yet,it
may also be caused by a positive effect of insulin on intracellular pH (Fig. 4.4) and thus on
the activity of enzymes involved in lipid synthesis. Such an action of insulin has been
proposed by Mukherjee and Mukherjee (1981) in a study of lipid metabolism in rat adipose
cells and agrees with the way insulin is thought to influence glycolysis in muscle cells
(Fidelman et al., 1982). If this latter explanation proves to be correct, it seems plausible to
linkthe sharpdecline of theaffinity of lipid synthesisfor acetate, at aconcentration of about
1 mM.l"1,to achange of intracellular pH.This is an attractive idea as the intracellular pHin
this way becomes a suitable parameter to gauge the optimum extracellular acetate
concentration for lipid synthesis,asdevelopedbelow.
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Fig. 4.4. Intracellular pH change of ratfatcells incubated with or without insulin atpH 7.05of the medium
(redrawn from Mukherjee and Mukherjee, 1981).
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Epithelialcells
Epithelial cells differ from non-epithelial cells in two important aspects: 1. the extracellular
environment on one side of the cell often has considerably higher concentrations of weak
organic acidsthanpresentinperipheral blood,and2.transport ofweak acidsacross thecellis
an important cell function. Within the framework of this study, it would be interesting to
know how oxygen consumption of these cells varies depending on differences in VFA
concentration, VFA transport and transport of other substances. However, such data have not
beentracedintheliterature.
The potentially harmful effect of weak organic acids on the intracellular environment
suggests that epithelial cells of forestomachs and large intestine may be equipped with
powerful mechanisms to prevent uncontrolled intracellular acidification. In addition, the
negative effects of relatively low concentrations of weak organic acids on peripheral tissues
do not support the notion of a passive, uncontrollable, mode of transport. Opinions in the
literature on the way transport of VFA takes place appear to differ, ranging from a carriermediated transport to passive diffusion (Powell, 1987). Different mechanisms presumably
coexist, involving both ionic and non-ionic transport, the relative importance of which is
probably different between organs. For instance, a typical attribute of the reticulo-rumen
seems to be a capacity to absorb large amounts in the form of free acids i.e. without a
concomitant absorption of similar amounts of mineral cations like sodium (see Table 4.2).
Contrary to this situation, the large intestine usually shows a closer relation between acetate
andsodiumtransport accordingtodataquotedbyArgenzio(1988).
In vivotransportof acetateisdownward alongaconcentration gradient andcould indeed
be entirely passive. From in vitro experiments, however, we know that weak organic acids
can betransported against a gradient.Noteworthy is thefact thatrumen epithelium incubated
in vitro with the same VFA solution on both sides appears to transport VFA against the
normal direction, i.e. from serosal to mucosal side (Stevens etal., 1969).This reinforces the
idea that the function of rumen epithelium is primarily the prevention of uncontrolled
transport andnotits facilitation.
In an attempt to explain transport of VFA against a concentration gradient, many
publications assign an important role to an intermediate zone in epithelial tissue having a
different pH and confined at both sides by membranes or zones with a different permeability
for the ionic and non-ionic form of the acid (Stevens et al., 1969; Jackson, 1981;Powell,
1987). In its simplest form, this concept is embodied by an epithelial cell which, by active
extrusion of protons on one side of the cell, accomplishes transcellular acid transport. This
would mean that epithelial cells are essentially 'normal' cells, yet with acapacity to extrude
protonsrestricted toone sideof the cell. In this way transport of weak acids is considered a
by-product ofintracellularpHregulation (Boron, 1986).Acontrolled variation of intracellular
pH in epithelial cells may then be an important tool to regulate the entry of weak organic
acids into the blood and for instance insulin may be involved in its central control. This
suggestion doesnot seemtobeseriouslystudieduntilnow,notwithstanding apleaof Ashand
Dobson (1963)for moreresearch intochanges of VFA absorption rates.Proof of the urgency
of such research may be found in the absorption rates measured under experimental
conditions which are often much lower than may be deduced for the free-feeding animal at
similarintraruminal VFAconcentration andpH.Thisisnotonly truefor theresultsof in vitro
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experiments (Stevens and Stettler, 1966),but alsofor measurements of absorption rates in in
vivoexperiments with a temporarily isolated rumen (Ash and Dobson, 1963;Hogan, 1961).
For instance, in the latter experiments an absorption rate of acetate was measured in sheep
which, when expressed per day, amounted to only 1-1.5 Moles at pH=6.5 and 2.5 Moles at
pH=4.5 and acetate concentration of 100mMi" 1 (Hogan, 1961). These amounts are only a
quarter of the amounts a free-feeding animal absorbs at similar concentration and equal or
higherpH.In theexperiments ofHogan (1961),absorption of NH3 also appeared tobemuch
lowerthan expected.
Maintenance of aproton gradient requires energy andin thisway transport of weak acids
from thegutcanbeconsidered an activeprocess.How theseenergy costsrelate to differences
in concentration and amounts transported is not known. Neither do we know how other
factors (extracellular pH, CO2 partial pressure, concentrations of strong electrolytes) and
cellular functions influence suchcosts.Amongst thelatter,differences inelectrolyte transport
are particularly relevant. Ruminants daily recycle an amount of sodium between gut and
blood which may be twice as large as the amount actually present in blood and interstitial
fluid. Obviously, for ruminant life the importance of sodium resorption as an epithelial
function isequal tooreven greater thantheimportance ofVFA absorption.
Evidence that epithelial cells, like non-epithelial cells, experience negative effects of
higher VFA concentrations are for example a saturation of VFA transport at concentrations
which differ per segment of the gut, asappears from invivostudies of humanjejunum, ileum
and colon (Schmitt et al., 1976, 1977; Ruppin et al, 1980). Both humanjejunum and ileum
arenot wellprepared for acid transport andit islikely that VFAconcentrations which exceed
the saturating concentration will lead tointernal acidification andcell damage.The inhibition
of fluid, and probably sodium, transport found in invitroexperiments with epithelium of the
small intestine, at concentrations which become lower with increasing chain length of the
acid,alsopoints tonegativeeffects duetointracellularacidification (Barry andSmyth, 1960).

4.5 The metabolic acid load asa cause ofa decreasing
partial efficiency ofenergy utilization
Themechanisms we identified as likely causes of an increased respiration by the presenceof
acetatehave acommon origin: an increased metabolic acid load for cells.This means that, 1.
the effects of acetate are shared by all weak acids which can pass membranes in protonated
and non-protonated form, 2. all cells suffer from the consequences of such acids, and 3. the
final response of cell respiration will depend on the total metabolic acid load. The latter
equals the net passive influx of protons into cells and is a function of many different
parameters like extracellular concentrations of individual acids, their pK, extracellular and
intracellularpH,andmembranepermeability forprotonated andnon-protonated form.
Acids which contribute to the total metabolic acid load partly arise from the microbial
fermentation of feed, partly arise from host animal metabolism. Inruminants, VFA from the
gutplay adominant role. In monogastrics thedietary contribution is generally much smaller.
Man on a Western diet absorbs only 0.2 to 0.6 Moles VFA per day from the large intestine
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(Cummings, 1981),butpigsonroughagerationsprobably upto5Molesperday (Herschelet
al, 1981).
The contribution of host animal metabolism is more difficult to estimate. Quantitatively
themostimportant weak acid is CO2,in addition acids likelactate,acetate and pyruvate play
a role.From in vitro studies it is known that increasing O0 2 concentration leads to a similar
chain of events as discussed for VFA. Therefore, we may expect that an increase in CO2
concentration will effectively raise the metabolic acid load of cells and will provoke an
enhancedprotonextrusion (Boron, 1985).
Acrucialquestion istowhatextentthismechanism stimulatescellrespiration alsoin vivo
whenmetabolic activity and C 0 2 production are increased. The fact that C 0 2 can rapidly be
removed bypulmonaryexcretion would seemtodeny this.Yet,the C 0 2 concentration of the
extracellular environment is not constant. For instance, during physical exercise C 0 2 partial
pressure of venous blood is increased and blood pH decreased despite a lower C 0 2 pressure
of arterial blood. Both imply an increased metabolic acid load and this has been proposed as
anexplanationfor adecreasingenergeticefficiency of muscularwork (Curtinetal, 1988).
A significant contribution of host animal metabolism to the total metabolic acid load is
crucialfor tworeasons.First itimpliesthatmetabolic activity,i.e.oxygen consumption itself,
indirectly increases the metabolic acid load and causes efficiency of energy utilization to
decline. Secondly, it means that both in ruminants and in monogastrics, essentially the same
mechanism may be responsible for the decrease of energetic efficiency whenever metabolic
activityisraisedduetoeitherincreased feed consumption orphysicalexercise.
The effective acid load resulting from the production of metabolic acid in body tissues
willofcoursedepend onblood flow, i.erateof acid clearance.This wouldexplain whyin the
invitroexperiments of Yang and Baldwin (1973),incubation of cells with glucose alone did
notresult in an abnormally raised cell respiration. Such experimental conditions do probably
not allow a substantial accumulation of acid (mainly CO2) from cell metabolism in the
extracellular medium.
Observations from the experiments of Armstrong and Blaxter (1957) already quoted
confirm the importance of the metabolic acid load for cell respiration and efficiency of ME
utilization. Analysis of the heat increment after both VFA and glucose infusions showed that
theheatincrementincreased linearlywithadecrease of plasmaC 0 2 combining capacity over
therangeof 63to 12%.Obviously, suchlowvalues grossly outrangenormal valuesofplasma
C0 2 combining capacity. Despite this, the relationship found probably represents a causal
one.

4.6 Effects offeed and animal characteristics on the
efficiency ofenergy utilization
Effects of feed and animal characteristics on the efficiency of ME utilization fall into two
categories: effects which arise from metabolic changes in all tissues, and effects which arise
from changesin theactivityof specific tissues.Examplesof thefirstcategory canintheorybe
derived from the model system of fat cells incubated with different nutrient concentrations.
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Differences inefficiency with which adefinite amount of MEis utilized can be visualized to
follow from adifferent partitioning of substratebetween processesof synthesisandoxidation.
Thispartitioning ishighlyvariable astheexampleof fatcells shows:onlyitsupperboundary
is fixed by the theoretical efficiency of synthesis processes which can be calculated from
knowledge of biochemical conversions. Each increase in affinity of synthesis processes for a
particular substrate will have a positive effect on partial efficiency whereas each increase of
substrate use for maintenance of the intracellular homoeostasis will tend to reduce partial
efficiency. Such shifts in substrateusemay follow changesin substratetype,butalsochanges
in enzyme activity as influenced by hormones. The lattermay explain why the same amount
of ME is used with different efficiency depending on the physiological state of the animal.
Theeffect of anincrease inbasalmetabolism maybeconsidered achangeof theintracellular
environment - for instance a higher pH which often accompanies an increase in metabolic
activity (Busa, 1986) - with favourable effects on the affinity of synthesis processes for the
same substrate concentration. In this respect we can compare the basal metabolism with the
fixed costs of a production process, the magnitude of which also influences the efficiency
with which a production factor (in the animal:MEI above maintenance) is utilized.To what
extent an increase of basal metabolism isjudged 'attractive' by the animal probably depends
on the gains in terms of increased efficiency above maintenance and the possible benefits of
anadditionalheatproduction, andthecostsintermsofextraoxygen consumption.
Differences in efficiency of ME utilization between feeds may be the consequence of
differences in substrate partitioning within cells in all tissues and differences in substrate
partitioning between tissues. The latter are only partly quantified due to the complexity of
measuring substrate use and oxygen consumption in different organs.Many activities related
tofeed consumption causechangesin substratepartitioning between tissues,for instance due
todifferences in theamountof energy neededfor chewing of feed andmixing and propelling
of digesta. Such energy requirements are, however, relatively small when compared to the
variation in efficiency of ME utilization between feeds (Webster, 1980;Blaxter, 1989).That
thedirectcontribution of suchprocesses todifferences inMEutilization issmall,mayalsobe
inferred from the fact that differences in ME utilization between feeds are small below
maintenance intake. These differences become larger as MEI increases. This may not arise
from additional processesrequiring energyinthecaseof lowerquality feeds. Itismore likely
that the efficiency with which allorgans function starts todiminish, yet at a variablerate, as
theenvironment which surroundscells assumes ahigher metabolic acidload. Such avariable
rate mayresultfrom differences between feeds intotal metabolicacidloadatsimilar MEI,for
instance due to a different contribution of acid from the gutor from host animal metabolism
itself. A decrease of the efficiency of individual organ functioning is indicated by
measurements of oxygen consumption by the gut: the latter increases exponentially with
increasing MEI just like O2 consumption of the whole animal (Webster et al, 1975). The
study of Webster et al. (1975) also revealed differences in oxygen consumption of the gut
between feeds at a similar MEL How these differences are related to characteristics of the
feed cannot bepostulated onthe basis of current knowledge.The sameis true for differences
inenergy utilizationbyorgansothersthanthegut.
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4.7 Feed intake regulation: regulation of optimum
nutrient concentrations
Usually, feed intake regulation is considered the control of a process by which the animal
transfers definite amounts of matter intheform of meals from theoutsideenvironment tothe
internal environment. Such a concept loses much of its significance as soon as we focuss on
theregulation of uptake anduseofnutrients byorgans,tissues orcells:theiractivityresponds
to changes in concentrations, not to changes in amounts of nutrients in their environment.
Obviously, large differences exist in the composition of the extracellular environment, the
largest difference being present between blood and interstitial fluid on the one hand, and the
gutlumen on theotherhand.Within these twoagain,quitedifferent micro-environments can
be distinguished. This variety of environments is reflected by a variation in nutrient
concentrations. Amongst these, VFA appear toplay an unique role as they contribute to the
metabolic acid load. As shown above this means that their presence, in physiological
concentrations,hasbothpositive andnegativeeffects. Suchdualeffects may notberestricted
to nutrients like VFA but we shall limit our discussion to this major class of nutrients in
ruminant metabolism. Both types of effects resulted, in our model system of fat cells,in the
definition of an optimum concentration at which increased substrate availability and
metabolic acid load showed the best possible compromise to maximize the efficiency of
oxygen utilization.The nature of both typesof effects is such that they occur in all tissues to
which VFA have access, i.e. in all body cells. Hence, all tissues share the positive and
negativeeffects, yetnotall tothesamedegree.Forinstance,amediumcontaining acetateand
glucosein therightconcentration will allowfat cells tosynthesize large amounts of lipid and
achieve a high efficiency of oxygen utilization. Yet, the same medium would be unsuitable
for protein synthesis in muscle cells, so it would result in a low efficiency there. For this
reason, the optimum concentration of VFA will be different for fat and muscle cells
depending on thepresence of amino acids.In vivo,however, both types of cells bathe in the
samemediumandrelyuponitfortheirnutrition.Hence,anorganismwhich triestomaximize
the overall efficiency of oxygen utilization has to find the optimum VFA concentrations (as
part of the optimum metabolic acid load) taking into account the balance of positive and
negative effects in all tissues which share the same extracellular environment. This must
applytoboththebloodandinterstitialfluid andthegutcontentsasextracellular compartment
of the gut lining tissues.Therefore, in thead libitumfed animal wemay expect tofind VFA
concentrations in different body compartments which are actively regulated in order to
achieve amaximum efficiency of oxygen utilization for the wholeorganism. This conclusion
is contrary to the common belief that such concentrations merely reflect differences in
microbial fermentation rate and VFAproduction and absorption rates. In the next section we
will discuss observations on VFA concentrations in forestomachs and blood supporting our
opinion.
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OptimumVFAconcentrationsintheforestomachs
VFA concentrations in rumen fluid of roughage-fed animals increase almost linearly with
digestibility ofthefeed asdotheamountsofVFAabsorbedbyadlibitumfed animals.Higher
concentrations of VFA in digesta flowing from the reticulo-rumen also result in a general
increase of concentrations in omasum, abomasum and duodenum as illustrated by Table 4.2
which wascomposed from literature dataof different sources.Thelowconcentrations typical
for poorlydigestiblefeeds arenottheconsequence of alowacidproductionperse,but follow
from thebalancebetween production, absorption andoutflow of acid.Alltheseprocessesare,
to a variable extent, controlled by the animal by actively changing the rates of eating,
chewing, absorption andpassage.Not surprisingly, concentrations mayriserapidly whenone
or more processes are deliberately disturbed. An interesting example is the acute increase of
VFA concentration when saliva flow is interrupted (McManus, 1959).In addition, it appears
that concentrations for the same feed and feed intake are not constant but to some degree
influenced bythephysiological stateoftheanimal(Weston, 1988).
If the observed VFA concentration reflects an optimum state belonging to a particular
feed and animal, we may expect that artificial concentration changes per se will provoke
adaptive changes in feed consumption. Such changes of intake will proceed until the animal
has achieved anew equilibrium. If the animal does not succeed in establishing this,intakeof
feed mayeven fall tozero.Inthiswaytheresults of VFAinfusion experiments which,at first
glance,look bizarre and anomalous (Egan, 1966;Weston, 1966)may beexplained. Atypical
response tosuch infusions isadecreaseof energy intake which sometimes is inproportion to
the amount administered, sometimes absolutely not. The concentration of infused VFA
solutions is usually many times higher than the concentration present in rumen fluid.
However, the key factor must be the concentration of undissociated acid - as a function of
VFA concentration and pH - which is established in rumen fluid. The role of undissociated
acid appears tobewelldemonstrated by,for instance,results ofPapas andHatfield (1977):in
lambs on aconcentrate ration,intakedecreased on average by 35%when abomasally infused
with 0.5 Mole of either acetic, or propionic, or butyric, or hydrochloric acid, whereas
comparable amounts of Na-acetate or propionate had little or no effect on intake. Evidence
for theimportance of theundissociated form may alsobe seeninthedecision ofEgan (1966)
to use neutralized acids instead of free acids because of rapidly occurring ruminai acidosis
when thelatterwere infused.
Lower concentrations of undissociated acid and greater VFA acceptance by the animal
may be expected when VFA become available in less concentrated form either from more
diluted infusions or from fermentation of slowly degradable carbohydrates. Rapidly
fermenting concentrates usually show a higher substitution value than more slowly
fermenting concentrates. Likewise, combination of rapidly fermenting compounds with
buffers may act positively in order to control deviations from optimum free acid
concentrations for a given feed. Thus, the substitution value of ruminai glucose infusions is
highbutmuch smaller whencombined withbicarbonate (Weston, 1978).
The above does not answer the question why ruminai VFA concentrations would show
different optima depending on the digestibility of the feed. The concept of an optimum
concentration has beenbased upon achangingratio between thepositive and negative effects
of VFA on organ functioning when concentrations increase.The main function of therumen
epithelium is the absorption of nutrients, perhaps more appropriately: the protection against
83

Table 4.2. A summary of different parameters relating to feed intake,
digestion, and nutrient absorption by sheep given roughages varying in
organic matter digestibility (OMD) from 40 to 80%. Parameters were
estimated from information given by Egan (1965), Weston and Hogan
(1968a,b),Hogan and Weston (1969), Hogan et al.(1969), Weston and Hogan
(1971),Ulyatt et al. (1975),UlyattandEgan (1979),Doyle et al. (1982),
Grace et al. (1985)andBlaxter (1989).
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uncontrolled resorption. Absorbed nutrients include exogenous substances - mainly VFA
arising from the feed - and endogenous substances - mainly sodium arising from saliva
secretion. Hence, it would appear logical to search for an explanation, as to why optimum
concentrations differ between feeds, in changes in these two major absorptive processes.
However, as noted earlier, our knowledge of the physiological processes involved is
insufficient to showthatenergetic efficient transportof VFA and sodium areonlytoacertain
extent compatible. Some evidence was quoted which indicates that high concentrations of
VFA favour the absorption of VFA, yet counteract the absorption of sodium. Indirect
evidence that the relationship between the two is important for intake regulation is more
amplyavailableandisnow summarized.
Any attempt to explain differences in roughage intake which does not rely on an
important role of rumen fill should offer an alternative explanation for the correlation
between intake and feed characteristics which measure the ease of physical and microbial
breakdown like digestibility, cell wall content, and chewing efficiency (Dulphy etal.,1980).
Only part of the favourable effect of a higher digestibility can be attributed to changes in
nutrient ratios (a smaller proportion of VFA-energy in ME which probably allows a more
efficient utilization of ME, see Table 4.2) and lower costs for physical processing of feed
(chewing, ruminating, digesta propelling etc.). These can, however, not fully explain the
higher intake of highly digestible feeds: even after grinding and pelleting and
supplementation with minerals, vitamins and protein, poorly digestible feeds do not show a
digestible energy intake equal to highly digestible feeds. So clearly other processes must be
involved. These may be secretory and absorptive processes varying in parallel with
differences in the filling capacity or degradability of feeds. For instance, for roughages
secretion of saliva is highly correlated with digestibility, but even more highly with
parameters whichmeasuretheamountof chewing neededperkilogramoffeed; anexampleis
thechewing index of Troelsen and Bigsby (1964) which in turn appears a better predictorof
intake than digestibility itself. Likewise, grinding and pelleting decreases saliva production
butincreasesintake.
The importance of saliva secretion is also supported by the results of simulation models
of feed processing in the rumen: ruminants may increase their intake of a roughage by
enhancing digestapassage which requires a largerflow of electrolyte fluid i.e.a larger saliva
production.Thefact thattheanimalusesthismechanismonlyunder somecircumstances may
indicatethatsuchanincreasepresentsbothbenefits andcosts.
Addition of electrolytes like NaCl and KCl to the rumen acutely decreases saliva
production (Wilson, 1963), at higher doses also feed intake (Wilson, 1966).This points to a
finecontrol of theflow of electrolytes intotherumen inrelation totheneedsfor processesof
resorption and passage: small disturbances may be compensated by changes in saliva flow
without similarchanges inintake,largerdisturbances maynot.Also,effects ofdifferent kinds
of manipulations of rumen contents (like addition orremoval of materials) may have little to
do with changes in rumen fill per se but more with changes in the conditions affecting
nutrient absorption.
The extent to which differences in digestibility are paralleled by changes in ruminai
absorption processesisillustrated bycalculations ofVFAand sodiumflows acrosstherumen.
These are shown in Table 4.2. The ratio between Na, available from saliva, and VFA from
feed appears to vary on a molar basis from 1:1 for very low, to 1:4 for very high quality
roughages. The ratio between Na and VFA absorbed from the rumen shows a much wider
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variation i.e. from 1:2 to 1:25. This means that as digestibility of the feed increases, total
absorbed amounts of VFA - in the case of ad libitumfeeding - increase and in addition a
growingproportion isabsorbed asfree acidi.e. withouta mineralcation.Directevidence that
such ratios are important for the control of absorption and thus intake would seem to come
from experiences with intragastric feeding (0rskov et al., 1979). With this technique it has
proved possible to sustain ruminants completely on infusions of VFA, protein, vitamins and
minerals.Important for its successful application appeared tobetheratiobetween amountsof
buffer and VFA infused into the rumen. With a molar ratio of buffer (Na-bicarbonate) and
acidof 1:1 only a small amountcould beinfused, with aratioof 1:4 alevelof atleast 2times
maintenance could be achieved in sheep. It is important to note that higher doses led to
accumulation of acid andruminai acidosis.Although theseratiosincombination with feasible
energy infusion levels show a parallel with the free-fed animal (see Table 4.2), a clear
difference exists between intragastric feeding and free-feeding: external addition of buffer to
therumen isnotidentical tointernalrecyclingof buffer between bloodandgut.
In conclusion, itis emphasized once more thatfill characteristics of a feed -often linked
toits intake potential -also have a large impact on conditions for resorption of nutrients and
electrolyte recycling. Yet, the importance of thelatter has largely been ignored in the search
for anexplanation ofcausesofdifferences inintake.

OptimumVFAconcentrationsintheblood
Although comprehensive data are lacking, VFA concentrations in venous bloodof adlibitum
fed animals appear to behigher when feed quality orintake are higher. Inorder toreducethe
acid load of VFA, it would appear beneficial for the animal tokeep VFA concentrations as
lowaspossible.Thisrequiresahighaffinity offor instancelipid synthesisfor acetate,sohigh
bloodconcentrations of glucoseand insulin.However,manipulation of both parameters does
not only affect adipose tissue but the majority of body tissues. Therefore, the optimum VFA
concentrations in blood must bedependent on the composite effects of VFA, glucose, amino
acids and insulin on allcells.Obviously, it will notbeeasy topredict themfor anyparticular
feed.
The amount of glucoseruminants absorb from roughagerations is small.That is why the
provision of sufficient propionate and amino acids as glucogenic precursors could be an
important feed parameter affecting efficiency of utilization of ME and intake. The positive
effects of protein content on intake, however, may have different causes depending on its
magnitude. At low protein contents ME is utilized probably inefficiently both by adipose
tissue due to a lack of glucose and by other tissues due to a relative excess of acetate
compared to amino acids. Correcting a true deficiency of glucogenic precursors or amino
acids under such conditions may explain the spectacular intake increase of low quality
roughages sometimes found. At higherprotein contents in the feed, extraprotein will largely
be used for fat synthesis in mature animals. Due to the absence of the protonophoral
properties of VFA, protein may be a relatively 'cheap' substrate for fat synthesis. The
theoretical efficiency of fat synthesis from protein amounts to 0.66 according to Blaxter
(1989) which is higher than the partial efficiency of ME utilization at the level of voluntary
MEI.Under such circumstances protein is betterconsidered apreferred, instead of alimiting
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nutrient: mature sheep mayrespondpositively toahigherprotein content of the feed without
reallyhavinghighaminoacidrequirements.
Apartfrom theeffects mentionedabove,feedproteinmayhaveanothereffect irrespective
whether the protein content is low or high. Protein in roughages usually has a high
degradability and protein breakdown produces a VFA mixture quite different from
carbohydrate breakdown: in vitro fermentation of casein gave a mixture with, on a molar
basis, 40% acetate, 28% propionate, 12% butyrate and 20% valerate and isovalerate
(Demeyer and Nevel, 1979).Such amixture has an energy content of 1.6 MJ.Mol"1which is
higher than the 1.2 MJ.Mol 1 for an average mixture from carbohydrate fermentation.
Infusing this mixture in mature sheep was relatively well tolerated when compared to the
intake responses often reported when VFA mixtures richer in acetate have been infused
(Chapter 7). More experiments are needed to confirm potentially positive effects of
degradableprotein.

4.8 Intracellular pH:measure for the optimum
metabolic intensity?
In Chapter 3we presented feed intake regulation as the optimization of costs and benefits of
feed consumption. We considered benefits the intake of NE and costs the total concomitant
oxygen consumption. Both parameters appear to represent well the gains and losses
associated with feed consumption. However, it seemed unlikely that these are also the
parameters the organism records to adjust the intensity of feeding. Amechanism to measure
oxygen consumption quantitatively is not known. Neither is it apparent how animals could
directly sense changes in energy retention. Another basic problem is the fact that both
parameters arecumulative quantities calculated on adaily basis, as usual.On a time scaleof
less than a day both oxygen consumption and NEI would have shown a large and partly
independent variation. So if the animal would really measure both parameters it would also
needtohave somekindofmemory tointegrate andstoretherelevant information.
Theobjections against thechoiceof theseparameters largely disappear if theprincipleof
optimization of feed intakecan bereduced tothemaintenance of anoptimum compositionof
the extracellular environment in different body compartments. Control of the metabolic acid
load appears to be a crucial element in this process. In view of the effects of the metabolic
acid load on intracellular pH, the latter appears a good candidate to sense and control the
intensity of feeding behaviour. It is worth noting that sensors which react to changes in
concentration of theprotonated form of VFA -therefore probably tochanges of intracellular
pH-havebeenfound intherumen wall(Leek, 1986).
Intracellular pHmay not only control theintensity of feeding behaviour but also of other
behavioural activities.Thetendency towards maximization of efficiency ofoxygen utilization
not only determines the preferred intensity of feeding behaviour in ruminants but also the
preferred intensity of locomotory behaviour in man, horse and fish (Chapter 3). From the
harmful effects of oxygen consumption on vitality and life span wesupposed that an efficient
use of oxygen may be a general principle underlying the control of metabolic intensity in
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aerobicorganisms.Probably characteristic for any increasein metabolicintensity are changes
of the concentrations of substrate, metabolites and waste products in the environment
surrounding cells. Such changes appear to increase the energy requirements for maintenance
of intracellular homoeostasis. Hence, the control of metabolic intensity must involve the
assessment of the acceptable costs of maintaining intracellular homoeostasis. In this
assessment the organism appears to use the efficiency of oxygen utilization as a guiding
principle. As each increase of metabolic intensity tends to acidify the intracellular
environment and this in turn affects many different intracellular processes, the assessment of
the acceptable excursion of intracellular pH must be part of the control of any behavioural
activity. Intracellular pH may thus act as both an overall sensor and governor of metabolic
activity (Busa, 1986).
Control of intracellular pH is of vital importance for each cell and feedback information
with regard to this parameter is thus required from all body compartments to adjust feeding
intensity. For that reason a unique role for a single organ in the regulation of intake, as
sometimessuggestedfortheliver,seemsunlikely.

4.9 Future research
The strength of any theory on feed intake regulation depends to a large extent on the
successful integration of observations made at different hierarchical levels,ranging from the
level of the whole organism to the cellular level. We belief our approach in this respect
favourably competes with commonly held opinions on intake regulation. Yet, we are fully
aware of themany gapsin ourknowledge and future research must prove thefirmnessof the
theorypresented.Furtherresearch isindicated atallthelevelswetriedtospan.
At the cellular level, we need to know more exactly how VFA affect cell respiration of
mammalian cells as most of the information, surprisingly, stems from other scientific fields
than ruminant physiology. At the tissue and organ level, information is desired as to the
different and probably conflicting requirements of organs for optimum functioning. At the
level of the organism as a whole, clearly, a great challenge is to find out how the animal
succeedsinintegratinginformation astothemetabolic intensity indifferent tissues andhowit
uses this information to adjust nutrient flows between different body compartments, like the
gutandbloodcompartment, andultimately feed consumption.This question is,ofcourse,not
restricted tothe stall-fed animal but alsoextends tothefree-ranging animal performing many
different behavioural activities,often simultaneously.
We would like to end with some remarks as to the relevance of research into the
regulation of feed intake and energy utilization in ruminants. In the idea developed here,we
consider the decrease of the efficiency of ME utilization with increasing intake as an
inevitable consequence of a higher metabolic acid load threatening the intracellular
environment. The organism has to defend itself against this threat and thus incurs certain
energy costs. These extra costs in turn appear to be decisive for the optimum level of feed
intake, growth and production. To perceive that the costs involved in preserving the internal
environment are so crucial causes concern. It does not seem merely coincident that such
perception occurs at amoment when we begin torealize that 1.an increased pollution of our

human environment is concurrent with a sharply increased nutrient and energy use in,
amongst others, agricultural systems, and 2. such polluting effects have to be taken into
account in assessing theoptimumproduction intensity of those systems.Hence,research into
the animal metabolism as a model of an optimized production system may well serve a
broaderinterestthanthemorenarrowoneof livestockproduction.

4.10 Conclusions
1.Theefficiency of oxygen utilization for NEI attains amaximum valueclose to thelevelof
voluntary MEL This is caused by: 1.the existence of a basal oxygen consumption in the
absence of feed consumption and2.adecreasingpartial efficiency of metabolizable energy
(ME)utilization whenMEintakeincreases.
2.The decrease of partial efficiency may be due to the fact that all tissues develop
progressively higher maintenance requirements as a result of changes in the extracellular
environment. An important change is a higher metabolic acid load caused by higher
concentrations of acids from microbial fermentation of feed and host animal metabolism.
Differences between feeds in the rate of decline of partial efficiency with MEI may arise
from systematic differences in substratepartitioning both within allbodycells and between
cellsofdifferent organs.
3.Thelevelof voluntary feed intake -theoptimum levelfrom apointofefficiency ofoxygen
utilization - is probably linked to thepresence of acertain 'optimum' acid load and thus to
certain optimum VFA concentrations. Feed intake regulation will aim at maintaining such
concentrations in all body compartments. The fact that optimum VFA concentrations in
blood and gut differ according tothe quality of the feed may bedue tofeed differences in
the conditions for efficient absorption and utilization of VFA. These conditions probably
vary as afunction of differences in the internal recirculation of electrolytes, in theratioof
nutrients absorbed from thegut,andindifferences inendogenous acidproduction.
4.The value of feed digestibility as a general indicator of roughage intake potential must be
attributed tothe information thisparameter holds withregard totheenergetic efficiency of
several processes; these probably concern the complete chain of feed processing, from
chewing andruminating totheabsorption ofnutrients anditssubsequentutilization inbody
tissues.
5.Thepositive effect of a higher feed protein content on intake may be partly attributable to
an increased availability of amino acids to the host animal, partly to an increased
proportion of non-VFA-energy inME,andperhaps alsopartly toan altered compositionof
VFA-energyasaresultofruminaiproteindegradation.
6.Intracellular pH may appear to be an important parameter used by the animal in assessing
theoptimumintensity of not onlyfeeding behaviourbut alsoof otherbehavioural activities
of bothruminants andmonogastrics.
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PartII
Experimentalresults

5

Voluntary intakeofdigestible organic
matterandfasting heatproductionin
dwarf goatsandsheep:aspecies
comparison

Abstract
Individual voluntary intake of digestible organic matter (DOMI)and liveweight (W) were recorded weekly in a
group of 6West African Dwarf goats and 6 Swifter sheep,all wethers, for a period of 106weeks.Initialage was
29 weeks for goats and 35 weeks for sheep. During the first year of the experiment, animals received a diet of
pelleted grass straw, during the second a diet of pelleted lucerne.Fasting heat production (FHP) of each animal
wasmeasured following ad libitumfeeding insevenperiods with intervalsof about four months.
Group mean liveweights increased from 12to 38kg in goats and 50to 110kg in sheep during the experimental
period. Comparing data of both species within weeks,both FHPand DOMI were allometrically related with W,
with the estimated exponent of W not significantly different from the overall inter-species mean (0.75). As a
result, the two species consumed the same amounts of digestible energy relative to basal metabolic rate (here
measured as the ratio DOMI/FHP). An exception were data for a 12 week period toward the end of the
experiment when sheep presumably suffered from copper poisoning and showed lower DOMI relative to
metabolic sizethan goats.

5.1 Introduction
The level of voluntary feed intake relative to maintenance requirements is one of the most
importantparameters determiningruminantproductivity,inthetropics aswellasin temperate
regions. In most studies on the effect of diet quality, physiological state or environmental
conditions on voluntary feed intake, the commercially most important species (cattle and
sheep) are used as experimental animals while data obtained with goats, especially dwarf
goats,arescarce.
TheDepartment of Tropical Animal Production, Agricultural University Wageningen, is
involved in a project studying the productivity of West African Dwarf (WAD) goats
(Montsma, 1986; Zemmelink et a/., 1985, 1991;Smith and Bosman, 1988) and is therefore
especially interested in the feed intake capacity relative to maintenance requirements of this
small (adult doe size about 30 kg)ruminant species.In modern nutrient requirement systems
for ruminants,in theUSA (NRC, 1984, 1985)aswell asinEurope (e.g.:ARC, 1980;vanEs,
1978), the net energy (NE)required for maintenance, essentially the fasting heat production
(FHP),is abasic parameter. Manyestimates of FHP havebeenrecorded for sheep andcattle.
FHP data obtained with goats are more scarce and highly variable (Mohammed, 1982). To
ourknowledge,noFHPestimatesofWADgoatshavebeenpublished.
Therefore, a long-term (two years) experiment was designed to study the effects of age
and liveweight (W) on voluntary feed consumption of diets of different quality and on the
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levelofFHPinWAD goats.With theaimof comparing the levels of feed intake and FHPof
WAD goatswith abetter studiedruminant species,alsoonegroupof Swifter sheep,of anage
and with a nutritional history comparable to the goats, was included in the experiment. In
view of the importance of roughage as the main feed source in WAD goat production
systems, the diets were originally planned to consist of chopped roughage only. After some
initial observations it was decided, however, to use pelleted roughages instead, to facilitate
data collection andreduce the amount of labourrequired for a long-term experiment. Twelve
goats were fed ad libitumpelleted lucerne for two years and 12 goats and 6 sheep were fed
pelleted grass straw during the first year and pelleted lucerne during the second. Individual
weekly intake of digestible organic matter (DOMI) was measured for all animals during the
twoyears.FHPwasmeasured atregularintervalsinthe6sheep andin6goatsofeach dietary
treatment.
In our attempts to manipulate roughage intake in ruminants, experimental animals were
WAD goats (reported in Chapter 6) or sheep from mixed (Swifter or Flevolander ) breeds
(reported in Chapter 7). To facilitate the interpretation of data in these chapters, especially
withregardtothelesswellknown WADgoats,theresultsobtained withthe6sheepandthe6
goats receiving identical treatment will be presented and discussed in this chapter. Withinspecieseffects onDOMIandFHPwillbereported elsewhere.

5.2Materials and methods
Experimental design
Anoutline of theexperimental design isdepicted inFig. 5.2.1.Theexperiment consisted ofa
long-term feeding trial with FHP measurements at regular intervals, and of separate
digestibility trials.Goats and sheep entered the experimental unit in week -14for aperiod of
adaptation tothe stable, thediet of chopped hay (CH) and thefeeding system up toweek-8.
Individual feed intake was recorded for 6d in week -7.During weeks -6 until -1 the FHPof
all animals was measured in respiration chambers. Immediately after leaving the respiration
chamber animals were fed a diet of grass straw pellets (GP). In some cases animals were
given limited quantities of hay for somedays to stimulate intake after fasting. The individual
weekly intake was recorded from week 1 (December 24 until 31, 1984) up to week 106.
Animals were fed adlibitum GP upto week 57and lucerne pellets from week 58 uptoweek
106.IndividualFHPwasmeasured another sixtimes atintervals of aboutfour monthsduring
this period. During the experimental period the digestibility of the diets was measured with
additionalcastratedWADgoatsandentiremaleSwifter sheepatregularintervals.

Animalsand housing
The 6 goats were selected at random from the university flock of WAD goats described by
Montsma (1986) out of a group born in March-April 1984, castrated at 6 and weaned at 12
weeks of age. Before weaning,kidsreceived ad libitumhay and concentrates. After weaning
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theyreceivedinitiallyadietof hayandlimitedquantities ofconcentrates,werethen gradually
putonahaydietandremained onthisdietuntilthebeginning of theexperiment.The6sheep
were selected atrandom from a groupof male Swifters, a synthetic breeddeveloped from the
Texel and Flemish milk breed (Bekedam, 1986). The lambs were all born from university
flock dams in February 1984,kept on pasture until weaning at 12 weeks of age after which
they were put on a hay diet until the experiment started. Sheep were castrated at
approximately 14weeksofage.
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Fig. 5.2.1. Experimental design. Indicated are diets fed (CH: chopped hay; GP: grass straw pellets;LP: lucerne
pellets), recording of intake, respiration periods for fasting heat production measurement and digestibility
experiments.

An additional group of six goat wethers of the same breeding group were maintained as
reserve animals on the same diet as the experimental animals during the initial phase of the
experiment. Animals were housed in an experimental unit equipped with windows (i.e.:
animalswereexposedtonaturalrhythmofdaylength)andaheatingsystemthatfrom autumn
till springprevented the temperature todrop below 17°C. Sheep werehoused individually in
3.5 m 2 pens separated with wire mesh, on concrete floors with sawdust bedding. Each pen
wasprovided with afeeding trough, water nipple and sheep salt lick (>99%NaCl, guaranteed
copper-free). The goats were housed in groups of four animals, in 7 m 2 pens separated with
wire mesh, on concrete floors and sawdust bedding. Each pen was provided with a water
nipple, a regular cattle salt lick (>99% NaCl) and four Calan-doors (Calan Electronics Ltd,
Crossroads, East Lothian, Scotland) adapted for dwarf goats.Each goat was provided with a
responder attached around the neck that opened one door only, thus allowing individual
recording of feed intake. Liveweight was recorded weekly with an accuracy of 0.02 kg for
goats and 0.5 kg for sheep. Sheep were shorn in May 1985,May 1986 and in January 1987
and fleece weights were recorded. All sheep weights used in the analyses were fleece-free
weights,estimated from Wandfleece weight,assuminglinearwoolgrowth.
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Feedsand feeding
Theproximate composition (according to AOAC, 1975)and the invitro (according to Tilley
andTerry, 1963)organicmatterdigestibility (OMD,%)of thedietsisinTable 5.2.1.

Table 5 . 2 . 1 .
Proximate composition and in vitro
organic matter
d i g e s t i b i l i t y (OMD) of the chopped hay (CH), grass straw p e l l e t (GP) and
lucerne p e l l e t (LP) d i e t s .

Diet

DM
(X)

CH
GP
LP

84.3
90.3
90.0

determined in the dry matter (X)
OM

CP

CF

EE

92.0
93.0
90.4

13.8
10.2
16.1

nd
33.0
31.7

nd
1.8
2.9

in

vitro
OMD ( X )

nd
60.2
61.1

nd: n o t d e t e r m i n e d

Thechopped (chopping length about 5cm) meadow hay consisted mainly ofLoliumperenne
and was offered in amounts allowing forrefusals of approximately 25% of the amount
offered. About two-third ofthis amount was offered around 0900 hand the remainder was
added around 1700 h. Refusals were removed and (during the measurement period) weighed
and sampled just before the morning feeding. The grass straw pellets (GP) were made of
threshed Loliumperenne grass straw. The straw was ground through a 16 mm screen and
pelleted through a 12 mm screen, adding 2.5% molasses and 0.9% urea. The batch was
pelleted atacommercial enterprise without drying facilities and showed a high moisture
content after pelleting. To avoid moulding during storage, the batch was mixed, ground and
pelleted again (using the same screens) to bring down moisture content. The lucerne pellets
were from acommercially available batch, pelleted through a 10mm screen after artificial
drying and grinding. Thepellets were stored in gunny (GP)orpaper (LP) bags in a mice-free
room. The feeding routine ofthe two pelleted roughages was identical. Once aweek, after
weighingtheanimals,feed residueswereweighed.Iffeed dusthad accumulated itwas sieved
out of theresidues. Residues consisting of good pellets were offered again to the animals.A
weekly amount was weighed for each animal and fresh pellets were added tothe feeding
troughdaily,guaranteeing theconstant availabilityofpellets totheanimals.

Measurement offasting heat production
Before each48hours'respiration period,twoanimals (twoseriesof twogoatswere alternated
with oneseries of two sheep) were moved at approximately 0900 h from the main
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experimental unit to the unit containing the two respiration chambers. After arrival, animals
were housed individually in an imitation of the respiration chambers (dummy) for a short
adaptation period. After entering thedummy, animals received ad libitumtheir experimental
diet for 24 h. Animals started fasting at 0900 h of the second day in the dummy. At
approximately 1600h of the second day the animals entered therespiration chambers.In the
dummies as well as in the respiration chambers there was a 12/12 h light/dark period and
animals received ad libitumwater. Measurement of gaseous exchange started between 0800
and 0900 hof the thirdday and continued for 48 h. Temperature in therespiration chambers
was maintained at 20+1 °C and relative humidity at 70±5%. Oxygen consumption and
carbondioxide production was recorded every 18 minutes' period. The respiration chambers
(numbers3and4)andtheprocedures for themeasurementof heatproduction aredescribedin
detailbyVerstegen etal.(1987).Theheatproduction duringthelast 12hdarkperiod (i.e.the
last 12hof a72hfasting period) wasmultipliedbytwotogiveanestimateofthe24h fasting
heatproduction.

Digestibility trial procedures
During digestibility trials, animals were housed inmetabolism cages suitable for the separate
collection of faeces and urine. Each observation was based on total collection of faeces and
feed residues during a 7 d period following a 14 d adaptation period. Feed offered, feed
residues, if any, and faeces were analyzed for dry matter (DM, %) and ash (%)according to
AOAC (1975) procedures. To estimate the effect of intake level and species on OMD, a
numberof trials included apartfrom adlibitum feeding level arestricted level (approximately
maintenance),andapartfrom WADgoatsagroupof Swifter sheep.

Statistical analyses
Analyses of variance were used toestimate the effect of species,experimental week, organic
matter intake (OMI) relative to metabolic size and interactions between these variables on
OMDmeasuredinthedigestibility trials.
In the main experiment, daily OMI per animal was calculated from the weekly recorded
amounts of feed offered and feed residues and the average of the recorded contents of DM
and ashin samplesoffeed offered andfeedresidues.Wasusedinallcalculations withregard
to OMD and DOMI is the mean of the weight recorded at the beginning and the end of a
measurement week.For therelation between W and FHP,however, Wwas calculated as the
meanofthetwoweeklyrecordings immediately preceding theFHP measurement.
For thepelleted diets, the regression formulae derived from the digestibility experiments
were used tocalculate DOMI from OMI andOMD.For the hay diet, sheep were assumed to
digestorganicmatter withtheOMDrecordedingoats.
Allometric models were used to relate DOMI and FHP to W. Non-linear models were
fitted through an iterative procedure, using the Gauss-Newton method. If necessary to obtain
normally distributed residuals after fitting, data were analyzed as linear models after logtransformation (natural logarithm). All statistical programmes used were available from SAS
(1985).
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5.3 Results
Digestibility trials
A total of 76 individual estimates of organic matter intake relative to metabolic size (OMI,
g.kg-0-75^"1) and organic matter digestibility of the three diets were obtained, 32with sheep
and44withgoats(groupmeansinTable5.3.1).

Table 5 . 3 . 1 . Mean organic matter Intake (OMI, g.W~°-" .d~^-) and o r g a n i c
m a t t e r d i g e s t i b i l i t y (OMD, %) recorded in the d i g e s t i b i l i t y t r i a l s
(averages of 4 or 6 animals per group)
Weeks

Diet

of
trial
0
0
23
52/55
68/71
120/123

CH
GP
GP
GP
LP
LP

Goats

Sheep

maint enance

ad 11 bitum

maintenance

OMI

OMI

OMD

OMI

59.7
89.0
85.8
70.3
71.0
95.8

55.9
42.6
41.7
40.3
51.0
53.4

OMD

-

-

69.0
60.8
49.0
50.5

43.2
43.6
54.8
54.0

OMD

-

-

61.8
47.3
48.3

41.8
52.5
50.0

ad li bitum

OMI

-

-

90.5
81.3
120.2
114.0

38.8
38.6
46.7
49.1

Thedigestibility of thehay offered atthebeginningof theexperimentalperiod wasestimated
with four ad libitum fed goats only. OMD averaged (±s.d.) 55.9+1.7% and was not
significantly affected by intake level. The OMD of the grass straw pellets (GP) was
significantly affected by intake level and decreased systematically with the advance of the
experimental period. Effects of species and interactions were not significant. The following
regression linewasderivedfrom the32data sets (coefficients ± s.e.):
OMD=60.5(±2.9)-0.10(±0.02)* Week-0.20(±0.03) * OMI (rsd=l.89)
Apartfrom intakelevel,alsothespecieseffect explained asignificant partofthevariation
inOMDfor thelucernepellets (LP).Theaverageequation was(n=40):
OMD=55.4(±1.14)-0.054(±0.015) * OMI (rsd=2.75)
OMDfor goats and sheep on thisdietwas 1.35(±0.46)%units higherandlower, respectively,
than the average for the two species at all intake levels. Effects of experimental week and
interactions werenot significant.
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Animalnumbers,liveweight and intake inthetwospecies
One goat suffered from serious pneumonia from week 20 onwards and did not respond to
treatment; the animal was replaced in week 23 with one of the spare animals. This group
remained intact until the end of the experiment. Weekly W and intake data for goats are
therefore based on 5observations from week 20to23andon 6observations in therestof the
experimental period.
Weekly W and intake data for 6 sheep were obtained from the beginning of the
experiment until week 97. In week 98 two sheep died, one and two days after leaving the
respiration chamber, respectively. Autopsy showed high copper levels in the liver and in the
kidneys (1592 and 573ppm in thedrymatterrespectively) and cause of death was diagnosed
as copper poisoning. Group averages for sheep from week 98 until week 106 are therefore
basedon four instead of sixobservations.The surviving four sheep were slaughtered in week
107. Samples taken from their livers also showed high copper concentrations (from 1039up
to2340ppminthedrymatter).These levels arecomparable toconcentrations measured after
experimentally induced copperpoisoning in sheep (van Adrichem, 1965;Zervasetal,,1990).
After the diagnosis was made, feed samples were analyzed for copper content but these did
notcontainveryhighlevels (7.6ppminthedrymatter).
W of goats and sheep in week -7 averaged (±s.d.) 12.5(±2.0) and 51.0(±2.3) kg and
DOMI from chopped hay averaged 209(±43) and 623(±105) g.animaH.d-1 for the two
species respectively. Hay residues as a percentage of hay offered averaged 25.0(±7.8)% in
goats and23.5(±7.7)%insheep.
Group mean W and DOMI from pelleted diets areplotted against week 1to 106inFigs.
5.3.1 and5.3.2.Onlycompleteindividualweeklyrecordswereusedtocalculategroupmeans.
The latter are therefore based on the number of observations mentioned above except during
FHPmeasurementperiodswhen animalswereremoved from thestabletobefasted andgroup
meansranged from 3to5animals.
Theeffect of W onintake over species was analyzed with the allometric modelDOMI=
a,* Wb,with DOMI in g.animaH.d"1, Win kg,b as acommon regression coefficient and aj
estimated per week. As initial analyses showed residuals to increase approximately in
proportion to the estimate for DOMI, data were analyzed as linear models after logtransformation. The results of the analyses for the different periods are presented in Table
5.3.2.
On the chopped hay (week -7) and grass pellet (week 1to 57) diets, intake of digestible
organic matter was approximately proportional tothemetabolic sizeof the species.For these
diets, the estimates of b did not differ significantly from the inter-species mean of 0.75. On
the lucerne pellet diet (week 58 to 106), however, goats had a higher intake relative to their
metabolic size, resulting in an exponent of 0.686±0.012, significantly (P<0.001) different
from 0.75. Additional analyses showed that also on the lucerne pellet diet, intake was
approximately proportional to metabolic size except for the three months (weeks 85 till 97)
preceding the cases of copper poisoning in the sheep when sheep had relatively low intakes
compared to goats, resulting in the very low estimate for b of 0.515±0.027. If these weeks
were excluded from the analyses, the effect of diet on the estimate for b was not significant
anymore andnoneof theestimates for bdiffered significantly from theinter-species meanof
0.75. Theproportionality of DOMI with metabolic size over species for the major partof the
experimentalperiodisillustratedinFig.5.3.3.
101

Liveweight
120

V1

100

A»

»àT

80

40

A A sheep
o • goats

20

40

-+-

-+-

80

100

Week

Fig. 5.3.1. Group mean liveweight of WAD goats and Swifter sheep during the experimental period. Open
symbols are data from animals on the grass straw pellet diet,closed symbols from animals on the lucerne pellet
diet

Table 5.3.2. Effect of liveweight (W, kg) on digestible organic matter
intake (DOMI, g.animal"^-.d"^-) over species analyzed with the model
DOMI=ai*wb(afterln-transformation)forthedifferentperiodswithbasa
commonregressioncoefficientanda^estimatedperweek
Period
(weeks)

Diet

b-value
(±s.e.)

rangeofa^
(min.-max.)

n

RSD

-7
1to57
58to106
1to106
85to97
58to84and
98to106
1to84and
98to106

CH
GP
LP
GP/LP
LP
LP

0.786±0.053
0.74410.007
0.68610.012
0.72310.006
0.51510.027
0.74010.011

28.3
27.2-41.0
38.3-70.5
29.1-63.6
68.3-103.7
31.1-59.5

12
649
534
1183
147
387

0.131
0.122
0.159
0.141
0.180
0.133

GP/LP

0.74310.006

27.3-58.9

1036

0.126
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Fig. 5.3.2. Group mean intakeofdigestible organic matter (DOMI) ofWAD goats and Swifter sheepduringthe
experimental period. Open symbols aredata from animals onthegrass straw pellet diet, closed symbols from
animalsonthelucernepellet diet.

Fastingheat production inthetwospecies
Due to equipment failure or diseased animals, 4 observations are missing in goats and 3 in
sheep,resultingin38observationsfor goatsand39forsheep.
Atypicalexample ofthechangeinheatproduction andRespiratory Quotient (RQ)during
the course of a48 h observation period is presented in Table 5.3.3.The RQ declines from a
valuejust below 0.80 atthebeginning of themeasurement period (i.e.25to36hafter fasting
started) and stabilizes during the second day of the measurement period (i.e.from 48 h after
the start of fasting) at a value around 0.73.Heat production also declines in thecourse of the
measurement period but is higher, as is activity level,in light compared to dark periods.On
several occasions samples of outgoing air taken during the second day of the observation
periodwereanalyzedformethanecontent;inallcasesmethaneproduction wasnegligible.
During several measurement periods or part of measurement periods, the equipment
analyzing theoxygencontent of ingoing andoutgoing airdidnotrespondproperly tochanges
in atmospheric pressure which frequently resulted in erroneous estimates of oxygenconsumption and unrealistic RQ values.Apart from theroutine 18minutes'measurements of
gaseous exchange, samples of ingoing and outgoing air were collected during the last 24 h
and analyzed separately for content of Oj and CO2according to the procedures described by
Verstegen etal. (1987).RQvaluescalculatedfrom these sampleswere generallycloseto0.73
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and not systematically affected by species. It was therefore decided to estimate the heat
production from carbondioxide production alone in all cases, assuming the RQ value to be
0.73. According to Blaxter (1989), the heat equivalent to 11 of 0 2 consumed by a fasting
animal is 19.7 kJ. From this the heat equivalent per litre of C 0 2 produced was calculated as
19.7/0.73=27kJ.
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Fig.5.3.3.Groupmeanintakeofdigestibleorganicmatterintake(DOMI)relativetometabolicweight(MW)of
WADgoatsandSwiftersheepduringtheexperimentalperiod.Opensymbolsaredatafromanimalsonthegrass
strawpelletdiet,closedsymbolsfromanimalsonthelucernepelletdiet.
The77estimates ofFHPareplotted againstWinFig.5.3.4. Regression ofFHP(kJ.d-1)onW
according to the allometric model, including all data and using the non-linear method gave
thefollowing equation (seealsoTable 5.3.4):
FHP=285.0(±39.2) *w°-752(±0.033)
Analysis showed residuals to increase with W and approximately in proportion with the
estimated value ofFHP.Therefore, additional analyses were alldone withlinear models after
logtransformation of the data. After fitting model 2 (Table 5.3.4) residuals were distributed
normally but the method of analyses had virtually no effect on the estimated value for the
exponent bin the allometric model. In neither case was thevalue significantly different from
theinter-species meanof0.75.
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Table 5.3.3. Typical example of the change In temperature (Temp., ^ C ) ,
relative humidity (RH,X ) ,O2 consumption (1. d~l), CO2production (l.d'l),
RQ, activity (Act., 12 h activity as a fraction of 48 h activity) and
calculated fasting heat production (FHP, kJ.kg"°- 75 .d"l) during a 48 h
respiration period following a 24h fast.

Fasting
(h)

Light

Temp.

RH

25-36
37-48
49-60
61-72

on
off
on
off

20.1
20.1
20.1
20.1

71.3
70.4
73.1
71.7

02
cons.

C0 2
prod.

RQ

Act.

FHP

255
231
222
217

0.77
0.76
0.75
0.74

0.35
0.22
0.25
0.18

305.6
279.6
271.4
269.1
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304
296
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Figure 5.3.4. Observed fasting heat production (FHP) of WAD goats and Swifter sheep against liveweight and
theregression lineaccording tothemodelFHP=0.285 *W0-752.
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Theinclusion of aperiod effect on a (model 3,Table 5.3.4)was highly significant (P<0.001)
and reduced residuals substantially. The estimate from this model for the exponent b was,
however, much the same and again not significantly different from the inter-species mean of
0.75. The variation in FHP due to the period effect could largely be explained by highly
significant effects of daylength (not reported here; see, however, Chapter 2, Fig. 2.3) and
compensatory intake following diet changes (notreported here) on FHP. After correcting for
theseeffects, thelevelofFHPoverspeciesrelativetometabolic size(W0-75)wasestimatedat
275.113.4kJ.d'1.

Table 5 . 3 . 4 . Results of various models for the analyses of the e f f e c t of
l i v e weight (W, kg) on f a s t i n g heat production (FHP, MJ.d'l) over s p e c i e s .
RSD

r2

75

0.732

0.92

0.752±0.033

logtr

75

0.133

0.94

0.764±0.022

logtr

69

0.085

0.98

0.73710.015

Modelused

Method

1:FHP=a*Wb

nlin

2:FHP=a*Wb
3:FHP-Pi*Wb

Res.
df

estimatefor
parameterb

p^: period e f f e c t ( i from 1 to 7)

All analyses show that,over species,FHPof WAD goats and Swifter sheep is approximately
proportional tometabolic size.Withexception oftheperiodprecedingthedeath of twosheep,
diagnosed as caused by copper poisoning, also DOMI measured in the same experimental
week was approximately proportional tometabolic size (Table 5.3.2). This suggests that over
these species DOMI is proportional toFHP. Figure 2.2 (Chapter 2) shows the ratio of mean
DOMI (g.animaH.d"1) during the four weeks preceding the FHP measurement and FHP
(MJ.d-1)for thefirstsixperiods.Thisratiowasindeednotsignificantly affected byspecies.

5.4 Discussion
In the literature, conflicting opinions can be found with regard tothe effect of herbivore size
on feed intake capacity relative to basal metabolic rate or maintenance requirements (see
Chapter 2). The results reported here are in line with one of these views: intake of a given
feed over genotypes in a similar physiological stage is roughly proportional to maintenance
requirements.Thedataconflict withtheopinion that,overherbivore species,intakeofagiven
feed is proportional to body size because of physical limitations to feed intake (see Chapter
2).
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It is wellestablished thatinmammalian species ranging in sizefrommice toelephants,both
basal metabolic rate and metabolizable energy intake vary approximately proportional to
metabolic size, i.e. with W0-75 (Peters, 1983; Schmidt-Nielsen, 1984; Calder, 1984).
Individual species or breeds within species may, however, deviate from this general
mammalian line.Systematicdifferences infasting heatproduction scaled tometabolic sizedo
for example exist between cattle and sheep (ARC, 1980; Blaxter, 1989), between breeds of
cattle (Vercoe and Frisch, 1982) and between breeds of sheep (Blaxter etal., 1966) (see also
Chapter2).Inareviewofmaintenancerequirements ofgoatscomparedtosheep,Mohammed
(1982) found as the average of published estimates of adult goat FHP a value of 305
U W"0-75.d"1 (n=9, range 212 - 403, s.d.=71), almost identical to the mean value for adult
sheep:302kJ.W"0-75^"1 (n=7,range 230- 378,s.d.=57).However, in adirectcomparison of
the FHPof goats and sheep (Roy-Smith, 1980) -the only direct comparison available to our
knowledge - goats showed a significantly higher FHP relative to metabolic size than sheep
(331 versus 272 kJ.W"0-75^-1). The work reported by Roy-Smith (1980) probably involved
goats of a dairy breed (British Saanen) and non dairy sheep (Dr. Smith, University of
Edinburgh, pers. comm., 1989). Also Mohammed (1982) measured higher maintenance
requirements of British Saanen goats compared with crossbred Scottish sheep. Since also
within species,e.g. cattle,FHP is reported to bepositively correlated with dairy merit of the
genotypes (see Chapter 2), the relatively high FHP and maintenance requirements for goats
observed bythese authorsmaywell havebeentheresultofthechoiceofatypicaldairy breed
for the goat species. In our study, goats were represented by a typical meat breed and sheep
by a mixed, but certainly not typical dairy, breed and no significant differences between
species wereobserved inlevelofFHPscaledtometabolicsize.
Apart from the effect of breed choice, a species comparison of FHP scaled to metabolic
size may also be affected by differences between animals in nutritional history and age or
maturity (ARC, 1980). In our experiment, animals of both species had very much the same
nutritional history (especially duringthelatterpartof theexperimentalperiod)but sheepwere
about six weeks older than goats. According to Taylor's time-scaling rules (Taylor and
Murray, 1987), animals of species with different mature weight (A) should be compared at
the same metabolic age which isproportional tothe agefromconception minus 3.5 d (AFC)
multiplied by A-0-27. If it is assumed that A of Swifter sheep is 2.5 times A of WAD goats,
these species should becompared at asheepAFCthatis 1.28 times thegoatAFC.The actual
AFC of sheep in the experiment ranged from 1.07 (period 7) to 1.20 (period 1) times goat
AFC,indicating that sheep were slightly tooyoung for a valid comparison with WAD goats.
On the other hand, Taylor and Murray (1987) have pointed out that what appears valid for a
comparison between species, does not necessarily apply to a comparison of breeds within
species.For example, a timeparameter like gestation length is approximately proportional to
A0-27frommousetoelephantbut within speciestheeffect of Aongestationtimeof different
breeds is almost negligible. This shows that within species metabolic time is not always
affected byAtothe sameextentasbetween species.Asgoatsand sheeparespeciesof similar
average size, it is therefore not evident which is the most appropriate size-scaling rule for
time variables in our experiment. Whichever of the assumptions may prove to be the more
valid, differences between species in both metabolic and real age were small in this
experiment and it seems unlikely that these differences could have masked real differences
betweenthetwogenotypesinFHPrelativetometabolic size.
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TheFHPestimate for sheep and goats in our experiment was 275 * W0-75kJ.d 1 . This value
islowerthantheaverageoftheFHPdataforgoatsandsheepreviewedbyMohammed (1982)
buthigher than theestimates usedby ARC (1980) tocalculate energyrequirements of sheep.
It is important to note that the precise conditions of the FHP estimate may not be of
consequence in comparative studies within a laboratory but can affect comparison of data
between laboratories (Blaxter, 1989).We decided to fast the animals, directly following ad
libitum feeding, for 72 h only and multiply the heat production during the last 12 h
(observation at night) by 2 to estimate FHP. Although different procedures are followed
(Peters, 1983;Blaxter, 1989), a more usual practice is to feed ruminants a maintenance diet
for several weeks andthen tomeasureFHPduring a24hperiod following afasting periodof
at least 72h, asruminants arereported tobe in apost-absorptive state only after 3to5days
(Blaxter, 1989).Since we were not onlyinterested incomparing FHPbut also voluntary feed
consumption of WAD goats with sheep, we decided not to restrict feed intake before FHP
measurement. In addition, recorded FHP would have been affected by our choice of feeding
level prior to FHP measurement. The fasting period was restricted to 72 h to minimize the
effect of fasting on the normal feed intake and growth curves.Initial observations had shown
that WAD goats needed considerable time to regain normal appetite after fasting for longer
periods (i.e.5days).Total weight gain during the 106week experimental periodof the group
of WAD goats in the experiment reported here did not differ significantly from the total
weight gain of an additional group of WAD goats (results not reported here) receiving
identical treatment except for theFHPmeasurement. This suggests that fasting goatsfor 72h
every4monthsdidnotfundamentally disruptlong-term growth of animalsonthesediets.The
effect of the relatively short fasting period on the estimate of FHP in our experiment was
(partly) counterbalanced by the fact that FHP was calculated from respiration data obtained
during thelast 12hdark period of thefast. Generally, level of activity is lower at night (e.g.
Table 5.3.2) and in addition sleep is reported to have a negative effect on FHP (Blaxter,
1989).
OMD was significantly affected by experimental week for the GP diet. The regression
formula showsthat,for agiven OMI,OMDdecreased with5percentage unitsinthecourseof
theyearduring which thisdiet wasfed. Astheadlibitum OMItended todecreaseduring this
year, in themain experiment as well as in the digestibility trials, OMD estimates for animals
in the main experiment were less affected than the 5 percentage units would suggest.
Nevertheless, there is a tendency that also in ad libitumfed animals OMD decreased during
theexperiment (seeTable5.3.1).Thecauseof thisdecreaseisnotclear.
DOMI scaled to metabolic size was lower in sheep compared to goats in a period preceding
thedeathof twosheepcausedbycopperpoisoning.Adifferential effect of highcopperintake
on voluntary feed consumption and liveweight change in sheep (depressed and weight loss)
and goats (notdepressed and weight gain)hasbeenreported (Zervasetal, 1990).The source
of excess copper intake in our experiment could not be established but only water and feed
seemed likely as sheep received copper-free salt licks. Water supply to the pens was partly
through copper tubes but as feed intake of surviving sheep, after being depressed for about
three months,recovered towards theendof theexperimental period (Fig.5.3.2), thisdoesnot
seem a likely source. Although analysis for copper content of the feed offered after the
diagnosis of copper poisoning was made, did not show high values, contamination with
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copper of part of the batch of lucerne pellets is the most likely cause of poisoning. This
should explain the low levels of intake and the weight loss observed in sheep in the period
preceding week 98. The data collected do not allow an exact estimate of the length of the
period(s) of poisoning. As the depressed intake of sheep was most evident in the 12 week
period preceding week 98, this period was analyzed separately. For the remaining periods,
DOMI was proportional to metabolic size over species and average DOMI during the four
weeks preceding FHP measurement was proportional to FHP. Considering the number of
observations, this was particularly evident for the pelleted diets. The single observation with
chopped hay is,however, consistent with this observation.

5.5 Conclusions
It is concluded that, when castrated WAD goats and Swifter sheep are compared at a similar
age and with a comparable nutritional history, for a considerable part of the growth curve:
- the FHP of the two species is approximately proportional to metabolic size (WO-7^);
- DOMI from pelleted grass straw or from pelleted lucerne is approximately proportional to
metabolic size ;
- as a result, the two species consumed the same amounts of digestible energy relative to
basal metabolic rate (here estimated as the ratio DOMI/FHP).
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6 Effects ofincreased protein supplyon
roughage intakeindwarfgoats
Abstract
The hypothesis thatvoluntary feed intakeof dwarf goatsisaffected bytheratioofabsorbed aminoacidsrelative
toenergy consumed was experimentally tested. All experiments consisted of short-term feeding trials with West
African Dwarf goats on a basal diet of low to medium digestibility. The nitrogen content of the diets was
considered sufficient for unlimited microbial digestion in the forestomachs.
Two different techniques were used toachieve an increased availability of amino acids at the level of the small
intestine: oral supplementation with by-pass protein and abomasal infusion of caseinate. The by-pass protein
(caseinate) was prepared with a formaldehyde treatment technique. Extensive tests of the treated caseinate
showed theproduct to be well protected against ruminai degradation and well digestible in the remainder of the
digestive tract.
Initial observations with chopped andpelleted grass straw diets had suggested a positiveresponse of feed intake
following oral supplementation with by-pass protein. This suggestion could not be confirmed in a series of
supplementation experiments. Also caseinate infusion in the abomasum did not lead toan increase in roughage
intake. Total intake of digestible organic matter either remained constant or increased as a result of by-pass
protein supplementation orcaseinate infusion.
In a number of experiments, thenitrogen balance did notchange more following theadditional supply of amino
acids than could be expected from the change in digestible organic matter intake. Due to uncertainty about the
accuracy of someN-balancemeasurements,thiscould notbeconfirmed for all experiments.
Results of the experiment with pelleted roughage as the basal diet suggest that pelleting conditions have a
considerable effect on subsequent pellet intake by dwarf goats. Feed components or characteristics associated
with the variation in intakecould notbe found.
An additional experiment was carried out to test the hypothesis that ruminai potassium (K) availability interacts
with nitrogen supply in its effect on feed intake. The effects on intake and a number of rumen parameters of
ruminai Kplus abomasal caseinate infusion was compared with theeffects of ruminai K infusion only. Also the
effects on these parameters of ruminai infusion with Kplus urea was compared with effects of ruminai infusion
of urea only. Infusion resulted in considerable changes of a number of rumen parameters without, however,
significantly affecting organic matter intakeof thegrassstraw basal diet.
The results of theexperiments did not support the original hypothesis that roughage intake can be increased by
increasing intestinal protein supply. Possibly, the variation in roughage intake response to increased protein
supply isrelated tothe effects of this supply on theefficiency of utilization of metabolizable energy. If so, then
thenewtheory presented inChapters3and4 providesa framework for abetter understanding ofthis variation.

6.1 Introduction
The accepted conceptual framework used to explain the variation in feed intake in ruminants,
places a great emphasis on constraints to the intake process. For lower quality feeds, the most
important constraint is considered to be a limited gut size in combination with the filling
effects of ingested feed: physical regulation. It is only for the best quality feeds that the
animal is assumed to be able to consume nutrients according to its requirements. Under such
conditions it is assumed that feed intake is limited by the capacity of tissues to utilize
nutrients: metabolic regulation (see Chapters 1and 2).
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As a result of the involvement in analyses of a number of experiments with ad libitum fed
dwarf goats (see e.g. Zemmelink et ai, 1985, 1991), I became sceptic about the validity of
this accepted framework. One of the reasons for scepsis was the high ratio of gutfill to
liveweight observed in dwarf goats compared with published data for other domestic
ruminants (see Chapter 2, Fig. 2.1, for a comparison with sheep and cattle data). These
observations demonstrated that at least between species large differences can exist in the
physical capacity of animals to consume and process feed. More important, however, were
model calculations regarding the overall efficiency of metabolizable energy (ME) utilization
inad libitumfed ruminants.These calculations showed that, despite considerable differences
in efficiency of ME utilization between feeds, for maintenance and especially gain, the
overall efficiency of MEutilization for maintenance and gain (kmg) wasremarkably constant
inruminants fed dietsof widely differing quality adlibitum (Tolkamp, 1983).This suggested
that thefactors determining theefficiency of MEutilization might be the same factors which
determine thelevelof voluntary feed consumption of high aswell aslow quality feeds. Since
efficiency ofMEutilization isdetermined atthelevelof theanimals'metabolism in tissues,it
would mean, amongst others, that metabolic events rather than gutfill are the cause of a
submaximum energy intake from roughages. Such a reasoning, of course, does not accord
with the generally accepted theory of roughage intake regulation. Hence it prompted to a
critical analysisoffrequently citedliteraturedataonthemechanisms of feed intakeregulation
in ruminants. From this analysis it was concluded that the basis of the generally accepted
framework was weak and that many observations on feeding behaviour do not support an
important role for physical constraints to roughage intake (see Chapters 1and 2 for a more
recent appraisal).
At the same time, Ketelaars (1984a) had drawn a similar conclusion. In addition,
Ketelaars'analyses showedthatnitrogen (N)contentofroughage hadapositiveeffect on feed
intake on the whole range of roughage digestibility values (see also Chapter 1). This
suggested that the availability of amino acids in relation to digestible energy from the feed
might be, at least partially, responsible for this effect (Ketelaars, 1984b). For a student of
tropical animal production, thiswas an appealing idea, especially since thedramatic positive
effects of N supplementation on the intake of poor quality roughage was known from the
literature aswellasfrom ownexperience (Zemmelink andTolkamp, 1975).Theideawasalso
very attractive because it agreed with the suggestion that feed intake regulation was,
somehow, linked with efficiency of ME utilization. This link was provided by the reported
positiveeffects of anincreasedprotein intakeontheefficiency of MEutilization (Blaxterand
Boyne, 1978; MacRae and Lobley, 1982; see also Chapters 1 and 3). In addition, in the
literature regarding tropical animal production, thepositive effect of 'by-pass protein' on feed
intake and N-balance in ruminants received and continues to receive much attention (e.g.
Preston andLeng, 1987).Opinions differ, however, as totherangeof conditions and thetype
ofanimalsinwhichpositiveeffects canbeexpected (Kellaway andLeibholtz, 1983).
It was therefore decided to test the hypothesis that an increasein theratioof amino acids
absorbed in the small intestine relative to intake of digestible energy would result in an
increased roughage intake. As our department is especially interested in the nutrition of the
West African Dwarf (WAD) goat, it was further decided to use experimental animals of this
ruminant species to measure the roughage intake response and the change in N-balance
following anincreased intestinal aminoacid supply.

112

Such an increased amino acid supply can be achieved by aby-pass protein supplement given
per os or through infusion of protein directly into the abomasum or duodenum. The latter
method would seem preferable as it allows a precise dosing. It also avoids the problems of
incomplete ruminai protection orlowintestinal digestibility which can be associated with the
useof by-pass protein. The method requires,however, the useof fistulated animals.This isa
disadvantage as it limits the number of experimental animals compared to a conventional
feeding trial.Inaddition, itmaypose healthproblems duetosurgery,especially sincewehad
noprevious experience withfistulateddwarf goats. Therefore, it was decided first totest the
effect of an increased intestinal protein supply on roughage intake in supplementation
experiments using by-pass protein and to try and find out later, through more detailed
observations inalimitednumberoffistulated animals,howthiseffect wasbrought about.
For a successful completion of supplementation experiments several questions had to be
addressed: questions withregard tothe selection of asuitablebasaldiet, suitable supplements
and adequate supplementation methods. It was decided to carry out some preliminary
investigations in an attempt to answer these questions and to obtain routine skills in intake,
digestibility andN-balancestudies.
As to the basal diet we aimed at finding a roughage of such a quality as to satisfy the
maintenance requirements of dwarf goats when fed ad libitum. This was based on the
considerations that mostof tropical animalproduction systems makeuseofratherlow quality
roughagesandthat aneffect of by-passproteinonintakecouldprobably bedetected easieron
poorqualityfeed. On theotherhand,thefeed should notbe sopoor,especially withregard to
N content, that a supplement with rumen degradable protein (RDP) or non-protein nitrogen
(NPN) like urea would cause intake to increase. Beneficial effects of these types of
supplement on intake of poor quality roughages are well documented and are generally
attributed toimproved microbial digestion and theresulting morerapid disappearance of feed
residues from the forestomachs (e.g. van Soest, 1982; Preston and Leng, 1987). A positive
effect of by-pass protein ontheintake of such apoorquality roughagecouldbeinterpreted in
thislight (e.g.asaresultofNrecycling).Suchroughages are,therefore, unsuitable totestour
hypothesis. As dwarf goats consume more than their maintenance energy requirements on
diets of medium quality grass hay (Zemmelinketal., 1985),initial observations were carried
out with a batch of grass straw: mature grass cut and sun-cured after the seed has been
harvested. These observations showed that dwarf goats consumed insufficient amounts from
this diet to cover their estimated maintenance requirements and it was therefore decided to
start with amixtureof grass strawandgrasshay asthebasaldiet.
As tothe supplements to beused, we wanted tomeasure the effects of a by-pass protein
on roughage intake and compare these, for the reasons mentioned above, with the effects of
equivalent amounts,on nitrogen basis,of NPNandRDP.Ourchoices for thesourcesofNPN,
RDPand by-pass protein wereurea,casein andformaldehyde treatedcasein.This choice was
based on thewell known characteristics andready availability of urea andcasein and the fact
thattheyarecommonlyusedin supplementation experiments.
As to the supplementation method, we aimed at adding the supplements directly to the
basalroughage inorder toavoidruminai ammoniapeaks,associated withdose administration
of NPN or RDP, and to simulate as closely as possible an increased Ncontent of the forage.
This proved to be difficult for the casein and formaldehyde casein supplements: the
supplement sticked to slightly wetted forage but most of it fell off after drying and/or when
animals started torummage about the forage offered. This problem was partially solved (see
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below) by using Na-caseinate which is water soluble and acquires very sticky characteristics
then. Also formaldehyde treated caseinate (HCHO-caseinate) retained some of the sticky
characteristicsinthepreliminaryexperiments.
A first preliminary experiment was carried out. Twentythree wethers (initial age 7 months,
initial weight 10kg,approximately) weredivided atrandomintoacontrol group of 5animals
and 3 treatment groups of 6 animals each. All animals received ad libitum (about 1.6 times
actual intake) a chopped roughage diet (chopping length 10cm, approximately). This basal
dietconsistedof 85% grassstrawmixedwith 15%grasshayandcontained 10.4gN.kg"1.Dry
matter intake (DMI) was measured for 7 d after an adaptation period of 20 d. During the
secondpartof theexperiment, waterwas sprayedovertheroughage (500g.kg-1roughagedry
matter) of the control group (C). The same amount of a urea solution was sprayed on the
roughage of the second group (U).Caseinate and HCHO-caseinate powder was sprinkled on
theroughage (which hadbeen moistened withanidentical amountof water) for the twoother
groups (CAS and FCAS, respectively). The HCHO-caseinate is described in Section 6.2
(batch 0).Supplements added approximately 8g of N to akg of roughage dry matter (DM).
DMIwas recorded during a second measurement period of 7d after an adaptation period of
16 d. One animal (control group) repeatedly escaped from the cage during measurement
periods while another animal (group 4) showed a sudden severe drop in intake, apparently
unrelated totreatment.Both animalswerenotincludedintheanalyses.

Table 6 . 1 . 1 . Dry m a t t e r Intake (DMI, g . k g ~ ° - 7 5 . d ~ l , mean ± s . e . ) i n p e r i o d
1 ( a l l groups ad libitum roughage only) and the d i f f e r e n c e In DHI between
p e r i o d 2 ( a l l groups ad libitum
roughage, groups U, CAS and FCAS
supplemented with u r e a , Na-caseinate and HCHO-caseln, r e s p e c t i v e l y ) and
p e r i o d 1 as a f r a c t i o n of DMI in p e r i o d 1 .
Parameter

DMI, roughage
DMI, t o t a l

Period

Group C
n=4

1
(2-l)/l

51.5±3.4
0.0010.04

Group U
n=6
45.711.8
-0.1110.04*

Group CAS
n=6
47.5±1.3
0.0410.03

Group FCAS
n=5
48.413.5
0.1510.02*

: d i f f e r e n c e s between p e r i o d s s i g n i f i c a n t l y (P<0.05) d i f f e r e n t from 0

DMI during the first measurement period showed considerable variation between animals.
Sinceindividual DMIin the second and thefirstmeasurement periodwere correlated (within
group correlation coefficients ranged from +0.57 to +0.97), the analysis of effects of
supplementation was carried out on DMI in the second period expressed as a fraction of
intake inthefirstperiod (Table 6.1.1).DMIof groups Cand CASdid not differ significantly
between period 1and 2. In period 2, group U showed a decrease (P<0.05), group HCAS an
increase (P<0.05) in DMI relative to period 1.The cause of the decrease in roughage intake
after spraying withaurea solution isnotknown.TheincreaseinDMIinthe HCHO-caseinate
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supplemented group wasremarkableconsidering the low amount of formaldehyde bound to
protein in this batch (see Section 6.2) and the presumably low consumption of HCHOcaseinate since part of it was found as white powder at the bottom of the feed container.
Nevertheless, the DMIdata suggested that theprovision of N as by-pass protein may indeed
positively affect roughageDMIas hypothesized.
Inthisfirst try-out experiment, thebasalration consistedof amixtureof 85% grass strawand
15% grass hayin an attempt to give animals abasalroughagediet that wouldroughly satisfy
their maintenance requirements. During the experiment, it became apparent that the goats
selected considerably in the roughage offered as is alsorecorded for other ruminant species
(Zemmelink, 1980). A large sample of feed offered and of the joint feed residues of all
animals was separated in stems and leaf sheaths (here called stems) and leaf blades (here
called leaves) and Ncontent in all fractions was analyzed. Theresults (Table 6.1.2) illustrate
that animals preferred leaves over stems and selected for high N content in both fractions.
Visual observations suggested that this selection coincided with selection for grass hay and
against grass straw. This raised the question what the most suitable basal diet in the main
supplementation experiments wouldbe.Amixtureof tworoughages wouldprobably increase
selection opportunities because of increased heterogeneity. In a supplementation experiment
with expected positive effects of supplementation on roughage intake, a high degree of
selection is not very desirable. It means that the extra feed intake in supplemented animals
will have to come from poorer roughage than the basal intake and this might mask
supplementation effects. Itwas therefore decided tooffer a single choppedroughage only,in
sufficient amounts to allow for large feed residues (feed offered twice the estimated
unsupplemented intake,approximately).

Table 6 . 1 . 2 . Morphological composition (%) and N c o n t e n t , in g.kg"^- dry
m a t t e r (DM), of feed offered and refused.
In feed DM offered
Stems
Proportion
Ncontent

72
8.6

In feed DM refused

Leaves

Total

Stems

28
15.0

100
10.4

91
7.0

Leaves

Total

9
13.9

100
7.7

In a second preliminary experiment, intake, digestibility and N-balance of dwarf goats on a
batchof grassstraw (6.7 gN.kg-1)orgrasshay (22.1gN.kg-1),bothchopped,weremeasured
for 7dafter anadaptation periodof 28dwith4WADwethers (initial age 8months,initialW
11.2, s.d. 1.4, kg) per treatment. The results are in Table 6.1.3. On the grass straw and the
grass hay diet, DOMI was approximately 30% lower and 20% higher, respectively, than the
estimated maintenance energy requirements for dwarf goats (Zemmelink et al., 1985). This
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suggested that formaintenance intake, aroughage with OMD and Ncontent intermediate
betweenthevaluesmeasured inthisexperiment wouldberequired. Thegeneralruleof thumb
for sheep and cattle isthat, toobtain maintenance intake from roughage diets, Ncontent
should be around 11 g.kg"1 DMandDMdigestibility around 50%. Theobservations
suggested that this rule also applies todwarf goats. Inorder to locate aroughage with the
desired characteristics, anumber ofsamples were taken from grass straw batches storedin
producers'barns andanalyzed for Ncontent.Thesamplewiththehighest Ncontent contained
11.0gN.kg-1 and this batch was bought and used in the main supplementation experiments
carriedoutlater.

Table 6 . 1 . 3 . Means and s . e . ' s for liveweight (W, kg), organic matter
d i g e s t i b i l i t y (OMD, X) and ad libitum intake of organic matter (OMI) and
digestible organic matter (DOMI) and N-balance ( a l l in g.kg""- 7 5 .d"l) in
WADwethers on a grass straw or a hay diet

W
OMD
OMI
DOMI
N-balance

Grass straw

Grass hay

9.8±0.8
42.712.5
38.512.4
16.611.9
-0.2010.02

11.611.9
55.911.7
56.313.6
31.412.1
0.0710.03

As no clear description ofthe method for correct treatment ofcaseinate with formaldehyde
was available atthe start of thefirst preliminary experiment, themethodused was basedona
few brief contacts withinformants. However, theamountofformaldehyde boundtoproteinin
HCHO-caseinate inthefirst preliminary experiment was found tobe1.3g.kg"1 only.A
limited literature survey showed that this amount was too low toguarantee a considerable
degree ofprotection from rumen degradation. It was concluded that the effects ofHCHO
treatment of protein had tobe assessed morecarefully before using this technique. Therefore,
a number of experiments were carried outto test the effect of treatment method on
formaldehyde binding toprotein and atreatment method waschosen.Then nylon bagrumen
degradability andintestinaldigestibility andinvitrodigestibility ofHCHO-caseinate prepared
according to this method wasdetermined. Theresults of these experiments as well as
estimatesof invivoHCHO-caseinate digestibility arereportedinSection 6.2.
Section 6.3describes anddiscusses thefour main supplementation experiments carriedout to
test our hypothesis. Thefirst experiment was intended to confirm the results ofthe
preliminary observations. To that end,abasal diet of chopped grass straw was supplemented
with either urea, caseinate or amixture ofcaseinate and HCHO-caseinate and the effect of
supplementation on intake and N-balance in WAD goats wasmeasured. Also in this
experiment,supplementing NPNorRDPdidnotresultinincreasedroughageintake.Contrary
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to the preliminary findings, however, roughage intake was also not significantly increased
when part of the supplemented Nconsisted of by-pass protein. Again, there was doubt about
the actual amount of HCHO-caseinate consumed by the animals. Using a different
supplementation method we ascertained that animals actually consumed theintended amount
of supplement and the effects of HCHO-supplementation on roughage intake and N-balance
were measured during two experiments subsequently reported in Section 6.3. This section
also reports a fourth experiment in which the effect of HCHO-caseinate addition to a basal
dietofpelletedinstead ofchopped grassstrawwastested.Themotivefor thisexperimentwas
the much lowerintake than expected in thetest of anew batch of grass straw pellets planned
tobeusedintheexperimentsdescribedinChapter 5.Thisbatchhadbeenpreparedfrom grass
straw with the addition of some urea to top up the N content and some molasses. To test
whether the low intake was caused by a low level of amino acid availability in the small
intestine (e.g. as a result of reactions between N and carbohydrates during the pelleting
process), the effect of HCHO-supplementation on pellet intake was measured in a few
animals.To this end, a small batch was repelleted with the addition of 4% HCHO-caseinate
and intake was measured. These preliminary observations (see Fig. 6.1.1) suggested an
important effect, indeed. Experiment 4in Section 6.3 is amore detailed test of the effects of
HCHO-caseinate supplementation ongrassstrawpelletintake.

Pelletintake (g/kgMW/d)
100

T

basaldiet

basaldiet + 4%HCHOcas

basaldiet

Days

Figure 6.1.1. Group mean (n=4) intake of fresh grass straw pellets without or with theaddition of40 g.kg_1
formaldehyde treatedcaseinate(HCHOcas).
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Contrary to the suggestions from the preliminary experiments discussed in this introduction,
theresults of experiments reported in Section 6.3 didnot support the ideathat intakeof grass
straw diets could be increased by supplementing animals with by-pass protein in the form of
HCHO-caseinate. For a final test of the hypothesis that roughage intake by ruminants could
be increased by increasing the amount of absorbable amino acids available at the small
intestinal level,abetterquality grasshaywasusedasthebasaldiet.Tobeabsolutely surethat
the provision of by-pass protein resulted in increased availability of amino acids for
absorption in the small intestine, caseinate was supplied by infusion directly into the
abomasum of dwarf goats equipped with rumen fistulas and abomasal infusion tubes. First,
the capacity of the recently operated animals to ingest and digest grass hay was compared
with non-operated animals and then the effect of abomasal caseinate infusion on hay intake
and N-balance was compared with the effect of physiological salt infusion as a control. The
experiment could not be completed because intake of 4 recently operated animals suddenly
dropped to very low levels. The experiment was repeated a few months later when the
operated animals had recovered. The results of the experiments, presented and discussed in
Section6.4,showednoincreaseinhayintakeasaresultof abomasal caseinate infusion.
The results reported in Sections 6.3 and 6.4 did not support the hypothesis that, in general,
roughage intake of dwarf goats could be increased by increasing the intestinal amino acid
supply. In the mean time, similar results had been obtained by Ketelaars in sheep on a hay
diet and abomasally infused with either caseinate or bacterial mass (see Chapter 7). This
caused both of us to reconsider the generally accepted hypothesis as well as the hypothesis
tested here with regard to roughage intake regulation and stimulated attempts to identify
possiblealternatives.Oneof theearly suggestions wasthatthepositivecorrelation between N
content of roughages and feed intake might not or (not alone) be caused by an increase in
intestinally available amino acids but (also) by other feed components associated with N
content. At the time, potassium seemed to be one of the possible components involved
because of the correlation between N and K content generally observed in roughages and
because of the effect of K-content on ruminai cation-composition and possibly VFA
absorption (seeSection6.5).
To test the hypothesis that increased K supply, alone or in combination with increased
ruminai N or abomasal amino acid supply would increase voluntary roughage consumption,
twoexperiments involving theruminai infusion of K-citrate, with or without RDNor by-pass
protein, were designed. Effects of infusion on intake, N-balance and a number of rumen
parameters were measured. The results of the experiments with dwarf goats are reported in
Section 6.5 (seeSection 7.4 forresultsofthesheepexperiment).
Section 6.6 consists of the final discussion and conclusions of experiments reported in
Chapter6.
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6.2 Effect offormaldehyde treatment on formaldehyde
binding, rumen degradability and in vitroand invivo
digestibility of Na-caseinate
Introduction
Treatment of casein with formaldehyde to protect protein from ruminai degradation can be
used to study the effect of by-pass protein on ruminant performance. The reactions between
protein and formaldehyde causing protection from ruminai degradation have been
summarized byBarry (1976).Severalmethodsofformaldehyde treatment ofcaseinhavebeen
described byFergusonetal.(1967),Diniusetal.(1974),Thomasetal.(1979),Redman et al.
(1980),Ashesetal.(1984) andWestetal.(1984).Thedifferent methodsdonot give uniform
results: it is obvious from a number of research reports that formaldehyde treated protein is
sometimes stillextensively degradedintherumenorissometimesover-protected,resultingin
alow intestinal digestibility (Barry, 1976;Beeverand Thompson, 1977;Thomasetal.,1979;
Redman etal.,1980;Kaufmann andLüpping, 1982;Sriskandarajah etal., 1982;Ashesetal.,
1984;Westétal., 1984).
Before initiating supplementation trials involving formaldehyde treated Na-caseinate
(HCHO-caseinate), a number of experiments were designed to determine the effects of
method of formaldehyde treatment and of storage time and storing temperature on
formaldehyde binding toprotein, andtoestimate theeffects of treatment on nylon bagrumen
degradability andinvitrodigestibility. Inaddition, invivoN-digestibilityof HCHO-caseinate
was estimated from the data of two supplementation trials with West African Dwarf (WAD)
goats.Itistheaimofthis section toreportanddiscusstheresults.

Materialsandmethods
FormaldehydebindingtoproteininHCHO-caseinate
Na-caseinate (EM-6, supplied and analyzed by DMV-Campina, Veghel: 89.5% CP, 5%
moisture,4.5%ash,0.8%fat and 0.2% lactose intheproduct) wastreated with formaldehyde
usingadrymethod.Formalin containing 37.1% formaldehyde was sprayedonsilicaascarrier
substance with a syringe for small batches or a plant spray for the larger batches during
continuous mixing in a container. The silica consisted of either oven dried silica gelpellets,
commonly used in exsiccators, or very fine silica powder (Sipernat 22 S, Bayern). After
mixing of silica and formalin, Na-caseinate was gradually added. After thorough mixing, the
container wasclosed and placed in a 30°Coven for twodays,its contents were mixed again
without opening the container and the container was replaced in the oven for another day
treatment. Analyses in duplicate of the amount of formaldehyde bound toprotein were done
according toBremanis (1949)within oneweek after treatment. If silicapelletshadbeenused,
thesewere sievedoutpriortoanalyses.SomeHCHO-caseinate sampleswere storedateither4or 20°Cfor upto4weeksbefore beinganalyzed.
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DisappearanceofHCHO-caseinatefrom nylonbags
Approximately 7 g samples of three batches of HCHO-caseinate were weighed into nylon
bags (pore size 41 micron). After washing by hand for 5 minutes in lukewarm water, bags
were incubated for 6, 12,24 or 48 h in the rumen of a cow fed ad libitumhay and 2 kg of
concentrates daily or in a shaker water bath at 38 °Cin our laboratory (DTAP). In addition,
samples in nylon bags (pore size 41 micron) of one of these batches were incubated after
washing in a washing machine (wool program) for 0, 6 or 18 h in a cows rumen at the
Institute for Livestock Feeding and Nutrition Research (IVVO), Lelystad. After rumen
incubation, two bags per treatment were analyzed for DM residue and N-content. Three to
seven additional nylon bags plus residue per treatment were, after rumen incubation,
introduced through a fistula in a cows duodenum and collected from the faeces again after
intestinal passage. After incubation and/or intestinal passage, the nylon bags plus residues
were thoroughly washed by hand (DTAP) or machine (IVVO) and dried. N-content of
HCHO-caseinate and residues after incubation was determined according to AOAC (1975)
procedures.
InvitroandinvivodigestibilityofHCHO-caseinate
In vitro organic matter digestibility (OMD) was determined according to the two stage
techniqueofTilley andTerry(1963).
In vivoN-digestibility of HCHO-caseinate was estimated in twoexperiments with 18 female
and 21 castrated male West African Dwarf goats, 14 and 16months of age, weighing 14.7
(s.d.:2.5) and 16.4 (s.d.:2.2) kg,respectively. Animals weredividedin6groupsof 3animals
and 3 groups of 7 animals,respectively.All animals were fed ad libitum (DM offered was
about twice DM intake) Loliwn perenne grass straw (1.1%N and 66.7% NDF in the DM,
meaninvivoOMD46.6%).Inthefirstexperiment, groups 2to6receivedinaddition tograss
strawHCHO-caseinate supplying approximately 0.1, 0.2,0.4, 0.6, and 1.0 gkg -°-75d^of N,
respectively. In the second experiment groups 2 and 3 received in addition to grass straw
HCHO-caseinate supplying approximately 0.5 and 0.8 gkg-0-75d-l 0 f N, respectively. The
HCHO-caseinate, suspended in water, was administered orally twice daily with a drench
pistol.Animalswerehousedinmetabolism cages suitablefor the separatecollection of faeces
and urine. After an adaptation period of 5weeks tocages and 5 (Exp. 1)or 2 (Exp.2) weeks
to the basal ration and 2 weeks to supplementation, orts and faeces were collected during
sevendays.Samples of strawoffered, orts,supplement andfaeces were analyzed for DM,ash
and N according to AOAC (1975) procedures. Digestibility of HCHO-caseinate N was
estimated from theintakeofdrymatter (DMI),straw-N (NIstraw), supplement-N (NIsuppi)and
apparently digested N (DNI) by multiple regression analysis using a SAS-program (SAS,
1985).

Resultsand discussion
FormaldehydebindingtoproteininHCHO-caseinate
The effect of treatment method on percentage of formaldehyde bound toprotein is shown in
Table 6.2.1.Results ofDinius etal.(1974)andAshesetal.(\984) suggestthat HCHO-casein
shouldcontain atleast 6gboundformaldehyde perkgprotein toresultinsufficient protection
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fromrumen degradation. The batches treated with the use of silica gel pellets contained less
than this amount while procedures using silica powder (except batch 0) contained more.The
use of pellets has the advantage over using powder that pellets can be sieved out of the
HCHO-caseinate before feeding, thus avoiding administration of silica powder to animals.
Higher formaldehyde to protein ratios might have resulted in better formaldehyde binding.
Since, however, the initial experiments with silica powder resulted in an adequate bindingof
formaldehyde to protein and amounts of silica powder added with HCHO-caseinate
supplementation are small, it was decided to continue the experiments using powder as the
onlysilicasource.

Table 6 . 2 . 1 . Effect of s e v e r a l methods of formaldehyde (HCHO) t r e a t m e n t of
N a - c a s e l n a t e on amount of HCHO bound t o p r o t e i n .
Batch

nr

Batch
weight

Silica
type

Cg.kg"1)

(g)
0
1
2
3
4
5
6
7
8
9

2000

30
30
30
30
30
30
1700
1000
4000

HCHO/sllica
ratio

powder
pellet
pellet
pellet
powder
powder
powder
powder
powder
powder

550
10
20
40
200
90
200
550
550
550

HCHO
added
(g-kg-1
of protein)

HCHO
bound
(g.kg"1
of protein)

5
10
20
50
20
20
50
20
20
20

1
1
2
5
9
9
16
10
10
9

The data in Table 6.2.1 show that adding 20 g-kg_1of formaldehyde toprotein consistently
resulted inanamountofformaldehyde boundtoprotein of about9gkg ~\ Theamount bound
doesnot seemtobemuch affected bytheformaldehyde/silica ratio.Using amethod similarto
ours, West et al. (1984) found 10g-kg"'bound formaldehyde to casein after treatment with
25 gkg _1 . Attempts toincrease theformaldehyde/silica powderratioto beyond0.55 resulted
in clotting. To avoid over-protection it seems unwise to aim at formaldehyde binding to
protein of more than 10 g-kg_1(Ashes et ai, 1984). All batches used in the following
experiments weretherefore preparedwith aformaldehyde/silica powderratioof0.55andwith
theaddition of 20gofformaldehyde perkgofprotein.
Changes in amountof formaldehyde boundtoprotein after long storage periods (2years)
have beenreported(Ashes etal., 1984).Theresults inTable 6.2.2 show that storagetimeup
to 4 weeks and storing temperature hardly affect the amount of formaldehyde bound to
protein. Single batches of HCHO-caseinate for supplementation periods up to 4 weeks, as
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planned for our experiments, can thus be prepared and kept at room temperature without
dangerofimportantchanges informaldehyde bindingduring theexperiment.

Table 6 . 2 . 2 . Effects of time s i n c e formaldehyde t r e a t m e n t of Na-caseinate
and s t o r i n g temperature on amount of formaldehyde bound t o p r o t e i n (g.kg"*-,
nd: not determined).
Batch

Temperature

nr

(°C)

5
7
7

20
20
-4

Time since treatment (weeks)
0

1

2

3

4

9
10
10

9
9
8

8
nd
nd

nd
9
9

9
nd
nd

Table 6 . 2 . 3 . Effects of nylon bag incubation i n a cows rumen or i n a shaker
water bath on HCHO-caseinate r e s i d u a l dry m a t t e r (DM) (means i n X 1 s . d . ,
d e t e r m i n a t i o n s i n t r i p l i c a t e , one missing value f o r b a t c h 10, 6 h rumen
i n c u b a t i o n ) and n i t r o g e n (N) content of r e s i d u a l dry m a t t e r .
Residual drymatter
Xof original

Incubation
time

00
0
0.1
6
12
24

rumen

batch10
bath

100
84.810.2
86.9/87.0 83.410.3
84.910.2
83.310.6
84.510.5
82.910.4

NinDM
(g-kg-1)

batch 14
bath
rumen

batch14
rumen
bath

100
84 310.2
86.210.4
82.510 6
85.010.5
82.810 6
84.610.4
82.810 4

142.9
153.1
149.3 152.5
149.4 153.0
149.6 153.0

DisappearanceofHCHO-caseinatefrom nylon bags
Table 6.2.3 shows theDMresidues of two batches ofHCHO-caseinate after incubation upto
24hin a cowsrumen orin awater bath and theNcontent in one of the batches.An average
of 15.5%of initial drymatter had disappeared after washing inlukewarm water. Afine white
dust couldbe seen atthe bottom of thewash-basin. Part of the very fine silica powderand/or
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part of the non-protein content of the Na-caseinate was probably washed out as indicated by
the increase in N content of the HCHO-caseinate residue DM after washing. Nevertheless,
approximately 10%of theNoriginally present in the nylon bags was lost by initial washing.
This loss may have consisted of fine particles with bound formaldehyde or (in part) of
soluble, unprotected Na-caseinate. Addition of trichloroacetic acid to washing water did not
showthepresenceof anysolubleprotein.AlsoDiniusetal.(1974)found protein solubilityin
0.1 N NaOH of HCHO-treated casein with amounts of bound formaldehyde comparable to
ourstobe stronglyreduced (with97to98% compared tountreatedcasein).This suggeststhat
theprotein loss through washing consisted mainly of veryfine HCHO-caseinate particles and
not of soluble protein. According toproducers information, particle size distribution in EM6
(Na-caseinate) determined with adry sieving technique varies from batch tobatch but typical
analyses show that 20to25%of DM passes a 45 micron sieve (B.Bekkers, DMV-Campina,
personal communication). Although particle size might change as a result of hydration and
formaldehyde treatment, these data show that the original material contains a fair proportion
of particles smaller than nylon bag pore size. The DM loss during the water bath treatment,
especially during the first 6 h, can probably be attributed to a further loss of fine particles
from thenylonbags.
HCHO-caseinateresidues weregenerally slightly higherafter rumen incubation than after
water incubation. This might be the result of uptake of exogenous (rumen) DM in the bags.
This would be consistent with the lower N content of the rumen incubated DM residue. In
view of the fact that the N content of the rumen incubated material nevertheless remained
high, it is highly unlikely that a considerable part of the HCHO-caseinate was degraded and
replaced with fine rumen material. On basis of the data of batch 14 in Table 6.2.3 and the
assumptions that DM loss from the bags in the rumen contained 152.8 g-kg_1N and
exogenous DM consisted entirely of bacteria with an estimated N-content of 100g-kg_1DM
(van Soest, 1982; see also Section 7.3), it can be calculated that during rumen incubation
3.5% more original DM was lost than in the water bath. As it is unlikely that all exogenous
material was of bacterial origin, loss of original material will have been less than 3.5%.It is
therefore concluded that,of theprotein present inthenylon bagsafter initialwashing, atleast
96%didnotdisappearduringrumen incubation for periodsupto24h.
Athird batch was likewise incubated up to 48 h in acows rumen or a water bath at our
laboratory (Table 6.2.4).Residues of thisbatch are slightly lowercompared tobatches 10and
14, but differences between bath and rumen and trend in time remains the same. Residues
were also lower at the IVVO than in our laboratory, possibly due to differences in washing
procedure or degree of wear of the nylon bag material between laboratories. Despite this,
IVVO results confirm the undegradability in the rumen of at least the major part of the
HCHO-caseinate. Sriskandarajah et al.(1982) incubated HCHO-casein (protein treated with
15g-kg_1formaldehyde) for 48 and 96 hin cattle rumen and found degradabilities of 6 and
65%, respectively. In our experiments, rumen degradability was not measured for incubation
periods longer than 48 h as it seems highly unlikely that rumen retention time of HCHOcaseinate willexceed48h.
The results of the nylon bag intestinal passage study (Table 6.2.4) show an effect of
rumen incubation timeonintestinal digestion. About94%ofDMresiduepresent after 18hof
rumen incubation disappeared during intestinal passage compared with only 74% or 67%
after 6or0hofrumen incubation,respectively.Thecausesof thiseffect arenotknown.
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Table 6.2.4. Effectsofnylonbagincubation inacows rumenandnylon
bag
passage through a cows intestines onresidual HCHO caseinate drymatter
(DM)orNasapercentage (mean±s.d.orduple values)oforiginal sample
DMorNweight determined intwolaboratories (batch16).

Incubation
time

(h)

0.1
6
12
18
24
48

Residue after rumen/bath incubationorintestinal passage

DTAP laboratory
rumen
(DM)

water bath
(DM)

78. 710.9
78.2±0.4
76.8+0.6
77.0±0.7
76.310.4
nd
nd
78.2+0.5
76.110.8
75.110.4
75.4+0.7

I W O laboratory
rumen incubation
(DM)
(N)

70.0/70.1
70.1/72.2
nd
72.5/73.2
nd
nd

72.6/73.2
71.5/74.3
nd
70.5/74.3
nd
nd

rumen+intest.pas.
(DM)
(N)

24.411.4
19.0+2.4
nd
4.310.8
nd
nd

22.512.5
17.512.7
nd
3.810.7
nd
nd

InvitroandinvivodigestibilityofHCHO-caseinate
Theresults of the invitroOMDof HCHO-caseinate (batch 16)andcasein are in Table 6.2.5.
HCHO-caseinate digestibility wascompared to casein digestibility since both are,in contrast
to Na-caseinate, insoluble in water and therefore suitable for in vitrodigestibility estimates.
OMD was lower for HCHO-caseinate compared to casein, the difference being largest after
samples had been frozen for one week. The values are much higher than the 36.2% invitro
(after pepsindigestion only) CPdigestibility reported byWest etal.(1984)for HCHO-casein
preparedinasimilarwayandcontaining 10gkg _1offormaldehyde boundtoprotein.

Table 6 . 2 . 5 . In vitro o r g a n i c m a t t e r d i g e s t i b i l i t y (OMD, mean 1 s . d . ) of
c a s e i n and HCHO-caseinate of two b a t c h e s s t o r e d a t two d i f f e r e n t
temperatures f o r one week.

Sample

Casein
HCHO-caseinate
HCHO-caseinate
HCHO-caseinate
HCHO-caseinate
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Batch

7
7
8
8

Temperature (°C)

room
-4
20
-4
20

In v i t r o OMD (X I s . d . )

98.310.6
83.312.1
88.7+1.5
83.014.0
86.712.1

Contrary to this, the in vivo digestibility estimate of HCHO-casein in rabbits (allowed
coprophagy) exceeded 80%. Possibly, incubation in the lower digestive tract followed by
coprophagy increased digestibility in rabbits in a way similar to ruminai incubation in this
study.

Table 6 . 2 . 6 . Means 1 s . d . for intake of t o t a l N ( N I t o t ) , d i g e s t i b l e N (DNI)
and dry m a t t e r (DMI), NI from supplement ( N I s u p p i ) as a f r a c t i o n of N I t o t
and the e s t i m a t e d r e g r e s s i o n c o e f f i c i e n t s (1 s . e . ) and RSD from the model
DNI= bj/rNIst-i-a,, + b 2 * N I s u p p l + b3*DMI ( a l l v a r i a b l e s in g . k g " 0 - 7 5 ^ " 1 ) in
Exp. 1 and 2.
L

Experiment
Supplementationlevel

NItot
DNI
DMI
NI
suppl/NItot
b
l<NIstraw)
b
NI

2< suppl)
b 3 (DMI)
RSD

2

zero

highest

zero

highest

0.5110.05
0.1310.02
47.314.17
0

1.5910.25
1.0110.18
55.817.43
0.6610.03

0.39+0.09
0.09+0.07
39.916.41
0

1.1610.04
0.73+0.02
45.214.38
0.7010.03

0.6410 28
0.8410 04
-0.004410 0032
0.049

0.7010 20
0.8410 03
-0.004510 0020
0.031

The invivodigestibility of HCHO-caseinate was estimated from batches 16 (Exp. 1) and 17
(Exp.2).Table 6.2.6 shows ranges of parameter valuesrelevant to N-digestibility in the two
experiments as well as the results of the regression analyses with DNI as the dependent and
Nlstraw NIsuppi and DMI as independent variables for the two experiments. Regression of
DNI on NI and DMI is commonly used to estimate true digestibility of N from the NI
coefficient andthe amountof metabolic faecal N(MFN)from theDMIcoefficient (Boekholt,
1976).Inviewof thelimited variation in NI straw andDMI,theresulting high s.e.'sof thetwo
corresponding regression coefficients are not surprising. Nevertheless, the estimates of the
amount of MFN (4.4 and 4.5 g-kg_1DM, respectively) are well within the range of values
reported for sheep andcattle andonly slightly lower than theaverage (4.9 g-kg _1DM)in the
data reviewed by Boekholt (1976). Estimates of true digestibility of straw N are, not
significantly, lower than the values often recorded for roughage diets: around 0.9 (Boekholt,
1976; Van Soest, 1982). Compared to these two variables, the variation in NI supp i is very
much larger and the s.e. attached tothecoefficient in theregression model isrelatively much
smaller. The estimate of the true digestibility of HCHO-caseinate (0.84) is lower than the
expected value for untreated Na-caseinate, indicating a depression of N-digestibility as a
result of formaldehyde treatment. The depression is small, however, and is comparable with
depressions found in a number of experiments withHCHO-casein fed toruminants (Redman
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etal., 1980)orrabbits (West etal., 1984).Largerdepressions arereported byKaufmann and
Lüpping (1982). For the HCHO-caseinate, the in vivo N-digestibility estimates agree well
with the in vitro OMD estimates and with the DMD and N digestibility estimates expected
from nylon bag intestinal passage after a rumen incubation time between 6 and 18 h. The
apparent digestibility of around 84% found in the in vivo digestibility experiments and
comparable values suggested bynylon bag intestinal passage studies do notnecessarily mean
that the protein is digested and absorbed in the small intestine. Part of it might have been
fermented in the large intestine and, as aresult, availability of amino acids might have been
lower than suggested by the digestibility estimates. In the in vitro experiments, however,
when pepsin/HCl digestion is not followed byfermentation, digestibility estimates were also
around 85%.Thissuggeststhatatleastthemajor partof apparently digested HCHO-caseinate
isdigestedinthesmallintestine.

Conclusions
The results of the experiments show that the addition of a formaldehyde/silica powder
mixture (550 gkg-} toNa-caseinate (formaldehyde/protein ratio of 20 gkg ")•followed by
treatment at30°Cfor threedays,consistently results in aformaldehyde binding toprotein of
about9gkg _1 .
HCHO-caseinate prepared this way appears to be almost completely resistant to rumen
degradation as measured by in vivo nylon bag incubation for up to 48 h. The estimates of
HCHO-caseinate digestibility from in vivo and in vitro experiments and from nylon bag
intestinal passage suggest that approximately 85% of the protein from HCHO-caseinate is
digestedintheintestinesifpreceded byarumenretentiontimeofmorethan 6h.
Itis concluded thattheformaldehyde treatment methoddescribed resultsin aprotein that
is adequately protected from degradation in the rumen while the depressing effect of
treatmentonintestinal proteindigestibilityremainslimitedasdesired.
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6.3 Effects ofsupplementation with formaldehyde
treated caseinate onintake ofgrassstraw diets and
nitrogen balance in dwarf goats
Introduction
Thepositive effect of supplementation with non-protein nitrogen (NPN)orrumen degradable
protein (RDP)on intake (and generally alsodigestibility) of poor quality roughages as found
in manytropical areas is welldocumented. Anincreasein nitrogen (N)availability for rumen
microbes and, consequently, an increase in extent and rate of feed degradation in the
forestomachs is generally held responsible for this effect (van Soest, 1982; Siebert and
Hunter, 1982;Preston andLeng,1987).
Although N content of forages within digestibility classes is positively correlated with
intake over a broad range of Ncontents (see Chapter 1), supplementation with NPN or RDP
in amounts exceeding the Nrequirements of rumen microbes for optimum growth, generally
does not result in increased roughage intake. For these roughages it has been suggested that
rumen non-degradable protein (also called by-pass protein) might have a positive effect on
intake.For instance in Australia, apositive effect of by-pass protein on feed intake has been
demonstrated repeatedly (Egan and Moir, 1965;Egan, 1965, 1977) and also in more recent
literature the beneficial effects of by-pass protein on feed intake have been stressed (Preston
andLeng, 1987).On theother hand, severalexperiments did not show a significant effect of
by-passprotein on feed intakeasconcluded byKellaway andLeibholtz (1983).Thecausesof
these differences in response are not known but could berelated to inadequate protection of
the protein supplement from rumen degradation. For example, in the experiments of
Sriskandarajah et al. (1982) discussed by Kellaway and Leibholtz (1983), supplementation
with urea and formaldehyde treated casein (HCHO-casein) resulted in a non significant 17%
increase of organic matter intake (OMI)over controls (receiving urea only) and a liveweight
(W) change of +42 g.d"1 instead of -189 g.d"1 in control yearling steers; moreover, it was
concluded that extensive degradation of HCHO-casein in the rumen (at least 60%) had
occurred. Especially the last observation leaves scope for a real and significant effect of
supplementation withby-passprotein onroughageintake.
A number of experiments were therefore designed to test the hypothesis that increased
availability of amino acids as a result of by-pass protein supplementation would lead to
increasedintakeofpoorquality roughageindwarf goats.
In apreliminary experiment, theeffect on intake of supplementation of dwarf goats ona
85/15 grass straw/hay diet containing 10.5 g.kg"1 N in the dry matter (DM) with urea, Nacaseinate and HCHO-caseinate supplying 8g.kg"1 Nin theDM was tested (see Section 6.1).
Supplementation with N as urea or Na-caseinate did not significantly increase DM intake
(DMI) but supplementation with HCHO-caseinate did. Also in this experiment, there was
doubt about the effectiveness of HCHO treatment to protect Na-caseinate against rumen
degradation. Therefore, first a suitable method of treatment was developed, yieldingHCHO-
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caseinate that is virtually undegradable in the ramen but reasonably digestible in the total
digestive tract(seeSection 6.2).
In a first experiment, the effects of supplementation of dwarf goats on a chopped grass
strawdiet with urea, Na-caseinate andHCHO-caseinate on intake and N-balancewere tested.
The effects of graded levels of HCHO-caseinate supplementation on feed intake and Imbalancewereestimated inasecondexperiment which wasrepeated with fewer treatments and
more animals per treatment in a third. Finally, the effects of supplementation with HCHOcaseinate and/or starch on feed intake and N-balanceof dwarf goatson apelleted grass straw
diet was measured in a fourth experiment. It is the aim of this section to describe these
experiments anddiscusstheresults.

Materialsandmethods
Experimental animals in the 4 experiments were West African Dwarf goats from the
Wageningen University flock described byMontsma (1986).Allexperiments wereplannedto
becarriedout withcastratedmales (wethers).Duringtheadaptation periodofExp. 1 adisease
hit the flock and resulted in several deaths, leaving an insufficient number of wethers to
completetheexperiment.Therefore, females wereusedinExp. 1 and2,wethersinExp.3and
4(aged 12,15,12 and 18months,respectively).
Inallexperiments,animalswerehousedinmetabolismcagesandwereoffered theirbasal
dietadlibitum atabouttwiceintakefor choppedroughage (grass strawandgrasshay) and 1.3
times intake for pelleted grass straw. In all experiments, animals had continuous access to
fresh water, salt lick and (except in Exp. 4) a small container with a mineral/vitamin mix
(with Ca, Na, P, Mg, Cu, Mn, Zn, Co,J and Se in minimum amounts of 115, 100, 118,32,
1.25, 1.0, 1.0,0.03,0.05and0.006g.kg"1andvitamins AandD3as468,750and93,7501.U.
kg"1,respectively).
Measurement periods lasted 7 d after adaptation periods tocages and diet of 13to 25 d.
During measurement periods,feed offered, orts and faeces and urine produced were weighed
and sampled for later analyses. Analyses for content of DM, ash and N were carried out
according to AOAC (1975). N was analyzed in air dry feed and orts but in fresh faeces and
urine.
Thecomposition ofdiets andsupplements usedintheexperimentsisinTable6.3.1.Inall
experiments, grass straw was Loliumperenne and the grass hay in Exp. 3 also consisted
mainly of Loliumperenne. The grass straw fed in Exp. 1, 2 and 3 was from a single batch
containing ameanof 66.7%NDFintheDM(determined accordingtoGoering andvanSoest,
1970).
The formaldehyde treatment of Na-caseinate andrumen degradability and digestibility of the
treatedcaseinate(HCHO-caseinate) aredescribedinSection6.2.
Particle sizedistribution of various batches ofpelleted grass straw wasdetermined with awet
sievingtechnique usingaFritsch Analysette 3(Fritsch GMBH,Idar-Oberstein,FRG).
In all experiments, liveweight (W) was measured weekly. Since there was considerable
variation in W within groups, intake and N-balance data were all scaled for size. A
preliminary analysis showed thatfor theexperimentsreported here,regression of intakeonW
with the allometric model resulted in exponents between 0.7 and 0.95 and not significantly
different from 0.75.To facilitate comparisons with other data sets and in view of the effects
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of W on feed intake in a long-term experiment comparing WAD goats with sheep (see
Chapter5),metabolic size(i.e.W0-75)wasusedfor scalinginallexperiments.

Table 6 . 3 . 1 . Composition of d i e t s and supplements in Exp. 1 t o 4 (nd: not
determined).
Exp.

Diet

1
1
1
2
2
2
3
3
3
4
4
4
4
4
4
4
4
4

Grassstraw
Na-caseinate
HCHO-caseinate
Grassstraw
Na-caseinate
HCHO-caseinate
Hay
Grassstraw
HCHO-caseinate
Grassstrawpellet
Grassstrawpellet
Grassstrawpellet
Grassstrawpellet
Grassstrawpellet
Grassstrawpellet
Grassstrawpellet
Grassstrawpellet
Grassstrawpellet

0
OR
CI
C2
P3
P6
S5
P3S5
P6S5

DM
(g.kg"1)

AshinDM
(g.kg-1)

836
948
913
855
940
950
832
822
910
919
912
903
904
912
904
907
905
910

79
55
82
83
nd
83
72
81
82
74
77
96
90
93
86
93
88
88

NinDM
(gkg- 1 )
11.0
145.6
140.5
11.0
147.0
142.0
16.9
10.3
141.2
19.0
18.8
19.6
19.2
22.9
25.2
19.0
22.3
26.1

Also within groups, variation in intake relative to metabolic size can still be considerable.
Literature shows that substantial differences in group mean roughage intake between control
and HCHO-casein supplemented groups (e.g. the 17%difference reported by Sriskandarajah
et ai, 1982) may not be significant because of large within-group variation. Within-group
variation can be diminished considerably by expressing the individual intake relative to the
intake of a standard feed (Van Soest, 1982).This procedure has been followed and therefore
all experiments had a similar design. After adaptation a first measurement period followed
during which all animals received the same diet. Animals were then ranked according to
initialWand/orintakerelativetometabolic sizeinthefirst measurement period. Anumberof
animals (equal to the number of treatments) with the lowest rankings, was then allocated at
random, one to each treatment. This was repeated with the remaining animals until all had
been allocated. After a second adaptation period during which the different groups received
their specific treatment (including a control group) followed a second measurement period.
Since the time interval between measurement periods within experiments was short and
changes in W were small, the average of Wrecorded during both measurement periods was
takenfor thecalculationofintakerelativetometabolicsize.
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To correct for individual differences in intake during the first measurement period, the
difference in intake between the second and the first measurement period was used to
statistically analyze effects of treatment on intake and N-balance. The significance of
differences between measurement periods and between groups were analyzed with t-tests.
Linearregression models were usedtoanalyzedata inExp.2andtherelation between intake
andN-balance.All statisticswerecalculatedwith SAS(1985)programs.
Experiment1
Twenty goats were divided into 4 groups of 5 animals each. During the first measurement
period, allanimalsreceived grass strawonly.Organic matterintake (OMI),digestibleorganic
matterintake(DOMI)andN-balancewererecorded after anadaptation periodof 13 d.During
the second part of the experiment, a N-supplement (urea, Na-caseinate and a mixture of 1/3
Na-caseinate and 2/3 HCHO-caseinate) was added to the basal diet of groups U, CAS and
FCAS, respectively, in amounts to increase the N content of the OM with 10 g.kg"1,
approximately.
Theurea andNa-caseinate supplements weredissolved inwaterand sprayedoverthefeed the
afternoon of the day before feeding and diets were left drying overnight. The HCHOcaseinatepowder (batch 9describedin Section6.2) wassprinkled overthefeed after spraying
Na-caseinate which served to glue the HCHO-caseinate to the roughage. The grass straw of
group C (controls) was sprayed with water (50%of roughage dry matter offered) only. Orts
were weighed, sampled and analyzed after separation in a fine (dust and fine particles
accumulated at the bottom of the feed container) and a coarse fraction (the rest of the feed
residue).OMI,DOMIandN-balancewererecorded after anadaptation periodof25d.
Experiment2
Eighteen goats were divided into 6 groups of 3 animals each. During the first part of the
experiment animals received grass straw and OMI and NI was recorded after an adaptation
periodof 21dtofeed and 14dtocages.During the secondpart,groups FC1,FC2,FC3,FC4
andFC5received HCHO-caseinate (batch 16described in Section 6.2) supplying N at a rate
of approximately 0.1,0.2, 0.4, 0.6, and 1.0 g.kg-0-75^"1, respectively. HCHO-caseinate was
administered twice daily as a suspension in water (ratio 1to 5) with a drench pistol. Water
only was administered togroup C(controls).OMI,DOMI and N-balance wererecorded after
anadaptation periodof21d.
Experiment3
A group of 21 wethers was divided into 3groups of 7 animals each. During the first part of
the experiment animals received hay ad libitum and OMI, DOMI and N-balance were
recorded after an adaptation period of 21d tofeed and 14days tometabolism cages. During
the second measurement period all animals received grass straw ad libitum.Groups FC1and
FC2 received HCHO-caseinate supplying N at a rate of approximately 0.5 and 0.8
g.kg"0-75.d_1, respectively. These rates were based on the results of Exp. 2 which showed a
tendency of increased straw intake at the higher supplementation levels. Supplements were
administered twice daily as a suspension in water with a drench pistol. Water only was
administered to group C (controls). OMI, DOMI and N-balance were recorded after an
adaptation periodof 14d.
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Experiment4
The basic material for thepreparation of experimental diets in this experiment consisted of a
batch of pelleted grass strawto which molasses (40g.kg"1DM) andurea (14g.kg"1DM)had
been added (batch O). The intake of this batch was much lower than expected from intake
recorded earlier for a batch of pelleted grass straw (described in Chapter 5).Repelleting of a
small part of batch O with the addition of some water only (batch OR) had not resulted in a
significantly higher intake level (OMIfor batch Oand OR around 50 g.kg"0-75^"1;Tolkamp,
unpublished results). A preliminary trial had shown positive effects of repelleting this
material with the addition of 40 gHCHO-caseinate per kg DM on intake (see Section 6.1).
Therefore, two batches were prepared from batch O with the addition of 3 or 6% HCHOcaseinate (batches P3andP6).Totest whetherapossibleeffect ofHCHO-caseinate onintake
was theresult of increased availability of amino-acidsrather than energy, alsoone batch was
prepared from batchOwiththeaddition of5% maize starch (S5) andinteractions were tested
with two batches containing apart from 5% maize starch also 3 or 6% HCHO-caseinate
(batches P3S5 andP6S5,respectively).Inmonogastricsit hasbeen found thatpositive effects
of casein supplementation in comparison with amino acid mixtures wasrelated to the supply
of a micro-element (Zn) associated with casein supplementation (Ebihara et al., 1979). To
avoid this type of confounding effects, a mineral mixture was added to all newly prepared
batches for thisexperiment (10g.kg"1DM).Pellets of batch Owere broken in a hammermill
and all experimental diets consisted of re-pelleted material with the addition of minerals, the
appropriate supplement and, occasionally, some water to facilitate pelleting. During
preparation of the control batch (batch CI), the pelleting machine broke down. After repair,
the preparation of the control batch (batch C2) was finished and the batches for the
experimental treatmentsweremade.
Twentyfour animals, divided in 6 groups of 4 animals each,receivedacontrol diet (CI)
in the first part of the experiment and OMI, DOMI and N-balance were measured after an
adaptation period to feed and metabolism cages of 19 d. During the second part, the six
groupsreceived experimental diets C2,P3,P6,S5,P3S5andP6S5,respectively.OMI,DOMI
andN-balanceweremeasured after a 14dadaptation period.

Results
Experiment1
The results of the first experiment are summarized in Table 6.3.2 and 6.3.3. Differences
between groups in OMI, NI and N-balance were not significant during the first period but
DOMI was higher (P<0.05) in group CAS than in group U. Mean DOMI (18.3, s.e. 0.9
g.kg_0-75.d_1)islowerthan themostrecentestimateofDOMrequirementsfor maintenanceof
WADgoatshousedinmetabolismcages (23.6g.kg"0-75^"1,Zemmelinketal.,1991).
TheincreaseinOMIinthesecondperiodcompared tothefirstdidnotdiffer significantly
between groups but the increase was only significantly different from 0 (P<0.01) for groups
CAS andFCAS.Approximately 60gof OMwas added with theprotein supplements to 1 kg
ofoffered strawOMin groups CASandFCASinthesecondperiod.Therefore, anextra2.4g
OMI relative to C, very close to the difference observed, can be expected in these groups if
protein supplementation would not affect OMI from straw and if animals would consume
straw and supplement intheproportion offered. From acomparison of theNIoverOMIratios
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of thefour groups inthesecondperiod,itcan beconcluded thatindeed animalsin groupCAS
consumed straw and supplement in approximately the proportions offered while group U
consumed slightly more and group FCAS slighdy less N over OM than would be expected
from theproportions offered.

Table 6 . 3 . 2 . Exp. 1: group means and pooled s. e. for W (kg) and OMI and
DOMI ( g . k g ' O ' ^ . d " ! ) In period 1 ( a l l groups ad libitum unsupplemented
grass straw) and In period 2 ( a l l groups ad libitum grass straw, groups C,
Ü, CAS and FCAS supplemented with water, urea, Na-caseinate and 2/3 HCHOcaseinate plus 1/3 Na-caselnate, r e s p e c t i v e l y ) and the difference between
periods.
Parameter

Period

Group and

Na-cas.
CAS

HCHO-cas
FCAS

s.e.

13.6

13.8

14.0

13.9

1.09

36.7
39.2 a
2.5

41.2
46.2 b
5.0*

38.0
43.2 a b
5.2*

1.74
1.78
1.29

16.8 a
19.1 a b
2.3 a b *

20.0 b
23.I e
3.l a b *

17.9 a b
21.7abc
3.8 b *

0.85
0.91
0.86

C
1,2

period 2

urea
U

control

W

source ofN-supplement in

OMI
OMI

1
2

39.3
41.8 a b

OMI

2-1

2.5

DOMI
DOMI
DOMI

1
2
2-1

18.5 a b
19.4 a
0.9a

: differences between periods s i g n i f i c a n t l y (P<0.05) d i f f e r e n t from 0
: values of groups not sharing the same superscript d i f f e r s i g n i f i c a n t l y
(P<0.05)

abc

The relatively high NI of group U in period 2 is probably due to overestimating NI. The N
contentinortsDMwaslowerthancould beexpectedfrom theamountofNaddedinthe form
of urea.It wasevident from a slight ammoniaodourin thefeed ortsof this group thatpartof
theNsupplied asurea,although recorded asNI,waslostduetoNH3volatilization. Therefore
no significance can be attached to the NI, DNI and N-balance values recorded in this
experiment for group U during the second period. Group FCAS consumed slightly less N
supplement with the straw than theproportion offered andprobably less than two-third of the
supplementconsumedconsisted ofHCHO-caseinate.AstickyNa-caseinate solution wasused
inthisgrouptoglue theHCHO-caseinate tothestrawbutobservations ofwhitepowderatthe
bottomof thefeeding trough suggested thatpartof theHCHO-caseinate had still dropped off
theroughage.The observations were confirmed by the high amount of N in the fine fraction
ofortsDM(36±3.8 g.kg"1)in thisgroup.
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Comparedtocontrols,theincreaseinDOMIfromperiod 1 toperiod2washigher (P<0.05)in
theFCAS group andtended (P<0.10) tobehigher intheCASgroup. Again, consumptionof
the highly digestible protein alone can explain the major part of these differences if
supplementation would notaffect OMIfrom straw.

Table 6 . 3 . 3 . Exp. 1: group means and pooled s . e . for Intake of N (NI),
d i g e s t i b l e N (DNI) and N-balance (g.kg • .d~l) in period 1 ( a l l groups ad
libitum unsupplemented grass straw) and in period 2 ( a l l groups ad libitum
grass straw, groups C, U, CAS and FCAS supplemented with water, urea, Nacaseinate and 2/3 HCHO-caseinate plus 1/3 Na-caseinate, r e s p e c t i v e l y ) and
the difference between periods.
Parameter

Period

Groupand
control
C

sourceofNurea
Ü

supplementin

period2

Na-cas.
CAS

HCHO-cas
FCAS

s.e.

NI
NI
NI

1
2
2-1

0.52
0.59»
0.06»

0.47
1.09b
0.62b*

0.53
1.14b
0.61b*

0.50
0.99c
0.50c*

0.031
0.040
0.033

DNI
DNI
DNI

1
2
2-1

0.19
0.23»
0.04»

0.13
0.71b
0.58b*

0.18
0.68b
0.50b*

0.16
0.53c
0.36c*

0.023
0.035
0.036

N-balance
N-balance
N-balance

1
2
2-1

-0.09
-0.01»
0.08»*

-0.11
0.24b
0.35b*

-0.11
0.07»
0.18c*

-0.08
0.04»
0.12»c*

0.025
0.034
0.025

: differences between periods s i g n i f i c a n t l y (P<0.05) d i f f e r e n t from 0
» b c : values of groups not sharing the same superscript d i f f e r s i g n i f i c a n t l y
(P<0.05)

N-supplementation resulted in a significantly lower increase (P<0.05) in NI andDNIinthe
FCAS group compared totheCAS groupasaresultofa similarincrease inOMIbutalower
amount of supplement consumed. In thesecondperiod compared tothefirst, N-balancewas
significantly (P<0.01) increasedinallgroups andmoreso(P<0.01)intheCAS group thanin
controls.
The results of the experiment show that supplementation of this poor quality roughage
with N in the form of urea did not result in a significant increase of OMI from straw
compared to controls. Although there is some doubt about the actual amount of urea
consumed, the N content of straw orts andthe increase in urinary N-output following urea
supplementation show that the N content of the straw consumed was clearly increased.
Supplementation withNa-caseinate tendedtoincreasetotalOMI comparedtocontrolsbutthe
major part, if not all,of this increase is theresult of consumption of the supplement itself.
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Therefore, weconclude that straw intake did also not increase as aresult of supplementation
with a RDP source. This agrees with the preliminary observations reported in Section 6.1.
Contrarytothepreliminary observations isthenon-significance of theincrease inOMIinthe
HCHO-caseinate supplemented group compared to controls recorded in this experiment.
Thereis,however, somedoubt abouttheactualamountofHCHO-caseinate consumed.In this
first experiment, attempts weremade toaddtheN-sourcedirectly totheroughage to simulate
the effect of an increased N-content of the forage and to avoid peak levels of ruminai
ammoniaassociated with separate supplementation of thesolubleN-sources.Theattempt was
reasonably successful for the urea and caseinate supplemented groups but it was not for the
HCHO-caseinate supplemented group, resulting in a lower level of supplementation with
protectedprotein thanintended.
From this experiment we concluded that grass straw intake was not affected by
supplements of NPN or RDP but that for a proper estimate of the effect of by-pass protein
otherwaysof supplementation shouldbeemployed toensurethatanimalsreceivetheplanned
amountof HCHO-caseinate.
Experiment2
The supplementation method (administration of a suspension of HCHO-caseinate in water
with a drench pistol, approximately 15 g of suspension per shot) ensured that animals
received theplanned amount of protected protein.During thefirst few daysanimals had tobe
restrained with force because they resisted this type of administration. Gradually, however,
animals got used to it,especially goatsreceiving thehigher amounts of supplement (upto28
shots per day). Before the measurement period started, all animals were accustomed to this
form of administration. Some animals still had to be restrained slightly by holding the neck
rope,othersdidnotresist atallwhenthedrenchpistolwasintroduced intheirmouths.Quitea
few animals started begging to be supplemented and suckled the mouth piece of the drench
pistol when it was inserted through the wire mesh at the side of the cages. It is therefore
unlikely that the method of supplementation stressed the supplemented animals and affected
strawintakeduring thesecondmeasurement period.
Tables 6.3.4 and 6.3.5 show the results of this experiment. OMI from straw in the first
measurement period is at approximately the samelevel asrecorded inExp. 1.TheOMI from
straw was significantly (P<0.05) increased in the second compared to the first period for
groups FC1, FC4 and FC5 but differences between groups were not significant. Also
regression of OMI from straw in the second minus the first period on the amount of N
received with the supplement (up to 3rd degree polynomials) showed that the tendency of
increasing OMI from straw with increasing levels of supplementation with HCHO-caseinate
wasnot significant.
Total OMI in the second compared to the first period increased with supplementation
level, differences between the control group and groups FC4 and FC5 being significant
(P<0.05). Also DOMI in the second period increased systematically with increased
supplementation level and was significantly higher in groups FC3,FC4 and FC5 than in the
control group. These differences were mainly the result of consumption of the highly
digestible supplement and only partly related to the non-significant differences in OMI from
straw. However, considering the tendency for straw OMI toincrease especially at the higher
supplementation levels, it was nevertheless decided to repeat the experiment with fewer
treatmentsandmoreanimalspertreatment.
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Table 6.3.4. Exp. 2:groupmeans and pooled s.e. ofW (kg)andOMI and DOMI
in period 1 (all groups grass straw only) and period 2 (grass straw plus
HCHO-caseinate supplement) for experimental groups C, FC1, FC2, FC3,FC4,
FC5 (alldata ing - k g - O ^ . d " 1 ).

Parameter

Period

Group andHCHO- caseinat eN leve

1 inperiod 2

C
0

FC1
0.1

FC2
0.2

FC3
0.4

FC4
0.6

FC5
1.0

s.e.

W

1,2

13.7

14.5

15.1

15.7

14.7

14.3

1.68

0MI

straw
straw
OMIstraw

1
2
2-1

39.2
43.1
3.9

39.7
45.3
5.6*

40.5
45.1
4.5

42.8
47.4
4.6

39.2
46.2
6.9*

36.8

44.1
7.3*

2.36
2.10
2.13

0MI

2
2-1

43.l a
3.9a

45.8 a b
6.1 a *

46.5 a b
5.9 a *

50.l a b
7.3 a *

50.1 a b
10.9 b *

51.2b
14.4b*

2.30
2.03

2

20.l a

21.4 a b

22.2 a b

23.6 b

24.9 b

26.0b

1.13

0MI

0MI

total
total

DOMItotal

:differencesbetweenperiodssignificantly(P<0.05)differentfrom0
:valuesofgroupsnotsharingthesamesuperscriptdiffersignificantly
(P-cO.05)

abc

Table 6.3.5. Exp. 2:groupmeans and pooled s.e. of intake of N (NI)in
period1(allgroupsgrassstrawonly)andperiod2(grassstrawplusHCHOcaseinate supplement)anddigestibleN (DNI)andN-balance inperiod 2for
experimentalgroupsC,FC1,FC2,FC3,FC4andFC5(alldataing.kg-0-75.d"

Parameter

Period

GroupandHCHO-caseinate

Nlevel

inperiod2

C
0

FC1
0.1

FC2
0.2

FC3
0.4

FC4
0.6

FC5
1.0

s.e.

"^•straw
"Istraw

1
2

0.45
0.51

0.51
0.58

0.47
0.54

0.55
0.61

0.48
0.55

0.46
0.54

0.04
0.04

NI

total
DNI

2
2

0.51a
0.13a

0.66a
0.24ab

0.75a
0.32b

1.00b
0.43bc

1.13b
0.55c

1.59c
1.01d

0.08
0.05

N-balance

2

-0.05a

0.06ab

0.04ab

0.09ab

0.17bc

0.23c

0.05

at>cd

: values of groups not sharing the same superscript differ
significantly(P<0.05)
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Supplementation apparently resulted inpositive N-balances while N-balancewas negative in
thecontrol group.Theeffect of supplementation onN-balance inrelation withDOMIwillbe
discussed inmoredetailbelow.
Experiment3
Tables 6.3.6 and 6.3.7 show theresults of Exp. 3.During thefirstmeasurement period, OMI
from hay in group FC1 was lower (P<0.05) than in controls. The same tendency can be
observed for theOMIfrom strawinthe secondperiod. Thedifference inOMIfrom roughage
between thetwoperiodsisnot significantly affected bygroup andthereisalsonotendencyas
recorded in Exp. 2. This shows that supplementing wethers with protected protein in
considerable amounts had no effect on grass straw intake at all. The decrease in DOMI in
period 2 relative to period 1 was larger (P<0.05) in the control group than in the two
supplemented groups and also thedecrease in N-balance was more pronounced (P<0.001) in
this group. The effect of supplementation on N-balance in relation with DOMI will be
discussedinmoredetailbelow.

Table 6 . 3 . 6 . Exp. 3: group means and pooled s . e . of W(In kg), OMI and DOMI
in period 1 ( a l l groups on a hay d i e t only) and period 2 (grass straw plus
HCHO-caselnate supplement) and the difference between periods
experimental groups C, FC1 and FC3 ( a l l data in g. k g " 0 - 7 5 ^ " 1 ) .
Parameter

Period

GroupandHCHO-caseinateN

in

levelinperiod2

C
0.0

FC1
0.5

FC2
0.8

s.e.

W

1,2

15.9

16.5

16.8

0.87

OMIhay
0MI
straw
0MI
forage

1
2
2-1

51.9a
36.7
-15.3*

47.6b
33.8
-13.8*

50.4 ab
35.2
-15.2*

1.45
1.88
1.87

DOMI
DOMI
DOMI

1
2
2-1

29.9a
17.5
-12.4a*

27.6b
19.2
-8.4b*

29.1 ab
20.1
-8.9b*

0.72
0.98
0.88

*: differences between periods s i g n i f i c a n t l y (P<0.05) d i f f e r e n t from 0
ab
: values of groups not sharing the same superscript d i f f e r s i g n i f i c a n t l y
(P<0.05)

Experiment4
Theresults of this Exp. are inTables 6.3.8 and 6.3.9. Treatment had no significant effect on
the increase in OMI between the second and thefirstmeasurement period but the increase in
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DOMIinthegroupreceiving astarch plus 6%HCHO-caseinate supplement was significantly
(P<0.05) higher than in controls.NIandDNIincreased morein the groupsreceivingHCHOcaseinate supplements than in controls and the starch supplemented group, the difference
being significant (P<0.05) for the highest supplementation levels. The increase in N-balance
wasnot significantly affected by supplementation of protein or starch alone,it was, however,
higher (P<0.05) in the P6S5 treatment group and tended to be higher in the P3S5 treatment
group compared to controls and groups receiving a single supplement. This suggests an
interaction between theaddition ofprotein and starch.Inview,however, of thedifferences in
intake between control batches, care in the interpretation is required: differences in intake
between treatments couldwellbecausedbydifferences inpelletingconditions rather thanby
effects of the supplements added. After receiving control diet CI in the first adaptation and
measurement period, animals received the experimental diets in the second adaptation and
measurement period. Because of the problems with the pelleting machine, also the control
group changed from control diet CI to C2. OMI was significantly higher in the second
compared tothe first measurement period, alsoin thecontrol group.Thedifference in intake
between second and first period was not the result of a gradual increase during the second
adaptation periodbutoccurred withintwodaysfollowing thechangeofdietinallgroups.
OMI of both control batches was substantially higher than intake of batch Oor OR recorded
inanearlierexperiment (around 50g.kg_0-75.d_1;Tolkamp,unpublishedresults).

Table 6 . 3 . 7 . Exp. 3: group means and pooled s . e . of Intake of N (NI) and
d i g e s t i b l e N (DNI) and N-balance) in period 1 ( a l l groups on a hay d i e t
only) and period 2 (grass straw plus HCHO-caseinate supplement) and the
difference between periods in experimental groups C, FC1 and FC2 ( a l l data
in g . k g - 0 - 7 5 ^ - 1 ) .

Parameter

Period

Group andHCHO-

caseinateN level

inperiod

2

C
0.0

FC1
0.5

1
2
2

0.97a
0.39
0 a

0.88 b
0.34
0.57 b

0.93 ab
0.34
0.82 c

0.029
0.026
0.004

DNI
DNI
DNI

1
2
2-1

0.48a
0.09a
-0.39 a *

0.42 b
0.53b
0.11 b *

0.45 ab
0.73c
0.28 c *

0.013
0.018
0.022

N-balance
N-balance
N-balance

1
2
2-1

0.13a
-0.15 a
-0.28 a *

0.09b
-0.05 b
-0.14 b *

0.12 a b
-0.01 b
-0.13 b *

0.011
0.018
0.020

NI

hay
"•'•straw
NI SU ppl

FC2
0.8

s.e.

: differences between periods s i g n i f i c a n t l y (P<0.05) d i f f e r e n t from 0
: values of groups not sharing the same superscript d i f f e r s i g n i f i c a n t l y
(P<0.05)

abc
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Table 6.3.8. Exp. 4: group means and pooled s.e. for W (kg). Intake of OM
(OMI) and digestible OM (DOMI) in g.kg" 0 - 75 .d" 1 ) and OMD (X) in period 1
(all groups on control diet CI), inperiod 2 (groups C2,P3, P6, S5, P3S5
and P6S5 receiving control diet with added: nothing, 3X protein, 6%
protein, 5X starch, 3X protein + 5X starch and 6% protein + 5X starch,
respectively)and for intakes the differencebetween periods.

Parameter Period

Group

C

Group

Group

Group

P3

P6

S5

Group
P3S5

Group
P6S5

s.e.

W

1.2

18.8

18.8

19.1

18.1

19.3

17.1

1.26

OMI
OMI
OMI

1
2
2-1

72.1
86.8
14.7*

66.7
77.6
10.9*

69.4
80.3
10.9*

68.6
82.6
14.0*

65.8
83.9
18.1*

68.0
90.0
22.0*

5.07
5.01
3.76

DOMI
DOMI
DOMI

1
2
2-1

27.1
33.5
6.5 ab

25.7
29.7
4.0 a

26.2
33.4
7.2 a c

25.6
31.9
6.3 ab

24.5
34.0
9 5 bc

25.2
37.0
11.8 C

1.89
1.93
1.64

1
2

37.6
39.0 a b

38.5
38.3 a

37.8
41.6 b

37.4
38.6 a

37.2
40.6 a b

0.79
37.0
41.0 a b 0.91

OMD
OMD

: differences between periods significantly (P<0.05)different from 0
: values of groups not sharing the same superscript differ significantly
(P<0.05)

abc

Table 6.3.9. Exp. 4: group means and pooled s.e. for intake of N (NI),
digestible N (DNI) and N-balance (all in g.kg"°'75.d'l) period 1 (all
groups on diet CI), in period 2 (groups C2, P3, P6, S5, P3S5 and P6S5
receiving in addition to control diet: nothing, 3X protein, 6% protein, 5X
starch, 3% protein + 5% starch and 6X protein + 5X starch, respectively)
and the differencesbetween periods.

Parameter Period Group

C

Group

P3

Group

P6

Group

S5

Group
P3S5

Group
P6S5

s.e.

NI
NI
NI

1
2
2-1

1.57
1.83a
0.27 a *

1.45
1.95 ab
0.50 ab *

1.51
2.21 bc
0.70 b *

1.49
1.75a
0.26 a *

1.43
2.04 a b
0.62 b *

1.47
2.56c
1.09 c *

0.110
0.123
0.091

DNI
DNI
DNI

1
2
2-1

0.47ab
0.56a
0.09 ab

0.58a
0.78 bc
0.20 a *

0.40 bc
0.82 b
0.42 c *

0.47 ab
0.49a
0.02 b

0.37 b
0.61 ac
0.25 a *

0.53 ac
1.02d
0.50 c *

0.050
0.061
0.055

N-balance
N-balance
N-balance

1
2
2-1

0.04
0.07 ab
0.03a

0.02
0.05a
0.03a

0.02
0.05a
0.03a

0.04
0.08 ab
0.05a

0.03
0.18 bc
0.15 ab *

0.03
0.25e
0.22 b *

0.025
0.039
0.041

differences between periods significantly (P<0.05)different from 0
abed. values of groups
not sharing the same superscript differ
significantly (P<0.05)
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In an attempt tofindthecause of thisdifference, some additional experiments were done.To
testwhether the higher intake was theresult of mineral supplementation, three groupsof four
animals each were formed immediately after measurement period 2and fed ad libitumeither
batch CI, batch O or batch O supplemented with minerals. The minerals, 10g.animaH.d"1,
corresponding approximately to the daily intake of the same mineral mixture with the
supplementedpellets,wereadministeredinwateroncedailywithadrenchpistol.After an
adaptation period of 10 days, fresh pellet intake was measured for 5 days. Intake of fresh
pellets did not differ between groupsreceiving batch O or batch Oplus mineral mixture but
was substantially higherinthegroupreceiving batch CI (66.7,s.e.4.9,60.7,s.e.5.5 and99.4,
s.e.4.4g.kg"0-75.d_1,respectively).Therefore, itseemsunlikelythatthehigherintakeofbatch
CI is the result of mineral addition. Since intake of batch O in this experiment was
comparable to the intake of fresh pellets recorded before (around 60 g.kg"0-75^"1; Tolkamp,
unpublishedresults),alsodifferences betweenexperiments inprocedures and animalsused,or
time related changes in pellet characteristics are not likely to be responsible for the
differences in intake recorded between batches. Differences between batches in content of
NDF,ADFandCF(Table 6.3.10) and ininvitroOMD,measured according tothe methodof
Tilley and Terry (1963) but with different incubation times, (Table 6.3.11) were small
compared tothelargedifferences inintake.

Table 6 . 3 . 1 0 . NDF, ADF
straw (X of dry matter).

Batch0
BatchOR
BatchCI
BatchC2

and CF content of four batches of p e l l e t e d grass

NDF

ADF

76.2
77.8
75.7
77.3

46.4
46.6
45.0
46.6

CF

40.9
41.4
39.9
41.4

Table 6.3.11. Organic matter residues (OMR)of three batches of pelleted
grass straw after different hours in vitro incubation time (X, mean of
dupleor,for48hincubationtime,triple,±s.d.,observations).
Hoursofincubationinvitro

Batch0
BatchOR
BatchCI

82.8
81.4
81.5

12

24

36

76.0
76.1
72.3

61.9
64.1
59.5

56.0
58.6
54.8

48
52.6±0.3
54.9±0.9
51.210.2
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Finally,particle sizedistribution in therelevant batches wasdetermined. Theresults in Table
6.3.12 do not suggest that differences in intake are associated with differences in pellet
particlesize.

Table 6 . 3 . 1 2 . Cumulative dry m a t t e r (DM) as a percentage of t o t a l amount of
sample DM not passing s i e v e s with d i f f e r e n t pore s i z e s (mean of duple
determinations).
Pore sizeof

Batch0
BatchOR
BatchCI

sievesin

mm

2.500

1.250

0.630

0.315

0.160

0.071

0
0
0

2.8
3.3
2.3

25.0
23.5
23.1

50.0
51.4
46.1

63.2
68.0
62.9

72.0
74.1
71.0

In Chapter 1 we have suggested that theeffect of pelleting ofroughages onintakemightwell
be related to changes in the feed other than the diminution of feed particles. The more than
50% higher intake of batch CI compared with batches O and OR without significant
differences between batches in particle size recorded in this experiment supports such a
suggestion. Probably, differences in the pelleting process (e.g. temperature, pressure)
affecting feed characteristics that are not measured by the parameters investigated are
responsible for the large differences in intake between batches made from the same basic
material. If pelleting conditions can have such a large effect on intake (e.g. comparing batch
CI with C2), differences in intake between the treatments in period 2 may well have been
(partly)causedormaskedbypelletingconditions.
The effects of additional by-pass protein and/or starch on N-balance in relation with DOMI
willbediscussed below.

Discussion
Theresults of Exp. 1showed that supplementation of dwarf goats on a grass straw diet with
urea or Na-caseinate did not result in a significant increase in OMI from straw. This means
that an increased N-availability in theforestomachs had noeffect on intake,making it highly
unlikely that an eventual positive effect of by-pass protein on OMI from straw would be the
result of an increase in ruminai N-availability through recycling of N. However,
supplementation of goats fed chopped grass straw with HCHO-caseinate neither led to an
increase inOMIfrom straw significantly largerthan found inthecontrol group inExp. 1,nor
in Exp. 2 and 3. Also, Exp. 4 did not show a significant positive effect of HCHO-caseinate
addition to a pelleted grass straw diet on OMI compared to controls or starch supplemented
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animals. Therefore, theresults from these experiments do not support the hypothesis that, in
general,roughage intakeisprimarily governed bytheratioof amino acidstoenergy available
for the animal. HCHO-caseinate supplementation must have resulted in an increase of the
ratioglucogenic/non-glucogenicnutrients absorbed. Thisratiohasalsobeen suggested asone
of the major factors limiting roughage intake from poorfeeds (Preston and Leng, 1987).The
lack of intake response to HCHO-caseinate supplementation in our experiments shows that
also this ratio does not seem toplay an important role in regulating the grass straw intakeof
growinggoats.
HCHO-caseinate supplementation generally resulted in an increased DOMI compared to
controls in the first three experiments where animals received chopped grass straw as the
basal diet. In Exp. 4 (pelleted diets),DOMI was increased only if starch as well asHCHOcaseinate was added tothe basaldiet.Therelatively high DOMI in supplemented groups can
largely, if not entirely, be explained by the extra intake of the, relatively well digestible,
supplements.
Likewise,HCHO-caseinate supplementation generally resulted in anincreased N-balance
compared tocontrols in thefirst threeexperiments andinExp.4only in the groups receiving
starch in addition to protein. The increased N status as a result of HCHO-caseinate
supplementation in these experiments could be correlated with the increased DOMI sinceNbalance and energy intake are in general positively related (e.g. Elliott and Topps, 1964;
Grenet and Demarquilly, 1977). It could, however, also be a more direct effect of the
increased amounts of amino acids available to the animal. To our knowledge, no general
estimate of therelation between DOMIandN-balanceisavailablefor WADgoats.Therefore,
results from 7 experiments involving 25 groups of 4 to 6 dwarf goat wethers not
supplemented or infused with protein were used to regress N-balance on DOMI. These
experiments were carriedoutduring theresearch reported in Chapters 5and Sections 6.1,6.4
and 6.5.The data were collected with wethers fed diets of chopped dried roughage (7 and 2
groupsfor hay andgrass straw,respectively) orpelletedroughage (1,6 and9groupsfor grass
hay, grass straw and lucerne pellets,respectively). Most groups (19) were fed ad libitum,the
othersreceived amaintenanceorjust abovemaintenance amountof feed.
Initial analysis showed that one group of 5 wethers fed pelleted lucerne ad libitumhad
anomalous N-retention data. The 'Jackknife' residual of this observation classified it as an
outlier (Kleinbaum et al, 1988) and the rest of the analysis was performed without this
observation.Themeansof theremaining 24groups areplotted inFig.6.3.1.Regression ofNbalanceonDOMI (groupmeans)resulted intheequation:
N-balance=-378(±45) + 14.4(±1.4)* DOMI,n=24,R=0.91,RSD=68
(1)
with DOMI in g.kg"0-75.d_1 and N-balancein mg.kg"°-75.d_1and s.e.between brackets in this
and following equations. There was no significant quadratic effect and also effects of
experiment number, diet or restricted/unlimited feed access were not significant. The
regression equation predicts a zero N-balance for DOMI=26.4 which is about 10% higher
than the most recent estimate of maintenance requirements for West African Dwarf goats on
metabolism cages (Zemmelinketal.,1991).
Although theregression equation showsaconsiderable RSD,theregression coefficient is
remarkably close to the response of N-balance to energy intake in sheep that may be
calculated from observations of Elliott and Topps (1964). These authors measured intake of
TDN and N-balance in Blackhead Persian wethers ad libitumfed 16different diets divided
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over four diet types with four different CP levels in each. Assuming that 1 g of TDN
corresponds to 0.95 g of DOM (NRC, 1981), regression analysis shows that in this
experiment N-balance increases with 14.6 mg for each additional g of DOMI (R=0.98).
Larger effects of DOMI on N-balance (18.8 up to 20.9 mg.g-1) are reported by Grenet and
Demarquilly (1977) for 36 groups of Texel wethers on fresh herbage diets without or with
barley supplements. Egan (1965) regressed digestible energy intake (DEI) on N-balance for
groups of Merino sheep fed ad libitum driedroughage but receiving additional N (as urea or
casein)perduodenum orwith supplements.From b xy * b yx =r 2 and theassumption that 1 g
DOM corresponds with 4.5 kcal DE, thereverseregressionline may be calculated. It shows
that Egan's animals responded with an increase in N-balance of 15.3 and 21.0 mg per
additional gof DOMIfor animals thatdid not anddidreceiveN-supplementsper duodenum,
respectively. The first value is again close to the regression coefficient calculated from the
data of Elliott and Topps (1964) and to the value we found for unsupplemented dwarf goats
on chopped or pelleted roughage diets. The latter value is not easily interpreted since Egan
included duodenal urea infusions in his analyses but nevertheless suggests that
supplementation with by-pass protein may have an additional effect on N-balance apart from
aneffect viaanincrease inDOMI.

N-balance (mg/kgMW/d)
500

20

30

40

50

DOMI (g/kgMW/d)

Fig.6.3.1.PlottedvaluesofgroupmeanN-balanceagainstdigestibleorganicmatterintake(DOMI)obtainedin
sevenexperimentswithdwarf goatwethersreceivingchoppedorpelletedroughagewithoutsupplemental N
(n=24)andtheregressionlinebasedupontheseobservations.Alsoplottedarethegroupmeanvaluesofgoats
notreceivingN-supplementsinExp.1 to4discussedhere.
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Fig. 6.3.2. Plotted values of group mean N-balance against digestible organic matter intake (DOMI)obtained
with groups of goats receiving HCHO-caseinate supplements in Exp. 1 to 4. Also the expected relation
accordingtoequation 1(seetext)isdrawn.

Group mean observations of DOMI and N-balance of thefirst measurement period inExp. 1,
3 and4 andof animals not supplemented with Nin thesecondmeasurement period of Exp.1
to4 have been plotted in Fig. 6.3.1. These values, which were all obtained with animals not
supplemented with N, do not seem to deviate more from the regression line than could be
expected from the scatter observed in the other experiments. Regression through these
observations yields theequation:
N-balance=-313(±65) + 12.7(±2.7) * DOMI,n=8,r=0.89,RSD=46
(2)
Intercept nor regression coefficient differ significantly from the values found in equation (1)
asexpected.
Group means of DOMI and N-balance of animals receiving HCHO-caseinate
supplementation in Exp. 1to 4 have been plotted in Fig. 6.3.2 together with regression line
(1). The observations of Exp. 4 do not deviate more from the regression line than could be
expected from the scatter in the unsupplemented groups inFig.6.3.1 and there isno apparent
relation between the deviation from the regression line and level of HCHO-caseinate
supplementation. Although also thedeviations from theregression line of the observations in
Exp. 3 are not extreme, these data fit perfectly the pattern suggested by the observations in
Exp. 1 and 2.Thereis astrongrelation between DOMIandN-balance for theobservationsof
thesefirstthreeexperiments whichcanbedescribedbythefollowing equation:
N-balance=-793(±72) +38.6(±3.3)* DOMI,n=8,r=0.98,RSD=20.6
(3)
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Interceptandregressioncoefficient differ significantly from thevaluesfound inequation(1).
At first sight, this suggests a different response in N-balance to increasing DOMI in
HCHO-caseinate supplemented animals depending on whether the basal diet consists of
chopped or pelleted grass straw. Although the relationship between DOMI and N-balance is
strong in the groups receiving chopped grass straw and aconsiderableresponsein N-balance
to supplementation of ruminants on straw diets with feeds providing by-pass protein
(fishmeal) has been recorded before (e.g. Fattet et al., 1984), these results should be treated
with caution. Regression equation (1) is based on observations collected with groups of
castrated goats (wethers) as are the recorded values in Exp. 3 and 4. Contrary to our initial
plan, however, Exp. 1and 2 werecarried out with female goats.Themetabolism cages used,
especially the construction collecting urine, was designed for and previously tested with
wethers only. During Exp. 1and 2 it could be observed that urine voided by female goats
sometimes arrivedinthecollection potonlyafter flowing alongside thewooden sideboardsof
the cages and occasionally some urine was spilled on the floor. Due to the difference in
urinating behaviour this was never observed in experiments with wethers. This probably
resulted in underestimates of the amount of N excreted in the urine and therefore
overestimates of N-balanceinexperiments involvingfemales. Ifinfemales thelossof urinary
Nrelativetototal urinary Nexcretion wouldhavebeen independentof supplementation level,
overestimating of N-balance will have been more serious as animals received moreHCHOcaseinate supplement andexcreted moreurinaryN.The suggestion that therelatively highNbalance observed in groups receiving HCHO-caseinate in the first two experiments is not
(completely) the result of by-pass protein supplementation but (partly) the effect of
underestimating urinary N excretion is consistent with the high N-balance of the group
receiving Na-caseinate,arumendegradableprotein,inExp. 1(Tables 6.3.2 and 6.3.3).Itmay
becalculated that approximately one fourth of the urinary Nexcreted in Exp. 1and 2 should
have been lost for the deviations from regression line (1) to become normal considering the
scatter in unsupplemented groups (Fig. 6.3.1). Although such losses appear very high, they
can not beexcluded withcertainty. Itmust therefore beconcluded that thedata of Exp. 1 and
2donotallow conclusions astoapossibly directeffect ofHCHO-caseinate supplementation
on N-balance while thedataofExp. 3andespecially Exp.4 show that there iseither nosuch
directeffect orthattheeffect ismuch smallerthan suggested byequation (3).

Conclusions
1. The results of Exp. 1, 2 and 3 show that OMI from grass straw by dwarf goats is not
affected by supplements of eitherNPN,orRDPorby-pass protein.Thehypothesis thatan
increase in the ratio of amino acids relative to energy available to ruminants leads to an
increaseinroughageintakeistherefore notsupported bythesedata.
2. Although the results of Exp. 4 also show no effect of supplementation with by-pass
protein alone on OMI of pelleted grass straw, these results must be interpreted with
caution because of the apparent effect of pelleting conditions on intake. Considerable
differences in intakebetween batches of pelleted grass straw prepared from the sameraw
material and with similar particle size and in vitroOMD support the suggestion that the
positive effect of grinding and pelleting of poor quality roughages on intake, might well
bedue,atleastpartly,tofactors otherthan thediminution of particle size.Research aimed
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at clarifying the effect of pelleting conditions on feed intake seems promising for those
whoareinterestedinthemechanisms offeed intakeregulation inruminants.
3. Dwarf goat wethers onchoppedorpelletedroughage dietsrespond with anincrease in Imbalanceof 14.4mgper gDOMI,aresponse comparable withreported values for sheepin
thetropics.
4. In dwarf goats on a pelleted grass straw diet, N-balance relative to DOMI is not
significantly affected byHCHO-caseinate supplements.Whether N-balanceis affected by
by-pass protein supplements in goats on a chopped grass straw diet cannot be concluded
withcertainty from theseexperiments.

6.4 Effects ofabomasal caseinateinfusion on hay intake
and nitrogen balance in dwarf goats
Introduction
Thehypothesis thatruminants willincreaseroughage intakefollowing anincrease intheratio
amino acids/energy available to the animal was not confirmed in a number of experiments
with dwarf goats on grass straw diets supplemented with formaldehyde treated caseinate
(Section 6.3). The absence of response in intake to by-pass protein supplementation in these
experiments couldhave been due tosomeunknown factor limiting intake specific for thediet
used. We therefore decided to carry out an additional protein supplementation experiment
withdwarf goatsfed adifferent qualityroughage.Thechopped grass strawusedintheearlier
experiments wasof alowquality andadlibitum digestibleorganic matterintake(DOMI)was
below estimated requirements for maintenance (Section 6.3 and Zemmelink et al., 1991).
Earlier experiments had shown that in goats fed medium quality hay, intake levels exceeded
requirements for maintenance but remained considerably below the level of DOMI recorded
in animals supplemented withconcentrates (Zemmelink etal., 1991).Abasal diet of medium
quality hay thus leaves scope for increased roughage intake as a result of by-pass protein
supplementation and wastherefore chosenfor thepresent experiment.
Orally administered formaldehyde treated caseinate (HCHO-caseinate) was the protein
supplement used in thegrass straw experiments reported in Section 6.3.Tests had shown that
this product was virtually undegradable in the rumen and that apparent intestinal protein
digestion wasprobablydepressedonlytoaverylimitedextent(Section6.2).Infact, digestion
of the protein supplement in the small intestine was not truly measured. Although we
concluded from the in vivo and in vitro estimates and the results from intestinal passage of
HCHO-caseinate in nylon bags that it is not very likely that (a substantial part of) the
apparently digested HCHO-caseinate was actually fermented in the large intestine and
therefore not available as amino acids in the small intestine, this possibility cannot be
completely excluded. In addition, some data suggest a specific effect of formaldehyde
treatment on digestibility of a number of essential amino acids, especially the sulphurcontaining amino acids andlysine and threonine (Barry, 1976;Faichney andWhite, 1979).If
indeed formaldehyde treatment would result in (relative) unavailability of some aminoacids,
amino acid imbalance couldprevent a positive intake response to an increase in total protein
availability at the small intestinal level. Sincedirect infusion of awelldigestible protein with
awell balanced aminoacidcomposition (caseinate) intotheabomasum takesaway thedoubts
associated with the use of HCHO-caseinate supplements, it was decided to use the infusion
technique in this experiment. Six goats were equipped with abomasal infusion tubes (and
rumen fistulas) to this end. To assess the effects of operation on feed intake and digestive
capacity, theseparameters were measured and compared to values obtained in intact animals
priortotheactual infusion experiment. Because,incontrast tousualprocedures when animals
couldmove aroundfreely inthemetabolismcage,duringinfusion experiments animalshadto
beprevented from turning around, also theeffect of tyingon intakewasestimated. Sincethe
experiment could not be completed because of illness of some experimental animals, the
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infusion experiment was repeated after recovery of experimental animals. In this section the
resultsofthesetwoexperiments arereportedanddiscussed.

Materialsandmethods
Six castrated West African Dwarf goats initially aged 17 (Exp. 1) and 21 (Exp. 2) months
were individually housed in metabolism cages suitable for the separate collection of faeces
and urine. Animals had been equipped with rumen fistulas (20 mm i.d.) and permanent
silasticinfusion tubes (3mmi.d.) intotheabomasalfundus atanageof 17months.Inthe first
experiment, also 6non-operated animals of the sameagewereincluded. Allanimalsreceived
chopped (approximate length 5 cm) meadow hay at a rate of twice the expected intake (2/3
offered in the morning, 1/3 late afternoon). The batch of hay used in the two experiments
consisted mainlyof Loliumperenne andcontained 73g.kg"1ash and 20.3g.kg"1nitrogen (N)
ondrymatter (DM)basis.Fresh water, saltlick andamineral/vitamin mixture were available
ad libitum.The Na-caseinate (EM6, DMV-Campina, Veghel, the Netherlands) used during
infusion periods contained 52.6 g.kg"1 ash and 142.8 g.kg"1 N in the DM. During infusion
periods, pumps were running continuously except for a daily 30 to 45 min period during
which containers were changed and tubes were cleaned. All measurement periods lasted 7
days after adaptation periods to feed and cages of at least 14 days. During measurement
periods, roughage offered, orts, solution infused, faeces and urine produced were weighed,
sampledandstoredatambient temperature (feed andorts)orfrozen (faeces, urineand infused
solution) to be analyzed later. DM, ash and Ncontent of feed, orts and faeces and N content
of urine was determined according to AOAC (1975). N was analyzed in air dry matter for
feed and orts but in fresh material for faeces, urine and solution infused. Liveweights were
recorded weekly and all intake and N-balance data were scaled for metabolic size (W0-75).
Within experiments, W showed little change in time and mean W was used to calculate
metabolic sizefor allmeasurementperiodswithin experiments.Theexperiments werecarried
outin ablinded stablewitha 12hlight, 12hdarklightingregime.
Experiment1
Inthefirst measurement period, theintakeof organic matter (OMI),digestible organic matter
(DOMI)and N-balancewasmeasured after anadaptation periodof4weeks tofeed andcages
for the recently operated animals and of 4 weeks to feed and 2 weeks to cages for 6 nonoperated animals of equal age.Animals were allowed tomove about freely in the metabolism
cagesinthisperiod.
For the second period, half of the non-operated animals were closely tied by the neck to
prevent theanimals from turning aroundinthecages,theotherhalf could move around freely
and served as a control group. The operated animals were all tied by the neck. Half of them
were abomasally infused with 0.8 kg of a Na-caseinate in water solution (containing 30gof
protein perkg of solution) to supply N at arate of 0.4 g.kg"0-75^"1, approximately, the other
half received an equal amount of a NaCl solution (9 g.kg'1) and served as a control group.
OMI,DOMIand N-balanceweremeasured after anadaptation periodof20days.
A third period was planned, identical to the second, with reversed treatments between
subgroups within groups butcould notbecompleted becauseofillnessoftheanimals.
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Effects of treatment on, and differences between groups in, intake, digestibility coefficients
andN-balancewerestatistically analyzedusingnormalanalysesof varianceprocedures andttests,respectively, availablein SAS(1985).
Experiment2
In the first measurement period, OMI, DOMI and N-balance were recorded in 6 wethers
equipped withrumen fistulas and abomasal infusion tubes after an adaptation periodof 28 d
tofeed and 14dtometabolismcagestoassesswhetheranimals hadcompletely recoveredand
showed normal intakes. For the actual infusion experiment, animals were then divided at
random in two groups, A and B, one receiving approximately 0.5 kg of a Na-caseinate
solution (50gNa-caseinate perkgof solution),tosupplyNatarateofabout0.4g.kg"0-75^"1,
theother approximately 0.5 kgof physiological salt solution (9gof NaClperkgof solution).
OMI, DOMI and N-balance were recorded in a second measurement period after an
adaptation period of 14d. Thereafter the treatments were reversed and OMI, DOMI and Nbalancewererecordedduringathirdmeasurementperiodafter anadaptation periodof 14d.
Group effects during the first measurement period were analyzed with analyses of
variance. Observations of the second and third measurement period were analyzed with the
model Yjjk= a + Aj + T; + P k + e ^ with Yjjk = parameter tested, Aj=animal effect,
Tj=treatment effect andPk=periodeffect. Allstatisticalprogrammes werefrom SAS(1985).

Results
Experiment1
The results of the first measurement period are in Table 6.4.1. Fistulated animals weighed
significantly (P<0.01) less than the control group during the experiment. As mean W of the
group to be operated and the control group during the month preceding operation did not
differ significantly (18.6versus 19.2,s.e. 0.59 kg),thisindicates weightloss asaresult ofthe
operation stress.OMD andDOMI tended (P<0.10) tobelowerin therecently operated group
and CPD and N-balance tended (P<0.10) tobehigher intherecently operated group but none
of thedifferences reachedtheP=0.05level.
The results of the second measurement period are in Table 6.4.2. Animals infused with
Na-caseinate received 2.7 (s.d. 0.1) g.kg"°-75.d_1 of OM with the protein supplement.
Differences between treatments within the infusion or the control group were not significant
except that CPD in the animals receiving Na-caseinate infusion was significantly (P<0.05)
higher than in the NaCl infused group. Differences between infusion and control group for
OMIh and DOMI, absolute values as well as when expressed relative to the intake in the
first measurement period, were significant (P<0.05). These parameters were significantly
lowerin the second compared tothe first measurement periodin theinfusion group.Alsothe
change in N-balance between the second andfirstmeasurement period differed significantly
(P<0.05) between infusion and control group. The low hay intake level observed in the
infusion group was the result of a sudden decrease in intake in four animals (two in each
subgroup) at thebeginning of themeasurement period.Intake waspartly recovered attheend
of thisperiod.
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Table 6.4.1. Llvewelght (W, k g ) ,organic matter Intake (OMI), digestible
OMI ( D O M ) , N-balance (all in g.kg~°• 7 5 .d" 1 ), organic matter digestibility
(OMD, X) and crude protein digestibility (CPD, X) of the recently operated
and the control group onahay diet.

Parameter

Period

Operated
group

Control
group

Pooled
s.e.

1,2

17.l a

20.l b

0.57

1
1
1

44.6
59.9
26.7

47.9
62.1
29.7

1.94
0.86
0.97

1
1

60.5
0.06

57.4
0.02

1.08
0.016

OMI
OMD
DOMI

CPD
N-balance
ab

: v a l u e s of groups not sharing the samesuperscript differ significantly
(P<0.05)

Table 6.4.2. Organic matter intake (OMI), digestible OMI (DOMI), N-balance
(all g.kg -0.75 d'L),
organic matter digestibility (OMD, X) and crude
protein digestibility (CPD, X)of the recently operated infusion group and
the control group onahaydiet.

s .e. of
Parameter

OMIhay
OMItot

OMD
DOMI

CPD
N-balance
OMIhay
OMD

CPD
DOMI
N-balance
AB

Period

Infusion eroun
Na-cas
NaCl
Mean

2
2
2
2
2
2

35.0
37.7
60.7
23.0
68.1 A
-0.05

38.2
38.2
58.2
22.2
59.9 B
-0.06

36.6 a
38.0 a
59.5
22.6 a
64.0
-0.06

2-1
2-1
2-1
2-1
2-1

-8.9*
-0.9
7.5*
-4.1
-0.10

-7.1*

-8.0 a *
-0.4

0.1
-0.4
-4.1
-0.14*

3.5
-4.1 a *
-0.12 a *

Control erouo
Free
Tied
Mean

group
means

50.6
50.6
62.1
31.3
61.8
0.07

47.5
47.5
62.1
29.5
56.2
-0.00

49.l b
49.l b
62.1
30.4 b
59.0
0.03

2.03
1.99
0.97
1.18
2.05
0.033

1.9
0.3
4.8
1.4

0.4
-0.4
-1.5

1.2 b
-0.1

0.05

-0.02

1.98
0.84
2.60
1.27
0.034

0.1

1.6
0.7 b
0.01 b

:valuesoftreatmentswithingroupsnotsharingthesamesuperscript
differ significantly (P<0.05)
ab
: values of group means not sharing the same superscript differ
significantly (P<0.05)
: difference betweenperiods significantly (P<0.05)different from 0
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Since, apart from poor appetite, the animals involved showed a sick appearance and had lost
considerable weight already, continuation of the experiment was not considered meaningful.
Animals were removed from the cages and put in pens on a hay plus concentrate diet to
recover.

Experiment2
TheresultsoftheexperimentareinTable6.4.3.

Table 6 . 4 . 3 . Effects of t r e a t m e n t and period on i n t a k e of o r g a n i c m a t t e r
(OM) from hay (OMI h a „), t o t a l OM ( O M I t o t a l ) , d i g e s t i b l e OM (DOMI), N (NI)
and d i g e s t i b l e N (DNI) and N-balance ( a l l values i n g.kg~0-75.d~l, S - e . 0 f
group means).
Period
Group
Sol.infused

A
none

1
B
none

A
Na-cas

2
B
NaCl

s e.

A
NaCl

OMIhay
0MI
total
DOMI

52.6
52.6
32.7

53.4 2 10
53.4 2 10
32.9 1 40

49.3
51.9
32.7

54.1
54.1
32.5

1 25
1 27
0 67

53.8
53.8
32.0

49.9
52.3
31.2

2 51
2 50
1 44

NI
DNI
N-balance

1.27
0.81
0.16

1.23
0.77
0.14

1.49
0.99
0.07

1.13
0.66
0.06

0 03
0 02
0 03

1.25
0.78
0.07

1.52
1.05
0.12

0 05
0 03
0 02

s e.

0 05
0 03
0 04

3
B
s e.
Na-cas

Table 6 . 4 . 4 . E f f e c t s of t r e a t m e n t on i n t a k e of organic m a t t e r (OM) from hay
( 0 M I h a y ) , t o t a l OM ( 0 M I t o t a l ) , d i g e s t i b l e 0M (DOMI), N (NI) and d i g e s t i b l e
N (DNI) and N-balance ( a l l v a l u e s i n g . k g " 0 - 7 5 ^ " 1 ) .
S o l u t i o n infused

Na-caseinate

NaCl

OMIhay
OMItotal
DOMI

49.6a
52-1
32.0

54.0b
-°
32.3

NI*
DNI*
N-balance

1.51a
1.02a
0.10

1.19b
0.72b
0.07

54

.correctedforperiodeffect
: values of treatments not sharing the same superscript differ
significantly (P<0.05)

ab
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GroupsAandBdidnotdiffer inanyparameterduringthefirst measurement period whenall
animals received ad libitum hay only. During infusion, period nor treatment effect were
significant for OMItota] and DOMI.OMIhay was not affected byperiod but was significantly
(P<0.01) lower during Na-caseinate infusion compared to control infusion (Table 6.4.4). NI
and DNI were slightly lower (P<0.05) in period 2 compared to period 3 and considerably
higher (P<0.001) during Na-caseinate infusion compared to controls. N-balance was neither
affected by period nor by treatment, despite the increase in DNI as a result of Na-caseinate
infusion.

Discussion
Thefirst measurement period of Exp. 1wasincluded toassess whether the animals equipped
with a rumen fistula and an abomasal infusion tube four weeks earlier had recovered
sufficiently and showedfeed intakeanddigestivecapacity levels comparabletocontrols.The
operation hadbeen very successful andallanimalswerefree offever, andwounds hadhealed
well at the start of the first measurement period. Before dry matter content of feed and orts
were known, it was concluded from the consumption of fresh hay that mean intake of the
operated group was close to and not significantly different from intake of controls and the
experiment wascontinued. Statistical analyses of thedata in Table 6.4.1show, however, that
thereisastrongtendencyoflowerOMIandDOMIinoperated animals compared tocontrols.
Also in view of the observed decrease in W following operation and the intakes recorded in
thesameanimals on the samediet afew months later (Exp.2),suggest thatrecovery may not
havebeencomplete.Thismay havecontributedtothesudden decreaseinintakeinfour outof
six operated animals during the second measurement period. Since these four animals were
equally divided over the twotreatment groups and the depression in intake occurred only 20
days after the start of infusion procedures, it is very unlikely that thedecreased intake was a
result of the treatments imposed. Because the sudden drop in intake occurred immediately
after all metabolism cages were movedfor about 2 meters within the stable to accommodate
anotherexperiment,draughtwassuspected tobethecause.Atalater stage stableairflow was
made visible with smoke trails and this showed that indeed a cold air current swept the spot
where the experimental animals had been located. Therefore, the intake depression may well
havebeentheeffect ofdraughtcombined withincompleterecoveryfrom theoperation.
As a result of the intake depression and the discontinuation of the experiment, the data
recorded in the second measurement period of Exp. 1have limited value. The difference in
CPD, NI and DNI between groups infused with caseinate and NaCl was expected. The
absence of significant differences between these groups for OMI hay and DOMI may well be
accidental becauseof theunstableintakepattern.Thetwoinfusion groupswith similarDOMI
also show similar and not significantly different N-balances despite a significantly higher NI
andDNIin thecaseinate infused group.Thedata inTable 6.4.2 show thatinExp.l the major
part, if not all, of the additional protein intake associated with caseinate infusion was
deaminated.
As aresult of discontinuation of theexperiment, thenumberofobservations toassess the
effect of movement restriction on intake is limited. None of the parameters differed
significantly between tied and free moving controls and this suggests no large effect of
movementrestriction onintake.Thisis supported bythehayintakelevelsrecorded inthe first
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measurement period of Exp. 2 (all animals tied) which are comparable with hay intakes
recorded in earlier experiments (Zemmelink et al, 1991).Intake in this measurement period
reflected thegood health of experimental animals and showedthat animalshadrecovered. No
disruptions of feed intake wererecorded in Exp.2.During the actual infusion periods of this
experiment (second and third measurement period), OMI hay was significantly affected by
treatment. Contrary to expectations, however, infusion with protein resulted in an 8% lower
OMIfrom haycompared tocontrols instead of ahigheronewhileDOMIwasnot affected by
treatment. This shows that animals receiving digestible organic matter (DOM) with caseinate
infusions compensated this with adecrease in DOMI from hay of equal magnitude. The ME
equivalent of DOMfrom caseinate is somewhat higherthanofDOMfrom hay.As aresultof
therelatively low amount of protein infused, however, it can becalculated that, alsoin terms
of ME,energy intake wasabout the samefor both treatments.Theseresults certainly conflict
with the hypothesis tested. However, theobservation is also not readily understood from the
idea that intake of roughage of the quality used in this experiment is limited by the physical
capacity of the animal tohandle feed. This limitation is thought tooperate at thelevel of the
forestomachs because it has been shown that considerable amounts of inert material can be
addedtothe gastrointestinal tractofruminantsfrom the abomasumonwards without affecting
intake (e.g. Grovum, 1987).The significant decrease inOMI from hay as aresult of infusion
of a relatively small amount of protein into the abomasum therefore casts doubt on the
important role attributed to physical control of roughage intake. Barry and Manley (1985)
drewsimilarconclusions from experiments measuringeffects of abomasally infused caseinon
herbage intake of lambs or triplet-bearing ewesin late pregnancy. Also in these experiments,
ME intake from roughage decreased approximately in proportion to the amount of ME from
casein infused. The basal diet in these experiments, however, consisted of high quality
herbage (OMD higher than 80%). Also in the more generally accepted hypothesis, it is
assumed that physiological intake control mechanisms may operate to regulate intake of
herbage of such ahigh quality.Theroughage usedin ourexperiments (OMD around60%)is
certainlyinthequalityrangewherephysical limitations arethoughttocontrolfeed intake(see
Chapter 1). The observations reported here do not support such a view but suggest that
physiological rather than physical mechanisms operate to regulate intake of medium quality
hay.
Despite the significantly higher NI and DNI in animals receiving caseinate infusion,
treatment did not significantly affect N-balance. According to the regression line describing
N-balance as afunction of DOMI in unsupplemented dwarf goat wethers (Section 6.3), aNbalance of about 0.085 g.kg"0-75^"1 may be expected from the DOMI levels recorded in the
infusion groups.Actually recorded values areveryclose tothis estimate, suggesting no effect
ofprotein infusion on N-balance.Evenif thenon-signifieantdifference in N-balancebetween
thetwotreatments (0.03g.kg"0-75^"1 higherincaseinateinfused animals) isinterpreted asthe
result of caseinate infusion, it may be calculated that the efficiency of N-utilization of the
infused protein must have been extremely low (less than 10%) compared to valuesrecorded
in lactating or non lactating ruminants infused with casein under N-limiting conditions
(generally 60 to 70%; Lobley, 1985; Fraser et ai, 1990). This suggests that amino acid
availability from thebasaldietwasnotlimitingN-retention inthisexperiment.
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Conclusions
1.The significant decrease inOMIfrom hay by dwarf goats as aresult of abomasally infused
caseinate is not consistent with the hypothesis that roughage intake is positively correlated
withtheratioof aminoacidstoenergyavailable totheanimal.
2.This negative roughage intake response can neither be well understood from the idea that
physical factors limit roughage intake in ruminants. Physiological control of feed intake
seems more likely in dwarf goats fed the medium quality roughage used as a basal diet in
theseexperiments.
3.The significant increase in NI and DNI in animals abomasally infused with caseinate
compared to controls was not associated with a significantly increased N-balance,
suggesting that N-retention was not limited by the availability of amino acids for animals
onthebasaldiet.
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6.5 Effect of ruminai infusion of potassium citrate with
or without abomasal infusion ofcaseinate or with
ruminai infusion ofurea on grass straw intake
Introduction
Voluntary roughage intake in sheep is,within digestibility classes,positively correlated with
nitrogen content of the feed (Chapter 1). This finding, together with other data from the
literature, had suggested that supply of by-pass protein would have a beneficial effect on
roughage intake of ruminants. A number of experiments with West African Dwarf (WAD)
goats on grass straw and hay diets, receiving by-pass protein in the form of formaldehyde
treated caseinate or abomasally infused caseinate had shown, however, that by-pass protein
alone had either no or even a negative effect on roughage intake (Sections 6.3 and 6.4). In
addition, an experiment with sheep had shown that supply of by-pass protein in the form of
bacterial material (seeSection 7.3) alsodidnotresult inanincreased roughageintake.
Therefore, an attempt was made toidentify other mechanisms responsible for differences
in intake between feeds. We thought that intake could be affected by feed components
correlated with nitrogen (N)content rather than by Ncontent itself or by acombination of N
content and someothercomponent.Potassiumcould besuch acomponent becauseitscontent
inherbage isgenerally wellcorrelated with theNcontent (Blevins,1985).
Anotherreason tothink of potassium wasbasedonmodel calculations withregard tothe
efficiency of metabolizable energy (ME) utilization in ad libitum fed growing ruminants
(Tolkamp, 1983).Thesecalculations had suggested that, somehow,differences in intake level
between roughages were linked with differences in ME utilization between feeds. It is well
documented that efficiency of ME utilization in ruminants is positively correlated with
roughage quality and that it decreases when ME intake of a given roughage increases (ARC,
1980; see also Chapter 3). Although knowledge of the factors affecting efficiency of ME
utilization is steadily growing, the causes of the differences between feeds as well as of the
declining efficiency at increasing intake are still not well understood (e.g. Webster, 1980;
Blaxter, 1989; see, however, Chapter 4). At the time, we considered variation in the energy
costs associated with nutrient absorption and metabolism in the gut wall likely to be part of
theexplanation (assuggested bye.g. Armstrong,1982).
Volatile fatty acids (VFA) are quantitatively the most important nutrient source for
ruminants. Several absorption mechanisms have been suggested to operate in the various
compartments of thedigestive tract (Stevens, 1970;Dobson andPhillipson, 1969;Argenzioet
al, 1975, 1977;ArgenzioandWhipp, 1979;Schmittetal, 1976;Leng, 1978;Umesakiet al,
1979; Crumpet al, 1980;Hildman etal, 1980;Rübsamen and Engelhardt, 1981;Watson et
al, 1985).These mechanisms include diffusion of undissociated acid, anion exchange (VFA
against bicarbonate) and ATP consuming active transport involving Na-H pumps. Very little
quantitative information is available on therelative importance of each of these mechanisms
in ruminants fed different diets at different feeding levels. One estimate suggests that about
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half of the VFA absorbed from the sheep rumen is associated with energy consuming Natransport (Dobson andPhillipson, 1969).
There is, however, ample evidence that the ionic composition, especially the Na
concentration, of the solution from which the VFA are absorbed, has an important effect on
absorption rate (e.g. Argenzio et al., 1975). In ad libitumfed ruminants, there is a positive
correlation between theratio of VFA to Nacoming available in therumen and the voluntary
energy intake level (see Chapter 4, Table 4.2). This ratio is low (around 1) in animals
consuming less than maintenance from poor quality feeds, it is high (around 4 or higher) in
animals consuming twice maintenance or more from good quality feeds. The experiments
performed at the Rowett Research Institute (Aberdeen) provide a striking parallel. In
experiments with complete intragastric feeding, an energy intake level of about twice
maintenance can be achieved when VFA mixtures and buffer solution (mainly NaHCC^) are
infused at a VFA/Na ratio of about 4 (0rskov et al., 1979). At a VFA/Na ratio of about 1,
only limited amounts of VFA energy could be infused (less than maintenance). Attempts to
increase amounts infused above this level resulted in extreme rumen fluid composition (high
acidity andosmolarity) andresulted indeath of theanimal ifinfusion level wasnotdecreased
in time (0rskov and McLeod, pers. comm.). The external application of buffer in these
experiments cannot be directly compared with Na recirculation in the free-feeding animal.
Thedata,however,do suggestan important negativeeffect of theamountof Nathathastobe
absorbed with a Mole of VFA on total VFA absorption rate. We hypothesized that this
mechanismcould alsoplayaroleinroughageintakeregulation.
Ruminants on poor quality feeds produce relative toorganic matter intake large amounts
of saliva, probably to supply fluid with an appropriate osmotic pressure to wash undigested
residues from the forestomachs. As relatively low amounts of VFA are produced per kg
organic matter consumed from these feeds, this results in low VFA/Na ratios. These low
ratios could be the cause of a limited VFA absorption rate. In this view, low intake of poor
quality feed would be the result rather than the cause of the low amounts of VFA absorbed
daily. This was supported by additional observations from Rowett. If completely
intragastrically fed sheep were stressed (from disease, change of stable or animal caretaker),
rumen fluid composition had to be monitored very carefully. Frequently, infusion levels had
tobe decreased in such cases to avoid rumen acidification and increase in rumen osmolarity
(DeHovell,pers. comm.).These observations suggested that in ad libitumfed ruminants, the
decreaseinintakeoften observed after stressmightbetheresultofreduced VFA absorption.
In ruminants, the two main cations in the liquid phase of the gut are Na and K. The
predominant source of Na is saliva, the predominant source of K is the feed. A stimulating
effect oftheKconcentration onNaabsorption hasbeenreported (Scott, 1975).Ascontentsof
N and K in herbage are generally well correlated, an increase in N content of feed is
associated with increased ruminai availability of K. This suggested that thepositive effect of
Ncontent onfeed intakereferred toabovecould bemediated through Kavailability, possibly
in combination with increased availability of amino acids in the small intestines or ammonia
in therumen. This hypothesis was testedin experiments with goats (reported in this section)
and sheep(reportedinSection 7.3).
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Materials and methods
Experimentaldesign
Six dwarf goat wethers were housed in metabolism cages for 12weeks,divided in 4 periods
of three weeks. The first two weeks of each period were an adaptation period, the last week
the measurement period. Throughout the experiments, animals received a basal diet of grass
straw. Periods 1 and 3 served as control periods and grass straw was the only source of
nutrients. During period 2, half of the animals wereruminally infused with potassium citrate
(treatment K) and half of the animals received the same infusate but in addition an abomasal
infusion with caseinate (treatment K+C).During period 4 half of the animals were ruminally
infused with urea (treatment U)and half of theanimals wereruminally infused with ureaplus
potassium citrate (treatment U+K). Immediately before each measurement period the volume
of therumen fluid phase wasestimated and samples ofrumen fluid weretaken tobe analyzed
for its composition. During measurement periods intake of organic matter (OMI) from straw
andinfusion fluids andtotaldigestible organicmatterintake (DOMI)weremeasured.
Animals,housing andfeeding
Six WAD goat wethers, aged 3years with initial liveweight (W) varying from 21 to 27 kg,
equipped with rumen fistula and abomasal infusion tubes as described in Section 6.4, were
used in thisexperiment. Animals were housed individually in metabolism cages, suitable for
the separate collection of faeces and urine, in a blinded stable with a 12/12 h light/dark
regime. The basal grass straw diet was chopped (chopping length about 5 cm) and contained
87% dry matter (DM) and in the DM: 7% ash, 1.0% nitrogen and 67% NDF. Straw was
offered at a level of 100 g DM.kg"0-75^"1, approximately, 2/3 offered in the morning, 1/3
added in the afternoon. Animals were offered fresh water three times daily. Orts were
removed just before the morning feeding, weighed and, during measurement periods, stored
for later sampling and analyses.During the four measurement periods, all lasting 7d, faeces
and urine were collected, sampled and stored in a freezer for later analyses. Content of DM
andashinfeed offered, ortsandfaeces wasdeterminedaccordingtoAOAC(1975).
Rumenfluidsamplingandanalyses
Two days before the start of each measurement period, 30 ml of a Cr-EDTA solution
(containing 4.3 g Cr.l"1) was added to the rumen of each animal at 0700 h after taking a
sample of 40mlrumen fluid. Further rumen fluid samples were taken 3,6,9,24,27,30,and
33 h following Cr-EDTA administration. Immediately following sampling, pH of the rumen
fluid was measured. A 5 ml sample of rumen fluid was acidified with 5 ml 0.1 N HCl and
stored cool until analysis for ammonia content with a Cenco UNMFAuto Analyser. The rest
of the sample was transported on ice and immediately ultracentrifuged at 20,000 G for 20
minutes and all other analyses were done in the supernatant. An amount of 0.25 ml 85%
phosphoric acid was added to5mlcentrifuged rumen fluid and stored cool for later analyses
of VFA concentration by HPLC. An additional 5 ml sample was taken and stored cool for
later analyses of chloride, phosphate and sulphate by HPLC and a further 10 ml for later
analysesofNa,K,Ca,MgandCrcontent byatomic absorption spectrophotometry.
During the last day of the fourth measurement period a 10ml blood sample was taken from
thejugularveinandstoredfrozen for lateranalysisofbloodureaconcentration.
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Infusionprocedures
Immediately after the first measurement period, animals were divided at random into two
groups of 3animals andreceived,inaddition totheirbasal diet, nutrient infusion. Animalsof
treatment K+C received approximately 1.5 kg of a solution, prepared by adding 227 g K
citrate to 10 kg of water, by ruminai infusion and in addition approximately 0.8 kg of a
solution prepared by adding 500 g Na-caseinate to 10kg of water. Animals of treatment K
receivedthesameamountofKcitratebyruminai infusion.
Immediately after the third measurement period animals from both groups received, by
ruminai infusion, approximately 1.5 kgof asolutionprepared byadding70gof urea to 10kg
of water (treatment U) or 70 g of urea plus 227 g of K citrate to 10kg of water (treatment
U+K).
K citrate was chosen as the potassium source because the occurrence of K in plant
material is associated with organic acidslikecitrate (Dijkshoorn, 1973).The Kinfusion level
was chosen with the aim of modifying rumen K concentration significantly without adding
unphysiological amountsofthiscation.
In both infusion periods, animals were infused with only half the amount of solution
during the first two days to facilitate adaptation. Animals were infused continuously with
peristaltic pumps except for aperiodof about 30min daily when solutions were changed and
tubeswerecleaned.Infusion fluid containingcaseinateorureawere sampled andanalyzed for
Ncontent.OMcontent wascalculated from theamounts usedtopreparethesolutions.
Statisticalanalyses
Volume andoutflow rateof thereticulo-rumen liquidphase wascalculated from thedecrease
inCrconcentration assuming first orderkinetics.
For statistical analyses of data with regard to rumen anion and cation concentrations, the
meanofthe8observationsper animalperperiod wereused.
Effects of treatment on OMI,DOMI, N-balance andrumen parameters were calculated from
the difference between observed values during the infusion period and the control period
immediatelyprecedingtheinfusion period.Thedatawere,therefore, analyzed astwoseparate
experiments.
Significance of differences between periods were analyzed with t-tests and significance of
differences between treatments within periods with analyses of variance, using SAS (1985)
programs.

Results
Experiment1
The ruminai parameters measured in period 2 and the difference with values recorded in
period 1are presented in Table 6.5.1. None of theparameters differed significantly between
groups in the first measurement period. The sum of cations in rumen fluid did not differ
between the two periods but significant changes in Na concentration (decrease) and K
concentration (increase) occurred when K citrate was infused in the rumen. Significant
changes also occurred in anion concentration: phosphate decreased, acetate and total VFA
increased in both treatments while the response did not differ between treatments. The
increases in rumen fluid volume and outflow rate (%.h_1) were not significant but the
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resulting estimate of outflow in l.d"1 was significantly higher in period 2 in both treatment
groups.
The estimated OMI and DOMI in the two measurement periods immediately following
themeasurement of rumen parameters ispresented inTable 6.5.2.In period 2,total OMIand
DOMI was significantly increased in the K+C treatment group but not in the K group. This
difference wasonly partly theresult of theOMreceived with the supplements butmainly the
effect of a(non-significant) increaseinroughageintakeingroupK+C.This suggestedthatthe
intake response to infusion with K citrate, resulting in a dramatic change in Na/K ratio in
rumen fluid in both groups, was affected by the N-metabolism of the animal. Infusion of K
citrate tended to reduce rumen ammonia levels, whereas the intake response in period 2
tended (P<0.06) to increase with increasing original rumen ammonia concentration and
tended (P<0.07)tobelargerinanimalsreceivingadditionalprotein.

Table 6.5.1. Effect of ruminai Infusion with K c i t r a t e (K) or ruminai
infusion with K c i t r a t e and abomasal infusion with caseinate (K+C) on a
number of rumen parameters in period 2 and the difference between these
values and the values observed in the preceding control period. All values
in mMol.l"! rumen fluid unless indicated otherwise ( s . e . : pooled s . e . ) .
Period2
Treatment group
Cations:
K
Na
Mg
Ca
NH 4
Sum

K

72
80
1.1
1.4
3.7a
159

K+C

71
77
1.3
1.3
1.3b
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Period 2 -Period1
s.e.

K

K+C

s.e.

7.6
5.9
0.1
0.1
0.6
5.6

26*
-21*
0.1
0.3
-0.3
4

19
-22*
0.0
0.1
-3.0
-5

7.1
3.1
0.1
0.1
1.1
8.2

-13*
-2

-16*
-4

2.5
2.6

Anions:
P0 4
CI

18
17

18
19

0.2
0.5

Acetate
Propionate
Butyrate

72
15
5a

64
15
4b

5.7
1.1
0.2

22*
1
l*a

14*
1
0b

4.4
0.9
0.0

SumVFA

92

83

6.3

24*

15*

5.0

pH
Fluidvolume (1)
Outflow
(% h" X )
Outflow(1 d"X )

6.8
4.2
6.7
6.6

6.8
3.8
6.7
5.6

0.1
0.8
1.2
0.9

0.2
0.6
1.7
2.4*

0.2
1.0
0.6
1.6*

0.1
0.5
0.6
0.6

.differencewithin groupbetweenperiodsignificantlydifferentfrom0
(P<0.05)
: difference between groups within periods is significant (P<0.05)

ab

159

Table 6.5.2. Effect of ruminai infusion with K citrate (K) or ruminai
infusion with K citrate and abomasal infusion with caseinate (K+C) on
intake of organic matter (OMI) and digestible organic matter (DOMI) in
period 2 and the differences between these values and the values observed
in the preceding control period (all values in g.kg""-'5.d~ ,s.e.: pooled
s.e.)

Period 2
Treatment group

OMIstraw
0MI
total
DOMI

Period 2-

K+C

K

s.e.

K+C

K

39.0
44.2
22.9 a

35.1
37.0
17.5 b

3.6
3.6
1.15

12.2
17.3*
10.5* a

2.9
4.8
3.5 b

Period 1

: difference within group between period significantly different from 0
(P<0.05)
a
.difference betweengroupswithinperiods is significant (P<0.05)

Experiment2
Table 6.5.3 presents data for the ruminai parameters observed immediately before the third
and fourth measurement periods. Chloride was the only parameter significantly (P<0.05)
different between groups inperiod 3(data notshown inTable 6.5.3).Treatment Uresulted in
a significant increase in ammonia concentration and a significant decrease in Na
concentration without affecting the sum of cations. Treatment U+K resulted in a significant
decrease in Na concentration and significant increases of K, ammonia and total cation
concentrations. The changes differed significantly between treatments for the latter three
parameters. Both treatments resulted in a significant decrease of P 0 4 concentration and an
increase in acetate concentration significant for treatment U+K only. Treatment U+K also
resultedinasignificant increase inrumenfluid volumeandoutflow (l.d-1)
Observed OMI and DOMI in measurement periods 3 and 4 are in Table 6.5.4. Differences
betweengroupswithin periodsorbetween periods within groupswerenot significant.
Plasmaureaconcentrationdetermined insamplestakenimmediately after period4ranged
from 371 to 636 mg.H. These concentrations were correlated with the observed ruminai
ammonialevelsinthecorresponding animals (R=+0.88).

Discussion
Kcitratewasinfused inordertoincreaseKanddecreaseNaconcentration ofrumen fluid and
to test the effect on OMI and DOMI. The results show that treatments K, K+C (and also
K+U) didindeedresult inincreased levels of Kanddecreased levels of Nainrumen fluid. In
Exp. 1, an additional number of rumen parameters changed, apparently as a result of the
infusions.
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s.e.

4.5
4.6
1.8

Table 6.5.3. Effect of ruminai Infusion with urea (U) or ruminai infusion
with urea plus K c i t r a t e (U+K) on a number of rumen parameters in period 4
and the difference between these values and the values observed in the
in mMol.l"! rumen fluid unless
preceding control period. All values
indicated otherwise ( s . e . : pooled s . e . ) .
Period 4

Period 4 -Period

U

U+K

s.e.

K
Na
Mg
Ca

32
86
1.3
1.8

78
78
1.6
1.7

NHA

22.2 a
143 a

13.3 b
173 b

4.0
3.3
0.2
0.2
1.6
3.0

Group

Ü

U+K

-5 a

3 6 *b
-22*

3
s.e.

Cations:

Sum cations

-15*

0.1
0.3
16.8* a

-2 a

0.3
0.5*
8.1* b
24*b

2.1
2.9
0.1
0.2
2.1
2.4

Anions:

P0 4
CI

14
20

15
20

0.8
2.7

-11*

-3

1

2.2
2.6

Acetate
Propionate
Butyrate

69
14
4

82
16
5

9.1
1.4
0.6

11
-2
-0

27*
1
1

9.1
0.9
0.7

Sum VFA

87

102

10.7

9

28

10.7

pH
Fluid vo lume (1)
,
Outflow (X.h--1)
Outflow (l.d- X )

6.7
4.5
5.6
5.7

6.8
4.4
6.2
6.3

0.1
0.7
1.0
0.2

0.1
0.6
-0.0

0.5

-10*

0.1
1.1*

1.0
2.3*

0.1
0.3
0.4
0.6

: difference within group between period significantly different from 0
(P<0.05)
ab
: difference between groups within periods is significant (P<0.05)

Most remarkable were the almost 50% increase in rumen fluid outflow (l.d"1) and the
considerable increase in total VFA concentration, mainly due to acetate. Although not
significant, thesechangestendedtobehigherfor treatment K+C.Thedifferences between the
second and the first period for this treatment group were also significant for the parameters
total OMIandDOMI and tended (P<0.06) tobe significant for OMIfrom straw.At thetime,
thissuggested thatKcitrateinfusion affected intake,butonlyif additionalN(hereinthe form
of abomasally infused caseinate) wasprovided. This was supported by the changes inrumen
ammonia concentration. In the first period this concentration was just over 4 mMol.r1
corresponding to almost 60 mg NH4-N.I"1, which is higher than the level generally
recommended for optimum microbial activity (50 mg.l"1; see e.g. Preston and Leng, 1987).
This level did not change as a result of treatment K+C. As a result of small group size and
161

large within-group variation in period 1,the decrease in ammonia concentration to very low
levels as aresult of treatment Kwas not significant. This wascaused by thehigh variationof
this parameter in the first period (from 2.3 to 7.6 mMol.l"1) while concentrations were
uniformly lowinthe secondperiodinthistreatmentgroup (from 0.8 to 1.9compared with 2.3
to4.9intreatment K+C).Itnevertheless suggested aninteraction of theinfused Kcitrate with
ruminai Ntransactions.Possibly, in treatment K+Cthe negative effect of Kcitrate on rumen
ammonia levels was mitigated by the abomasal supply of caseinate (e.g.through increasedN
recycling). In addition, the difference in response in terms of OMI from straw between
animals in treatment K seemed to be correlated with the rumen ammonia concentration in
period 1.The animal withthehighestrumen ammoniaconcentration inperiod 1 responded to
treatment K with an increase in OMI from straw, comparable to animals in treatment K+C,
and theanimal with thelowest rumen ammonia concentration responded to treatment Kwith
adecrease inOMIfrom straw.Theresults after Exp. 1suggested that thepositive correlation
of N content of roughage with ad libitum feed intake level within digestibility classes
(Chapter 1)could be the result of the combined effects of increased K and N availability at
therumenlevel.

Table 6.5.4. Effect of ruminai infusion with urea (U) or ruminai infusion
with urea plus K c i t r a t e (U+K) on intake of organic matter (OMI) and
digestible organic matter (DOMI) in period 4 and the differences between
these values and the values observed in the preceding control period ( a l l
values in g.kg""-'^.d"^; s . e . : pooled s.e.)
Period 4 -Period3

Period 4
Group
0MI
straw
0MI

total
DOMI

U
35.8
36.9a
19.4a

U+K

s.e.

41.9
44.9 b
22.8b

1.59
1.60
0.51

Ü

-3.6
-2.6
0.1

U+K

s.e.

2.6
5.6
3.6

4.08
4.09
1.42

^ difference within group between period significantly different from 0
(P<0.05)
: differencebetweengroupswithinperiodsissignificant (P<0.05)

ab

It wastherefore decided to test the effect on intake of a combined urea plus Kcitrate (U+K)
infusion. Asthe first experiment had not shown aneffect of Kcitrateinfusion aloneon straw
intake,infusion with ureaalone(U)waschosen asthe second treatment inExp.2.
In Exp. 2, treatment U+K resulted in changes in concentration of K, Na, P0 4 , acetate,
totalVFA,rumen fluid volume andfluid outflow ratecomparable totreatments KandK+Cin
Exp. 1.Treatments U and U+K differed significantly with regard to their effects on ruminai
concentrations of ammonia. This showed that the depressing effect of K citrate infusion on
ruminai ammonia concentration observed in Exp. 1also occurred at high rumen ammonia
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levels.Nevertheless,rumen ammonia aswell asKlevelsincreased significantly as aresultof
the U+K treatment, as intended. These changes, however, were not accompanied by a
significant increaseinOMIfrom straw.
In addition, theresults of Exp. 2affect theinterpretation of Exp. 1.Acomparison of the
OMIfrom strawof the 4measurement periods shows virtually nodifference between periods
2, 3 and 4. In fact, the lowest as well as the highest mean OMI from straw wererecordedin
periods 1and 3 (the control periods),respectively. Possibly, the adaptation period preceding
the first measurement period was too short for the animals to attain a stable intake level on
this poor quality feed. If so, then only the observations of the last three periods should be
considered. Treatments K, K+C, U,U+K in the periods 2 and 4 and the control treatment in
period 3 resulted in considerable differences in a number of rumen parameters without any
significant effect on OMI from straw. Apart from significant differences in rumen fluid
volume,outflow rateandconcentration of P0 4 , acetate andtotal VFAtheseincludedchanges
inruminai K,Na and ammoniaconcentrations.Theresults,therefore, donot support theidea
tested that the positive correlation between Ncontent of forages and voluntary forage intake
level are the result of increased availability of K in the rumen with or without increased
ruminai availability of N or increased duodenal amino acid supply. The results of a parallel
experimentwith sheepledtosimilarconclusions (seeSection7.4).
The present experiment does not allow conclusions as to the cause of the depressing
effect of K citrate infusion on rumen ammonia concentration. The correlation of rumen
ammonia concentration with blood urea level suggests that the effect of K citrate may be
related with ureaclearance from thebloodbythekidneys.Possibly, increased Koutput in the
urine during Kcitrate infusion caused blood urea level to stabilize at alower level.Whether
the low rumen ammonia concentration is aresult of the lower blood urea level (e.g. through
decreased N recycling) or a more direct effect of ruminai K concentration on ammonia
disappearancefrom therumen isnotclear.

Conclusions
It is concluded thatruminai Kcitrateinfusion ledtoconsiderable changesin thevalues for a
number of rumen parameters. Most notably were changes in the concentration of K, Na and
acetate and indaily liquidoutflow. Thesechanges,however, did not significantly affect OMI
from roughage. Therefore, the results donot support the hypothesis that ruminai availability
of K is (partly) responsible for the positive correlation between forage N content and
voluntary feed consumption.
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6.6 General discussion and conclusions
In the accepted conceptual framework used to explain variation in feed intake in ruminants
great emphasis is placed on physical constraints to the intake process. From dissatisfaction
withthisconcept, anumberof attempts weremadetofind analternative theoryof feed intake
regulation in ruminants. The experiments reported in this chapter were designed at a time
when we considered differences in nutrient ratios absorbed from the feed as a likely
explanation for thevariation involuntary feed intake.Mostexperiments discussed heretested
thepresumedpositiveeffect of anincreaseintheintestinal availability of aminoacidson feed
intake. Organic matter intake (OMI) from grass straw diets did, however, not increase
significantly following supplementation with by-pass protein (HCHO-caseinate) in anyof the
experiments described in Sections 6.3.A number of trials had shown that the formaldehyde
treatment had been effective, measured by degree of protection against rumen degradation
andintestinal digestibility (Section 6.2).Despite thenegative outcomeof the supplementation
experiments it was decided to test the hypothesis once more, using the infusion technique to
avoidpossible complications associated with theuseofHCHO-caseinate.In addition,abetter
quality basal diet (hay) was fed. The results showed a significant decrease instead of the
expected increase in OMI from hay (Section 6.4). Therefore, at least for the type of animals
and the type of diets used in these experiments, the hypothesis that the protein/energy ratio
controlsintakehad toberejected.
Some of the published experiments investigating the same question lead to a similar
conclusion while others show results supporting this hypothesis (see e.g. Egan, 1977;
Kellaway and Leibholtz, 1983; Preston and Leng, 1987). The variable intake response of
animals to an additional protein supply -resulting in an increase in the ratio of amino acids
absorbed relative to energy consumed - shows that this ratio is not the general principle
governingroughage intakeinruminants. Alsoapossible interaction of thisratio withruminai
availabilityof Kdidnotappeartoaffect OMIfrom roughage (Section 6.5).
One of the major reasons for the attractiveness of the now rejected hypothesis was its
apparent link with the variation in efficiency of ME utilization. Both voluntary feed intake
and efficiency of ME utilization are positively correlated with N content of different feeds
with the same digestibility. At the time we thought that possibly the ratio of absorbed amino
acids relative to energy consumption was at the basis of both relations. In the theory
developed since, the relationship between feed intake regulation and efficiency of ME
utilization is a more direct one (Chapters 3 and 4). The variable feed intake responses of
animals receiving protein supplements can probably be better understood in the light of this
new theory. According to this theory, the effect of a supplement on total ME intake will
depend on its effect on the efficiency of ME utilization. A number of studies (e.g. ARC,
1980)have shown that theapparentefficiency withwhich theMEof acetateisutilized, varies
with the quality of the basal diet. According to our theory, this will also result in variable
intake responses. Considerable effects of very limited amounts of additional amino acids on
the efficiency of ME utilization for gain have been recorded and also here the effect is
considered to depend on the quality of the basal diet (MacRae et ai, 1985). Very limited
information on the interaction between basal diet type and supplement type on efficiency of
MEutilization iscurrently available.Therefore, noexplanation can begiven for the variation
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in the DOMI response observed here with West African Dwarf goats receiving low quality
feeds andsupplemental protein.Theexistence of such avariation is,however,consistent with
ournewhypothesis.
Remarkable, though unintended, was the observed variation in intake between batches of
grass straw pellets (Section 6.3) which was probably the result of differences in pelleting
conditions. The beneficial effects of pelleting on feed intake are generally attributed to a
reduction of feed particle size which would allow amorerapid clearance of digesta from the
forestomachs and hence, a higher intake (Van Soest, 1982).In our experiment, however, the
variation in intakebetween different batchesof pellets was notclearlyrelated tofeed particle
size.Thisisconsistent with thesuggestion contained inChapter 1 thatothercharacteristicsof
the pelleted feed probably cause the positive effect of pelleting on roughage intake. These
characteristics were not identified in the experiment reported here. Fruitful results can be
expected from experiments studying theeffect ofpelleting conditions onpellet characteristics
ontheonehand,andvoluntaryintakeandefficiency ofMEutilizationofpelleteddietsonthe
other. Such experiments may contribute to a better understanding of the processes which
causeruminants tovary theirvoluntaryfeed intakeleveldependingonthequalityofthe feed.
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7 Effects ofruminaiandabomasal
nutrient infusion onroughage intakein
sheep
Abstract
Feeding experiments were carried out to test the response of voluntary roughage intake of sheep to changes in
thesupply ofnutrientsby ruminai orabomasal nutrient infusions. Asroughages grass hays wereused of medium
quality with organic matter digestibility ranging between 589 and 658 g.kg-1 of organic matter (OM) and
nitrogen contents between 15.3 and 18.3 g.kg 1 of dry matter (DM). Experimental animals were wethers with
mean initial and final liveweights of 24and 27kg inExp. 1,52and 55kginExp.2,37 and47 kg inExp.3,and
45 and 50 kg in Exp.4. Control treatments consisted of hay feeding with ruminai and/or abomasal infusions of
tap water. Nutrient infusâtes were administered continuously for periods lasting from 7 to 21 days. Apart from
information on changes of hay dry matter intake (DMT)and estimated total metabolizableenergy intake (MEI),
experimental results includemeasurements ofnitrogen and mineralbalance,andruminai and blood parameters.
Mean DMIduring control periods of all experiments varied between 54 and 63 g.kg"0-75^"1, in good agreement
with the intakeexpected given thequality of thehaysused.
InExp. 1 itwas tested whether anenhanced abomasal supply of rumen microbial material (RM),protein (Pro) or
a combination with glucose, (RM+Glu) and (Pro+Glu), would increase hay intake over intake during control
periods. As protein source Na-caseinate was used. Rumen microbial material, isolated from whole ruminai
contents of slaughtered cattle by a combination of filtration and centrifugation, had a high ash content (199
g.kg 1 DM) due tocontamination by minerals in rumen fluid. Nitrogen contents inOM (97.4 g.kg"1),amino acid
nitrogen content (822 g N.kg"1 N) and amino acid composition were similar to published values. Rumen
microbial material and protein were given in isonitrogenous amounts equivalent to0.6 g N.kg"°- 75 .d'. Glucose
was infused at a rate of 5 g.kg-0-75.d"'. Neither (RM) nor (Pro) affected hay intake. With (RM+Glu) and
(Pro+Glu) hay intake decreased. All treatments increased MEI. Only (Pro+Glu) had a significant positive effect
onnitrogen balance.
In Exp. 2 effects on intake were studied of increases in the supply of protein and potassium in view of the
positive correlation usually present in feeds between contents of bothcomponents.Extra potassium (0.5 mol.d 1 )
was administered as a ruminai infusion of a K-citrate solution, alone (K) or in combination with abomasally
infused microbial protein (K+RM), equivalent to 0.6 g N.kg" a75 .d _1 . In addition, the effect was tested of
ruminally infused grassjuice known tocontain substantial amountsof protein and potassium.Thejuice had 39g
DM.kg 1 , 172g ash.kg'1 DM and 38.1 g N.kg 1 , and was given at a low dose (4 l.d"1)(LJui) and a high dose (8
l.d"1) (HJui). Infusion of K-citrate caused substantial changes in K and Na concentrations of rumen fluid, but
neither (K) nor (K+RM) changed hay intake.Grassjuice infusion tended todecrease hay intake.MEI was higher
with (K+RM),(LJui) and (HJui) as compared tocontrol treatments.Juiceadministration induced a large number
of changes inruminai fluid parameters,probably partly asa resultof the high watercontent and partly as aresult
of thehigh K content.
In the third series of experiments it was tested whether abomasally infused carbohydrates (glucose, maltose,
fructose and starch), known to differ in resorption mechanism and costs, would cause differential intake
responses. Exp. 3a involved a comparison of glucose and maltose at a low (5 g.kg"°-75.d_1) and high (10
g.kg-°-75.d_1) level, and fructose only at the low level as this was already found to cause diarrhoea. In Exp. 3b
low doses of glucose or gelled maize starch, both dissolved in water or saline, were compared. In Exp. 3c
abomasal infusions of low amounts of glucose, starch or protein were tested. In Exp. 3a all carbohydrates
depressed intake, fructose significantly more than thelow level of the twoother carbohydrates. InExp.3b and c
glucose and starch tended to decrease hay intake without a significant difference due to type of carbohydrate or
type of solvent. With the same roughage, MEI could be increased by either glucose, maltose, starch or protein.
Responses to carbohydrate are discussed in the light of conflicting ideas about the role of glucogenic energy in
ruminant nutrition. Extent of intestinal absorption and siteof administration (abomasally or intravenously) may
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be more important parameters influencing the intake response to carbohydrate administration than mode of
absorption.
Exp.4 wassetuptotest towhat extent positive effects ofprotein inroughages may beattributed tothe rumen
degradable or non-degradable part. To that end sheep received one of the following treatments: a ruminai
infusion of a non-neutralized volatile fatty acid mixture (1.7 mol VFA.d 1 ) or the same mixture partly
neutralized with ammonia (0.4 mol.d"1), theforementioned treatments incombination with abomasal caseinate
infusion (6gN.d"1),andabomasal infusion ofcaseinate alone (6or 12gN.d"1). The composition of the VFA
mixture (40% acetic, 28% propionic, 12% butyric, 7%valeric and 13%isovaleric acid ona molar basis)was
chosen soas to reflect the fermentation products of casein. Roughage intake tended tobe depressed byall
treatments except from caseinate infusion. Estimated metabolizable energy intake was increased by all
treatments having VFA infusions with nosignificant differences between treatments. Addition ofammonia had
no effect ontheresponse toVFA infusions. The results suggest that both rumen degradable and rumen by-pass
protein may contribute tothe higher energy intake from protein rich roughages.This needs tobeconfirmed by
direct comparisons of infusions with different VFAmixtures, with and without complete neutralization by
ammonia.
Intake responses tonutrient infusions arediscussed in relation tothetheory of intake regulation developed in
Chapters 3 and 4. Effects onvoluntary roughage intake of administration of nutrients either byinfusion or by
dietary supplementation (concentrate feeding) appear to vary from positive tonilor negative. Differences in
response canbe understood from differential effects of nutrient supplements on efficiency of metabolizable
energy (ME) utilization. Asthelevel of voluntary feed intake hasbeen shown todepend ontherate at which
efficiency of ME utilization declines with increasing intake, a higher roughage consumption maybeexpected
whenever nutrient supplements improve theefficiency of ME utilization of the basal feed. A lower roughage
consumption is assumed to occur if additional nutrients decrease this efficiency. Lack of knowledge ofthe
physiological processes andinteractions between feeds andsupplements which determine efficiency of energy
utilization,as yetpreventsprediction ofeffects onintakeofnutrient supplements.Future infusion experimentsin
combination with measurementsofsubstrateandoxygen consumption indifferent body compartments and inthe
animal asawhole mayhelptofill thisgap inour knowledge.

7.1 Introduction
The voluntary intake of roughages by ruminants is often too low to achieve a high production
level. As roughages are generally cheaper than concentrates, many attempts have been made
to increase roughage intake (Forbes, 1986; Grovum, 1987). Different techniques have been
explored varying from physical and chemical treatment of the feed (Wilkins, 1982), to the
provision of catalytic amounts of concentrates (Preston and Leng, 1987). Animal responses to
such dietary changes have been quite variable and often unpredictable. This state of affairs
has been attributed to a poor understanding of the factors controlling roughage intake in
ruminants (Chapter 1).
The large variation in the nature of dietary changes which may either promote or inhibit
roughage consumption, suggests that no single mechanism of intake control is operative. For
instance, intake of poorly digestible roughages often but not always increases upon grinding
of the feed (Minson and Milford, 1968), sometimes but not always increases after spraying
the feed with non-protein nitrogen, and sometimes increases but in other instances decreases
with abomasal protein infusion (Egan, 1965, 1977; Egan and Moir, 1965). The effects of
grinding and non-protein nitrogen supplementation on intake seem to follow from changes of
the rumen microbial system. The effects of protein supplementation are ascribed to changes
of host animal metabolism. In the first case animals are thought to respond to changes in
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rumen fill, which would mean that roughage intake is controlled primarily by physical
restrictions.Theresponses toprotein supplementation suggest that animals react to metabolic
changes (for instance an increased rate of acetate utilization), which would mean that
roughage consumption is under metabolic control.If these interpretations of intake responses
arecorrect,completelydifferent mechanismsofintakeregulation mustexist.
However, from an extensive literature analysis preceding our experimental work
(Ketelaars, 1984) we concluded that the evidence for a physically constrained intake of
roughages is weak (see Chapter 1).This also meant that the usual interpretation of relations
between roughage intake and composition from aphysical model of intake regulation might
be incorrect. Weconcluded, therefore, that other hypotheses had to bedeveloped concerning
the nature of relationships between roughage intake and roughage composition. The
experiments tobereported here were meanttotest anumberof alternative hypotheses.These
were developed over a period of four years, i.e. from 1986 to 1989, and reflect a gradually
changing opinion on feed intake regulation. They had all in common a firm belief that the
positive correlations between physical parameters measuring the degradability of a feed and
intake do not necessarily imply a causal relationship between rumen fill and intake. Instead,
we started from the assumption that factors different from rumen fill but usually confounded
with thefillingeffect of feeds mustunderly thiscorrelation. Whichfactors wereinvolvedwas
notevidentatthestartofourexperiments.
Thefirsthypothesis tobetested assumed that theintake of roughages is strongly affected
by the ratio of microbial nutrients being absorbed from the small intestine, to volatile fatty
acidsbeingabsorbed from theforestomachs. Inthecaseofroughages,thisratiorepresents the
most important nutrientratioforruminants.Roughages aregenerally extensively degradedby
microbial fermentation in the reticulo-rumen. This means that the end products of digestion
mainly consist of volatile fatty acids (VFA) absorbed from the reticulo-rumen and omasum
and a mixture of microbial constituents digested in and absorbed from the small intestine.
Microbial constituents consist mainly of microbial protein but in addition also of lipids,
carbohydrates, minerals and nucleic acids.Hence, the ratio of microbial nutrients to VFA is
more than a simple protein-energy ratio.The latter has been found to affect roughage intake
of some butnot allroughages, asdiscussed in Chapter 6.The lack of positive effects of extra
protein on intake of some feeds might berelated to adeficiency of other nutrients, normally
present in microbial cells. As far as we knew, specific effects of the microbial package of
nutrients onvoluntary feed intakehadnotbeen examined.Though speculative,itcouldnotbe
excluded that intake responses to microbial material differ from responses observed with a
protein source like casein, often used in abomasal or duodenal infusion studies. So it was
thought worthwhile totest theintake response toan artificially enhanced supply of microbial
material to the abomasum. In essence, this means simulation of a more efficient rumen
microbialprotein synthesis.Reasonstoexpectapositiveintakeresponsewerethe following.
- Roughageintakeispositively correlated withnitrogencontent anddigestibility of the feed
(Chapter 1). As both parameters increase, a larger proportion of metabolizable energy
(ME) appears to be absorbed from the small intestine and a smaller proportion from the
forestomachs (see Chapter 4). This shift of digestion toward the smallintestine is at least
partly caused by a more efficient microbial protein synthesis in the forestomachs
(Hagemeister etal., 1981).So the latter could be a factor explaining the higher intake of
immatureroughages.
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- Intake of low-nitrogen roughages often increases upon non-protein nitrogen
supplementation. This could also be interpreted as a result of a more efficient microbial
protein synthesis,soamoreample supplyofmicrobialnutrients tothe smallintestine.
- Roughageintake sometimesrespondspositively toanincreasedprotein supplyeither from
abomasal infusion or from dietary supplementation. The absence of positive effects in
otherinstancesmaybeduetoothernutrientsbeinglimiting.Such nutrients mightoccurin
microbialmatterorinplantmaterial inassociation withproteins.
To test this first hypothesis, microbial material was harvested from stomach contents of
slaughtered cattle and abomasally infused in roughage-fed lambs. Young sheep were chosen
for this experiment because of the laborious work tocollect sufficient microbial material for
aninfusion period lastingatleasttwoweeks.Controlanimalswereinfused withcasein.Inthe
sameexperiment wealsolookedattheeffect of additional,abomasally infused, glucose.
As this test did not reveal any positive effect on intake, neither of extra microbial
material,norof extraprotein, we searched for adifferent explanation of thepositiveeffect of
higher crude protein contents of roughages on intake. Plant protein is generally positively
correlatedwithalargerangeoforganicandinorganiccompounds,mostof thembeingpresent
ascellcontents.Effects ofproteinperse arethusconfounded witheffects of such substances.
Among the latter, potassium could be of special importance for intake regulation for the
following reasons.
A positive correlation between protein and potassium contents is not only present in
roughages (vegetative material) but alsoin seeds (Blevins, 1985).The latter, likefor instance
cotton seed and soybeans, are often used as protein sources for protein supplementation.
Hence, beneficial effects of protein-rich supplements on roughage intake might at least
partially beduetonon-protein constituents,likepotassium.Moreimportant,however, seemed
tousexperiences with thetechnique of intragastric feeding (0rskov et ai, 1979).Developing
this technique these authors have found that conditions in therumen largely determine which
level of VFA infusion is tolerated by the animal. An important parameter appeared to be the
ratio between buffer solution and VFA solution infused. Paradoxically, low acceptance of
VFA accompanied by ruminai acidosis was found when relatively large amounts of buffer
were infused. Translating these findings to the free-feeding animal this would mean that
voluntary feed intake may be controlled by the rate of VFA absorption from the reticulorumen. This rate in turn will be affected by the composition of ruminai fluid. The latter is a
dynamic parameter depending on a number of processes: feed consumption, feed digestion,
saliva secretion and nutrient resorption. Despite this, effects of feed composition on ruminai
fluid parameters are clearly recognizable, especially with regard to concentrations of K, Na
and NH4 and VFA. At low K contents of the feed, the dominant cation in ruminai fluid is
sodium, at high K contents potassium. In addition, experimental studies with a temporarily
isolatedrumen have shown that sodiumresorption is stimulated by thepresence of potassium
(Scott, 1967). This in turn might affect VFA resorption, VFA tolerance and feed intake in
view of therelationships often observed between Na and VFA absorption. So we decided to
examine as asecondhypothesis presumedpositive effects onroughage intakeof an increased
supply ofK,aloneorincombination withextra abomasally administered protein.
To test this second hypothesis an experiment was set up in which sheep received one of
the following treatments: potassium citrate infused into the rumen, or a combination of this
with abomasaly infused protein, or grassjuice infused into the rumen at a low or high dose.
Potassium citrate was chosen to represent the extra potassium found in herbage when K
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contents are increased (Dijkshoorn, 1973). Grass juice was chosen because we hoped to
imitate in this way thejoint effects of increased protein contents in roughage, as grassjuice
mainlyconsistsofcellcontents.
A test of this second hypothesis did not show positive effects of potassium alone or in
combination with protein on roughage intake. Grass juice had a negative effect on intake
perhapsduetoanexcessive amountof wateradministered withthejuice.
So far, our thinking about intake regulation had been based upon the general belief that
the existence of constraints to feed consumption - though different from rumen fill - causes
roughage intake to be relatively low. However, attempts to identify alternative constraints
were unsuccessful. Clearly, a different look at intake regulation was required. A scrutiny of
relationships between voluntary feed intakeandefficiency of MEutilization appeared to offer
such a new look. As we explained in Chapter 3, feed consumption by the animal may be
conceived of aprocess of weighing costs against benefits of feed intake. In non-reproducing
animals theintake of net energy appears tobeauseful measureof benefits whereas costscan
beequated with the totaloxygen consumption of the feeding animal.The formulation of that
idea was rewarding as it enabled us to predict ad libitumfeed intake from measurements of
restrictedly fed animals. Besides, both the effects of digestibility and nitrogen content on
intake could be accounted for in terms of differences in the efficiency with which ME is
utilizedbytheanimal. So,werealized that it wasimportant tofind outwhichprocesses cause
differences in ME utilization between feeds as the same factors must be responsible for
differences in intake.Despite alarge amountofresearch thatquestion isnoteasily answered.
Only after the completion of our experimental work we developed the ideas oudined in
Chapter 4.From literature data (Webster, 1980; Blaxter, 1989) it appeared quite certain that
theworkinvolved inmechanical processingof thefeed doesnotcausethelargedifferences in
the efficiency for gain (kg) between feeds. Other processes must be involved. We
hypothesized that the work required for absorption of nutrients might bean important one.It
is wellknown that the gut is ametabolically very activeorgan using up aquarter or moreof
the total oxygen consumed in the fed state (Webster, 1980). It has also been found that
between feeds differences in oxygen consumption by the gut exist. For instance, Huntington
et al. (1988) have found that per MJ ME consumed, oxygen consumption of portal drained
viscera was higher when orchard grass silage of lower metabolizability was compared with
lucerne silage of higher metabolizability. Causes of this difference have not been established
but it seemed logical to think of absorption costs as a possible cause of differences. A
comprehensive test of this hypothesis appeared to be difficult and outside the scope of this
study as the absorption of nutrients from different feeds cannot be easily changed without
changing manyotherprocessesinparallel.Asamoremodest goal wetriedtofindouttowhat
extent differences in absorption costs may induce different intake responses to nutrient
infusions. To that end we looked for a class of nutrients with a similar nutritive value but
mutually differing in absorption costs. We then considered VFA unsuitable as exact
knowledge about their absorption mechanism was lacking, and still is. Moreover, VFA
markedly differ withregard totheirmetabolic fate. Contrary toVFA,intestinally digestedand
absorbed carbohydrates like glucose, fructose, maltose and starch seemed to fulfil our
requirements: they are all glucogenic substances but differ as to the way they are absorbed
from the gut. According to Eckert and Randall (1983), glucose is actively transported from
the gut lumen by cotransport with sodium. The energy for this transport is provided by the
sodium gradient. So the active step is actually theremoval of sodium from epithelial cells at
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thebasolateralmembrane.Contrarytoglucose,fructose istransportedbyfacilitated diffusion.
Thisprocess is also linkedtocertain membrane carriers butrequires noenergy otherthan the
energy provided by the diffusion gradient of fructose from the gut lumen to the cell interior.
Maltose is transported in still another way i.e. by hydrolase transport which neither requires
energy.This mode of transport involves translocation of disaccharides which are transported
and cleaved by the sameenzyme located in the brush border. Starch is hydrolysed in the gut
lumen by amylases to be absorbed by maltase. Our interest in carbohydrates was further
stimulated by the negative effects of small amounts of glucose on intake as was observed in
thefirstexperiment.This wasremarkable asextra glucogenic energy,for instancein the form
of dietary by-pass starch, is often considered beneficial for intake and productivity of
ruminants.
The hypothesis that absorption costs may contribute significantly to differences in ME
utilization led to a third series of experiments in which we looked at presumed differential
responses to abomasal carbohydrate infusion. Results of these experiments demonstrated the
existence of a differential response depending on type and amount of carbohydrate infused.
However, the occurrence of diarrhoea complicates the interpretation of such responses:
incomplete absorption from the small intestine is probably a more important parameter than
any difference in absorption costs per se. We concluded that the abomasal infusion of
carbohydrates is not a suitable method to study effects on intake of differences in absorption
costs.
Nutrients may affect roughage intakein manydifferent and sometimes unexpected ways.
Tothinkofoneoverridingeffect foreach specific nutrientisprobably muchtoosimple.From
our concept of feed consumption as an optimization process it may be inferred that,
ultimately, the importance of specific nutrients will depend on the extent to which they
changetheoverallefficiency of MEutilization. Considering theendproductsofdigestion asa
mixture of nutrients some mixtures may be utilized more efficiently than others. From the
first the animal is expected to consume a larger amount than from the latter. Extending this
reasoning to effects of dietary protein a higher intake of protein-rich feeds may represent a
response to a preferred mixture of substrates more than to a limiting nutrient. In the case of
protein it is, however, not evident which change of substrate is actually preferred by the
animal.Dietary protein is usually partly fermented in theforestomachs and partly digestedin
the small intestine. Protein fermentation gives rise to VFA and NH3 production and
absorption,proteindigestion inthesmallintestineresultsinaminoacid absorption.
The hypothesis that both rumen-degradable and by-pass protein may contribute to the
increased energy intake from protein-rich feeds led to a fourth experiment. Herein we
compared the following treatments: ruminai infusion of a VFA mixture resembling the
endproducts of protein fermentation, the same treatment in combination with ammonia, and
both treatments in combination with abomasally infused protein. This experiment again
showed that energy intake can be increased by administration of completely different
nutrients and,in addition, suggests that both the ruminally degradable and undegradable part
of protein may contribute to a higher intake of ME. Whether the favourable response to the
VFA infusion is indeed specific for the mixture resulting from protein degradation has to be
confirmed by future experiments. As later became apparent when preparing Chapter 4, such
experiments should form part of a more extensive study of effects of VFA on energy
metabolism atdifferent levelswithin theanimal.
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7.2Materials and methods
Animalsand housing
Sheep were used as the experimental animals throughout this study. Animals were
whethersfrom mixedbreeds:theFlevolander (Exp. 1 and2)andSwifter breed(Exp.3and4).
For thefirstexperiment lambs were used of 4months old.ForExp.2 thesame animals were
usedaboutayearlater.Exp.3and4wereconducted withanewgroupof sheep of 10months
oldatthestartofExp.3,and 15monthsoldatthestartofExp.4.
Information onbodyweightsisgiveninthedescription ofeach experiment.
Before and between theexperiments animals were housed indoors inpens and wereprovided
hayof thesamequalityasusedfor theexperiments.
Depending on the aim of the experiments, animals were surgically prepared with rumen
fistulas, abomasal infusion tubes or ileum fistulas. To speed uprecovery from surgery small
amountsofconcentrates weregiven temporarily.
Before the start of each experiment animals were treated against coccidiosis and
gastrointestinal helminths. Vitamins were given regularly either orally or by intramuscular
administration.
During the experiments animals were kept in metabolism cages in a stable which was
continuously illuminated. Room temperature could not be strictly controlled but usually
varied between 16 and 23 °C. Occasionally higher temperatures occurred. This happened
especially at the end of Exp. 2, when animals showed diminished feed intake. As they
probably suffered from heat stressduetothecombination of ahigh temperature andahigh air
humidity,dataof thisperiodwereexcludedfrom theanalysis.

Feedsand feeding regime
As experimental feeds grass hays of medium quality were chosen with an expected intake
clearly below the maximum energy intake for the category of animals used. In this way
positive intakeresponses may bemore easily detected than with higherquality roughages.In
addition, hays were chosen soas tohave sufficient nitrogen toprevent a nitrogen deficiency
for therumen microbial system.Anyresponsetoabomasally administered protein wouldthan
probably be due to an effect of protein on the host animal. For each experiment a
homogeneous batch of hay was used. The hay was coarsely chopped, mixed and weighed in
dailyportions.
Feeding was aimed at ad libitumintake accepting feed refusals from 40-50% of feed on
offer. Animals were allowed access tofeed for approximately 23hreachday.Feed wasgiven
in twoportions: in themorning and early in the evening. Residues were collected once daily
before the evening feeding (Exp. 1) or before the morning feeding (other experiments).
Drinkingwaterwasavailabletotheanimals atalltimes.
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Experimental design
Before the start of each experiment animals were grouped by body weight, the number of
groups equalling the number of treatments to be imposed simultaneously. All experiments
werestartedwith aperiodof hayfeeding andabomasal orruminai infusions withtapwateras
acontrol treatment. Thiscontrolperiodwasbothmeanttostabilizefeed intake andtoprovide
an intake figure which could serve as a reference to compare within-animals effects of
subsequent treatments. Duration of this period was variable but only data of the last two or
three weeks were averaged to obtain the intake for the control treatment. After this period,
groups of animals received different experimental treatments consisting of hay feeding in
combination with abomasal or ruminai infusion of different substances. Duration of these
experimentalperiods alsovaried andwillbegiven with thedescription of each experiment.If
possible, experimental treatments were followed by a second control period. In such cases
within-animal differences between treatment periods and the average of both control periods
served as a measure of the effect of treatments. In other instances differences between
treatmentperiodandprecedingcontrolperiodwereused.
The small number of animals which can be used in this type of infusion experiments
imposes restrictions on experimental design. We preferred to maximize the number of
animalsperexperimental treatmentwhich excluded theuseof acontrol group simultaneously.
In thiswayeffects of experimental treatments (estimated as thedifference between treatment
and control period) are confounded with period effects, if present. Such period effects might
change the overall level of intake. For a comparison of differences between experimental
treatments this is not a serious disadvantage. Yet differences between treatment period and
control period may overestimate or underestimate the true effect of treatments. To minimize
these objections we included a second control period whenever possible. In addition,
condition of animals and housing climate were carefully monitored throughout the
experiments.Incaseof anomalous animalbehaviourmeasurementswere discarded.

Infusion procedure
In all experiments nutrient solutions were infused by means of peristaltic pumps through the
abomasal tube or ruminai fistula. Infusâtes were dosed at a constant rate throughout the day
apartfrom brief periods needed for changing solutions andcleaning infusion tubes.If needed
substances to be infused were dissolved or diluted with tap water. Tap water infusion also
served as a control in all experiments. Tap water was chosen after saline solution (9 g
NaCl.l"1) had been tried at the start of the first experiment. As animals showed diminished
intake and soft faeces after one week, saline infusion was stopped. Blood profile showed
several anomalies: hematocrit (0.30-0.40 l.l"1), hemoglobin (7-10 mmol.H) and serum
potassium (5.5-7.5 mmol.l"1) were elevated, serum Na (140-148 mmol.l"1) was somewhat
depressed,compared tovalues obtained in thecourseofExp. 1(see Section 7.3,Table7.3.11
and 7.3.12). Blood glucose, urea and protein levels appeared normal. Although we did not
findout whether thesehealth problems were in somewayrelated totheinfusion of saline,we
decided to try tap water infusion. After this change blood profile became normal and no
difficulties were encountered any more. The choice of saline as a physiological control
seemed logical.However, it mayhave provided the young animals (bodyweight 19-25 kg) in
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this experiment with rather unusual amounts of salt: about 10-15 g.d"1.In a later experiment
(Exp. 3b), with older and heavier animals, a comparison of effects of abomasal infusion of
carbohydrate dissolved in either saline or tap water did not show any difference between the
twowaysof administration.

Measurementsandsampling
To correct for differences in dry matter content and chemical composition between feed and
feed residues the latter were bulked and sampled for periods of seven days,usually the same
periodasusedfor measurementofdigestibility.Valuesfor drymattercontent offeed residues
soobtained wereapplied tohayintakethroughout thewholeperiod.
Formeasurement ofdigestibility and nitrogen andmineral balance,faeces and urinewere
collected for periods of seven days, usually the last seven days of a control or experimental
period. In Exp. 1urine was collected using harnasses and in Exp. 4 with the help of trays.
Faeces were collected twice daily from trays below the cage floors. Faeces and urine were
bulked for the whole period of seven days. Faeces was treated with formaldehyde as a
preservative,urineacidified withHCltopH2.
For determination of reticulo-ruminal liquor volume and outflow a single dose of either
Cr-EDTA (Exp. 1and 2) (40 ml with 4.3 g Cr.H) or Co-EDTA (Exp.4) (60 ml with 3.4 g
Co.l"1)was administered. In Exp. 1samples of ruminai fluid were withdrawn at2, 3,4,5,6,
7, 8, 9, and 10 hours thereafter. As this was found to lead to highly variable figures for
passage rates,in the otherexperiments samples were taken over two subsequent daysat 3,6,
9,24, 27,30and33hoursafter marker administration.
InExp. 1and 2blood samples were collected fromjugular blood directly into evacuated
tubes, two hours after the morning feeding. Tubes were kept cool on melting ice during
transfer for analysis on the same day. Samples were collected on two consecutive days for
Exp. 1 andonsingledaysinExp.2.

Chemicalanalyses
Dry matter contents of feeds, feed residues and faeces were determined by oven-drying
samplestoconstant weightat 105°C.Samples of microbial material andgrassjuice werefirst
dried at 55 °C in a vacuum oven and then at 105 °C. Ash contents were measured by
combustion of dry matter residues at 550 °C. Total nitrogen was measured by the Kjeldahl
method. For nitrogen analyses of faeces fresh samples were used. Nitrogen in microbial
material was determined in frozen samples.The mineral cations Na, K, Ca, Mg and Cowere
measured by atomic absorption spectrofotometry. For samples of feed, feed residues, and
faeces ashresidues were dissolved with HCl (37%).For urine andrumen fluid samples were
alsoacidified withHCl.Toeliminateinterference of sulphate andphosphate BaCl2andS1CI2
were addedtothemineral solution.Pwasanalysed bycolorimetry.
Aminoacids inrumen microbial mass (freeze dried samples),fresh grass,juice andpress
cake (frozen samples) and caseinate (dried samples) were determined by HPLC. Samples
were hydrolysed with HCl 6mol.l"1 at 110°Cfor 24hr. The sulphur-containing amino acids
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cystine and methionine were determined after formic acid oxidation as methionine sulphone
andcysteic acid.Tryptophan wasnot determined.
Ruminai fluid pH was measured immediately after withdrawal of the sample. Buffering
capacity was determined by titration of fresh samples of ruminai fluid with 0.1 NHCl topH
4.0. Buffering capacity was calculated as the amount of H + needed per 1rumen fluid to
change pH with 0.25 unit. Osmolality was measured with an osmometer after samples had
been centrifuged at 70000 g for 30 minutes. For rumen ammonia determinations samples
were acidified with 0.1 NHCl and stored cool until analysis.Ammonia wasmeasured with a
CencoUNMFAuto Analyser.
For determination of VFA samples were conserved with concentrated phosphoric acid.
VFA were measured in centrifuged fluid by gas liquid chromatography (Exp. 1) or HPLC
(Exp. 2 and 4). CI and PO4 were also measured by HPLC. For analysis of anorganic ions
rumen fluid was centrifuged at 20000 g for 20 minutes in Exp. 2 and at 2000 g in the other
experiments.
Blood was analysed for hematocrit with a Clay Adams centrifuge, hemoglobin
concentration with ahemocyanin-method, andprotein concentration according tothe method
of Lowry. Proteins were separated by electroforesis on cellulose-acetate. Protein fractions
werecoloured withPonceauredagent and scannedin adensitometer. Blood glucose andurea
concentrations were measured by anenzymatic method (Boehringer test kits).Serum Na and
Kconcentrations weredetermined by flame-photometry.

Statistical analysis
Changes of intake, nitrogen and mineral balance, ruminai and blood parameters, obtained in
the way explained above were subjected to analysis of variance with treatments as
independent factors. Statistical significance was tested with the F-test. Aprobability level of
0.05 was used throughout to detect significant effects. Results are presented as absolute
values (with standard errors) during control periods and as differences (with standard errors)
betweenexperimental andcontrolperiods.
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7.3 Effects ofabomasal infusion ofrumen microbial
material or caseinatewith or without additional
glucose (Exp.1)
Aim
Theaimofthisexperiment was threefold:
l.to test whether an enhanced abomasal supply of rumen microbial material increases the
roughage intakeof youngsheep,
2.totestwhethertheeffect ofmicrobial materialdiffers from theeffect ofasimilaramountof
nitrogensuppliedascaseinate,
3.to test whether an additional small amount of glucose infused into the abomasum changes
theeffect ofrumen microbial material orcaseinate.
To facilitate interpretation of changes in intake, data on nitrogen and mineral balance and
rumen fluid andbloodparameters werecollected.

Experimental details
Isolationofrumenmicrobialmaterial
Large scaleisolationofrumen microbial material wasinitially attempted bywayof tangential
microfiltration of prefiltered (pore size 44mu)ruminai fluid. This proved to be unsuccessful
due thefact thatmicrofilters (pore size0.45mu)gotrapidly andirreversibly cloggedup.
More satisfactory appeared the method developed by Storm and 0rskov (1983) with
centrifugation as the final step to harvest microbial material from prefiltered ruminai fluid.
Whole rumen contents were collected in plastic containers from a nearby slaughterhouse.
After transfer to our experimental farm ruminai fluid was extracted by slightly pressing the
material ona 1 mm sieve.Thereafter thefluid wasfiltered overa44mufilter using tangential
flow to prevent stoppage of the filter. The organic matter in the filtrate so obtained was
considered to hold mainly microbial cells. Concentration of microbial material was achieved
by centrifugation (Alfa-Laval bactofuge). This separated rumen fluid in three fractions: a
solid fraction which accumulated against the inner wall of the centrifuge, a fluid fraction
enriched with microbial material, and a fluid fraction low in microbial material. As the first
twofractions had almost the same nitrogen content in the organic matter they were mixed to
yield asuspension varying indry matter contentfrom 5.5 to 11%. Thevariation indry matter
content was due to a variable degree of separation between fluid and solid phases as the
nozzlediameterofthebactofuge graduallyincreasedduetowearandtearbymineralparticles
inrumen fluid.
Themixed suspension was sealedin smallpolyethylene bagsof 200gnet weight tobe frozen
and stored at -20 °C.Unlike the procedure followed by Storm and 0rskov (1983) no freeze-
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drying was carried out.Inorder toget homogeneous samples for theinfusion trial,bags were
randomly selected,andtheircontentswerethawedandmixedbeforeuse.
Harvesting took place during wintertime from animals which had mainly received maize
or grass silage asthe basic feed. Filtration wasdone in theopen air attemperatures below 10
°Csothatrapidcoolingofrumen fluid was achieved.
Theobjective wastocollect 40kgrumen microbial dry matter. For this weneeded about
60 tons of whole ruminai contents. Obviously, efficiency of the harvesting process was low.
Mostof themicrobial cellsinrumen contents arefirmly attached tofeed particles (Chengand
Costerton, 1980) and probably only free floating cells have been collected by ourprocedure.
The total amount of 60 tons of rumen contents was processed in 20 batches on an equal
number of days. To process an average batch of ruminai contents took 5 to 10 hours
dependingontheviscosityofthefluid which ledtoremarkabledifferences infiltration rate.
Rumen microbial material was analysed for contents of DM, ash, Na,K, Ca,Mg,P,total
N, ammonia-N, and amino acids and compared with values for sodium caseinate (DMV,
Veghel) theprotein sourceusedfor comparison.
Feedingexperiment
For the feeding experiment 8 lambswere used. Animals were equipped with ruminaifistulas
and abomasal infusion tubes. They were divided into two groups of 4 animals each. The
whole experiment lasted 11weeks (excluding a two-weeks adaptation period) and consisted
of 4 periods. The first three periods had 3 weeks, the fourth only two weeks. The first and
third period served asacontrol periodduring which all animalsreceived aninfusion with tap
water (1-2 l.d"1)into the abomasum. In the second period one group of animals received an
infusion with microbial material, the other an infusion with caseinate solution. In the fourth
periodgroupsreceived thesameexperimental treatments butinadditionan amountof glucose
wasinfused intothe abomasum.
For the infusions anitrogen dose of 0.6 g.kg^-^.d"1 waschosen. This corresponded with
67 gmicrobial organic matter and 42 gorganic matter from caseinate in an animal weighing
24 kg at the start of the experiment. Infusion rates were adjusted to increasing body weight
throughout theexperiment
Glucose administered atalevel of 5g.kg"°-75.d_1wasdissolved in water (147 g.kg"1)and
pumped into the abomasum either mixed with thecaseinate solution or as a separate solution
ifrumen microbialmaterialwas infused.
Between periods 1, 2 and 3 amounts of fluid infused were kept equal to the amount
administered with the rumen microbial material. In period 4 a small additional amount of
fluid (±0.5 l.d"1) was infused with the glucose solution. Fresh solutions of mixed rumen
microbial material were prepared twice daily. To prevent deterioration during the infusion,
vessels with microbial material were kept cool on melting ice. Preliminary tests had shown
thatunder suchconditions nomeasurable ammoniaformation occurred. Infusâtes were stirred
continuously during infusion.
Theroughage used was amixed grass hay with composition as shown in Table 7.3.1. As
phosphorus and calcium contents of thefeed werejudged toberather low for growinglambs,
the young animals in thisexperiment received perruminai fistula adaily supplement of 10g
monocalciumphosphate equivalent to2.0gPand 1.6 gCa.
Animals were weighed weekly. Jugular blood samples were withdrawn on two consecutive
days giving a total number of samples per animal of 2, 6, 6 and 4 for period 1, 2, 3 and 4
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respectively.The number for the first control period was only half that originally planned as
the samples taken first had to bediscarded due toillness of the animals. Blood samples were
analysed for hemoglobin, hematocrit,totalprotein,protein spectrum, glucose,urea,serumNa
and K. Ruminai fluid samples were collected at theend of each period, a total of 10samples
per animal. This happened after Cr-Edta had been administered as explained in Section 7.2.
Samples were analysed for pH, buffering capacity, osmolality, and concentration of NH4-N,
Na, acetic, propionic, and butyric acid. Ruminai fluid volume and outflow were calculated
from Cr concentrations. Nitrogen and mineral balance were measured in period 1, 2 and 4.
Valuesofperiod 1 servedasacontrol fortreatmentsinperiod2and4.

Table7.3.1.Chemicalcompositionanddigestibilityofhay(Exp.1)
Drymattercontent
DM(g.kg"1)
Compositionofdrymatter(g.kg"1-DM)
Ash
Nitrogen
Crudefiber
Mineralcomposition(g.kg"1DM)
Sodium
Potassium
Calcium
Magnesium
Phosphor
Sulphur
Digestibility (g.kg"1)
OM

879
82
17.3
320
2.7
11.4
5.1
2.0
2.7
2.8
589

Theorganic matterdigestibility of thehay whenoffered adlibitum appeared tobe 589 g.kg"1
OM. Assuming an energy value of 20 MJ per kg digestible organic matter and a
metabolizability of 0.8 the ME content amounts to 16 MJ per kg digestible organic matter.
This figure has been used toestimate thechanges in MEintake upon infusion. Similarly, ME
content of caseinate was estimated as 23 MJ per kg protein assuming complete
metabolizability. MEcontent of microbial material was estimated as 15.4MJper kg organic
matter assuming adigestibility of approximately 720 g.kg-1 (Storm et al., 1983) and a gross
energy valueof22MJ.kg"1OM.Thelatterfigure isbasedonthecrudechemical composition
as given by Storm and 0rskov (1983) (seeTable 7.3.2). MEcontent of glucose was taken as
itscombustion value 15.6MJ.kg"1.Admittedly, all forementioned MEvalues can benomore
than crude estimates in the absence of true measurements. Yet in order to assess changes in
energy intake upon infusion differences in energy content have to be taken into account in
someway.
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Results
Compositionofrumenmicrobialmaterialandcaseinate
The composition of the rumen microbial material and caseinate are given in Table 7.3.2.
Values obtained in this study are compared with values obtained by 0rskov and Storm
(1983). Also included are mean data of pure cultures of rumen bacteria collected from the
literature bythesameauthors.
Theprocedure applied by us to collect rumen microbial material yielded a suspension of
rumen microbial cells inrumen fluid. Dehydration of thisproduct was not considered useful,
simply because infusion would have required re-addition of water. The suspension could be
pumped without causing troubles. However, the admixture of large amounts of rumen fluid
caused ash contents of the microbial material to be rather high, on average almost 20% of
DM. The variation in dry matter content between individual batches enabled us to make an
estimate of ash and minerals associated with the solid and liquid phase. This was done by
regressing ash and mineral contents of fresh material on dry matter content of the
suspensions. In this way it was estimated that on average 23%of ash, almost 100% of Na,
62%of K, 14%of Mg,aninsignificant amountof Ca and27%of Pwas actually dissolved in
the fluid phase and therefore of non-microbial origin. Likewise ash, Na, K, Mg, Ca and P
contents of the solidphasewereestimated as 150,0, 5,2, 17and 11g.kg"1DM,respectively.
As the solidphase willhave alsoincluded somemineral material of non-microbial origin,the
latterfigures must still overestimate truecontents of microbial cells,though the valueof15%
ashisslightly lowerthanthemeanvaluefound for pureculturesinTable7.3.2.
Nitrogen content of microbial organic matter was lower than found in the experimental
work of Storm and 0rskov (1983), but slightly higher than themean for purecultures quoted
by the same authors. As Storm and 0rskov (1983) already point out, most of the variation in
nitrogen content is due to variable contents of reserve carbohydrates. These have not been
measured in the present study. But it may be relevant that Storm and 0rskov (1983) used
ruminaicontents of animalswhich hadbeenfasted for 12-16h.Inourcasemostanimals were
slaughtered immediately after arrival at the abattoir. Consequently, rumen contents had often
substantial amounts of freshly ingested feed in combination with low amounts of free liquid.
Hence, energy must have been abundantly available to microbial cells probably resulting in
highercontentsofreservecompounds.
Ammonia-N amounted to less than 5% of nitrogen or 293 mg.kg"1 of fresh rumen
microbial material. Such avalueistobeexpected asitiswithin therangeof values measured
inrumen fluid itself forcattleonwinterdiets.
Amino acid-N and composition are remarkably similar to the values obtained by Storm
and 0rskov (1983) and thevalues found for pure cultures. These authors emphasize the lack
of any significant variation in amino acid profile between individual estimates of mixed
populations of rumen bacteria. Concentrations of diaminopimelic acid (5-10 mmoLmol"1
aminoacids)wereinarange asexpected from thedataof Storm and0rskov (1983) butcould
notbeaccuratelyassessedfrom thechromatograms.
The organic part of the caseinate contained minute amounts of lipid and carbohydrate.
Aminoacid contents agreedwith thevaluesprovided bythemanufacturer, apart from alower
value for cystine (probably due to losses during acid hydrolysis) and a higher value for
proline. Differences in amino acid profile between microbial material and caseinate mainly
concern thenon-essential aminoacidsandin additioncystine.
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Table7.3.2.Chemicalcompositionofrumenmicrobialmassandcaseinate;
dataofrumenmicrobialmassarecomparedwiththosefoundbyStormand
Orskov(1983).
Source:
Drymattercontent
DM(g.kg"1)
Compositionofdrymatter(g.kg~*
Ash
Nitrogen
Lipid
Carbohydrate
Compositionoforg.matter(g.kg'l
Nitrogen
Mineralcomposition(g.kg'lDM)
Sodium
Potassium
Calcium
Magnesium
Phosphor
Compositionofnitrogen(g.kg'lN)
Ammonia-N
Aminoacid(AA)-N
AAcomposition(mmol.mol"1AA)
Arginine
Histidine
Isoleucine
Leucine
Lysine
Methionine
Cystine
Phenylalanine
Tyrosine
Threonine
Valine
Total(semi)essentialAA
Alanine
Asparticacid
Glutamicacid
Glycine
Proline
Serine
Totalnon-essentialAA

1

microbial mass
2
3

78 6
DM)
198 9
78 9

OM)
97 4
34
13
16
2
15

caseinate
1
4

943. 0
104. 3
102.4
92. 1
93.2

168.5
77.7
101.0
155.2

50. 4
147. 0

114. 3

93.4

154. 8

1
6
3
3
5

9.0
2.0

17. 8
<0. 1
0.5
<0. 1
7.6

47
822

809

825

35
17
61
80
79
25
10
41
29
53
62
492
95
106
119
90
47
50
507

37
14
54
74
72
21
11
43
33
57
59
475
102
117
118
90
44
54
525

39
17
56
75
76
21
13
38
31
58
66
490
104
109
111
96
39
50
509

16.0
0.1
0.5
<0.1
7.3
>990

25
24
48
89
73
(24)
(0)
36
37
45
70
471
43
66
198
32
123
68
530

26
24
50
91
67
25
4
38
39
47
73
484
42
68
195
31
104
74
514

1:Present study;2:meancompositionofrumenmicro-organisms obtainedby
large-scale isolation (Storm & Orskov, 1983); 3: mean composition of
twenty-nine estimates ofpure cultures ofrumenbacteria as calculatedby
Storm& Orskov (1983)from different literature sources;4: data supplied
byfactory(DMV,Veghel).
( )Unlikecystineandmethionine inmicrobialmasstheseaminoacidshave
not been analysed separately after oxidation to cysteic acid and
methionine-sulphone.
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Animalhealth
Despite the young age of the sheep few problems were encountered during the feeding
experiment which couldbe attributed tothepresence ofrumen fistulas andabomasal infusion
tubes. An exception was one animal which developed a leakage from its abomasal infusion
tubeinthecourseofthelastperiod.Datafor thisanimalduringperiod4havebeen discarded.
Animals increased steadily inweightoverthefirstthreeperiods from 24kg (range:22-27kg)
to 29 kg (range: 27-34 kg). This corresponds to a mean gain of 79 g.d"1, clearly below the
growth potential at this age and weight, but not unexpected in view of therather low quality
of the feed. During the last period when additional glucose was infused, liveweights
decreased somewhat probably as a result of a reduction in the weight of gastrointestinal
contentsasisevident from asmallerreticulo-rumenliquorvolumeatthattime (seebelow).
Intake
Intakeof DM (DMI)from hay perperiod of 7daysis shown inFigs.7.3.1 and7.3.2. Effects
ofexperimental treatmentsonDMIandestimated MEIaregiven inTable7.3.3 and7.3.4.

Fig.7.3.1.Meandailyintakeofhaydrymatterperperiodof7daysforgroupsofsheepreceivinganabomasal
infusionofeitherwater(C),orrumenmicrobialmaterial(RM),orprotein(Pro).Nreferstonumberofanimals
pergroup.

Asexplained in Section7.2 datafor thecontrol treatment (C)inTable7.3.3.aremean values
of first and second control period together. Data for (C) in Table 7.3.4 apply to values
obtained in the second control period only. DMI for the experimental treatments was
calculated astheaverageof thewholeinfusion periodsexcludingthefirst threedays.
DMI during control periods amounted to on average 63 g.kg"°-75.d-1 (range: 57-68),i.e.
higher than thevalue predicted for older sheep from digestibility and nitrogen content of the
roughage (56 g.kg"0-75.d_1) according to regression model 5 given in Chapter 1. DMI in
absolute terms was significantly higher in the second control period than in the first (seeFig.
7.3.1 and7.3.2),probablyrelated toanincreaseinbody weight.
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Table7.3.3.Effectsofabomasalinfusionofeitherprotein (Pro)orrumen
microbialmass (RM)ondrymatterintakeandestimatedmetabolisableenergy
intakeofroughage-fedsheepreceivinganabomasalinfusionofwaterduring
controlperiods (C).Datawithstandarderrorsrefertomeanintakesduring
controlperiodsandtomeandifferencesinintakebetweentreatments.

treatment
numberof
observations
DMI(g.d"1)
MEIfromfeed

n-4

(MJ.d"1)

treatmentdifference
DMI(g.d"1)
MEIfromfeed(MJ.d-1)
MEIfromInfusate(MJ.d-1)
MEItotal(MJ.d"1)

767
6.7

734
6.5

Pro-C

RM-C

-7
-0.1
+1.0

-26
-0.3
+1.1

+1.0*

39
0.3

26
0.2
0.03
0.2

+0.9*

significantlydifferentfromzero

Table 7.3.4. Effects of abomasal infusion of either protein and glucose
(Pro+Glu)orrumenmicrobialmassandglucose (RM+Glu)ondrymatterintake
and estimated metabolisable energy intake of roughage-fed sheep receiving
an abomasal infusion of water during control periods (C). Data with
standard errors refer tomean intakes during control periods and tomean
differencesinintakebetweentreatments.

treatment
numberof
observations

n=4 n=3

DMI(g.d"1)
MEIfromfeed(MJ.d"1)

841
7.4

780
6.8

treatmentdifference

(Pro+Glu)-C

(RM+Glu)-C

DMI(g.d"1)
MEIfromfeed(MJ.d"1)
MEIfrominfusate(MJ.d"1)
MEItotal(MJ.d"1)

87*
-0.8*
+2.2
+1.5*

-149*
-1.3*
+2.2
+0.9*

56 64
0.5 0.6

25
0.2
0.1
0.2

29
0.3
0.1
0.3

significantlydifferentfromzero
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When compared to the average of both control periods DMI was not significantly different
duringthe secondperiodneither with abomasalinfusion of rumen microbial material norwith
abomasal infusion of caseinate. Both treatments significantly increased estimated MEI to a
similardegree,i.e.about15%.

DMI
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DMI

N=3
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m

+Glu

+Glu

1000
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+Glu

+Glu

800 j -

600-

600

400 -r-

400

200

200

0

0
3

3

Period

Period

Fig. 7.3.2. Meandailyintakeofhaydrymatterperperiodof7days forgroupsofsheepreceivingan abomasal
infusion of either water (Q, or rumen microbial material and glucose (RM+Glu), or protein andglucose
(Pro+Glu).Nreferstonumberofanimalspergroup.

When additional glucose was infused (treatments RM+Glu and Pro+Glu) DMI from hay
decreased significantly, with 19% and 10% for (RM+Glu) and (Pro+Glu) respectively.
Nevertheless, estimated MEI was still significantly higher with additional glucose than
without,i.e. 13%(RM+Glu) and20%(Pro+Glu).
Nitrogenretention
Data relating to nitrogen balance have been summarized in Table 7.3.5 and 7.3.6. With (C)
animals had apositive nitrogen retention ofon average 2.2g.d"1.Infusion of rumen microbial
material and caseinate increased total nitrogen intake substantially (by about 50%), yet
without any positive effect on nitrogen retention. Most of the extra infused nitrogen was
recoveredinurine.With additional glucosenitrogenretentionincreased butonly significantly
for (Pro+Glu). Even for this treatment utilization of extra infused nitrogen for net protein
synthesis remained low: probably some 34%, as can be calculated from the data in Table
7.3.6.
Withthecontroltreatment nitrogenretention ofindividual animals waslinearlyrelated to
estimated MEIasshown byFig.7.3.3.Whendatafor experimental treatments wereplottedin
thesamegraph scatterwasgreatly increased withoutdefinite trendsbeingrecognizable.
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Table7.3.5.Effectsofabomasalinfusionofeitherprotein (Pro)orrumen
microbialmass (RM)onnitrogenbalanceofroughage-fed sheepreceivingan
abomasal infusion ofwater during controlperiods (C).Datawith standard
errorsrefertomeanvaluesduringcontrolperiodsandtomeandifferences
betweentreatments.Alldataareexpresseding.d"^-.
treatment

C

C

se

numberof
observations

4

4

n=4

N-intakefromhay
N-excretioninfaeces
N-excretioninurine
N-retention

13.2
6.0
5.2
2.0

13.8
6.3
5.0
2.4

0.7
0.4
0.2
0.4

treatmentdifference

Pro-C

RM-C

se

N-intakefromhay
N-intakefromInfusate
N-intakehay+Infusate
N-excretioninfaeces
N-excretioninurine
N-retention

+0.6
+6.8
+7.4*
+1.3*
+5.8*a
+0.3

-1.1
+6.9
+5.9*
+2.3*
+3.7*b
-0.1

1.0
0.2
1.1
0.5
0.5
0.4

:significantlydifferentfromzero
":valuesinarowwithdifferentsuperscriptsaresignificantlydifferent
fromeachothers (p<0.05).
a

Mineralretention
Data on mineral retention are given in Table 7.3.7 and 7.3.8. Measurements of mineral
retention showed a large variation between animals as is apparent from the high standard
errors in both tables. Apart from true differences between animals, low accuracy of the
measurements may also partly explain the high variability. For K, Ca, Mg and P retention
varied between less than 1and 7%of intake on treatment (C).Ahigherfigure (24%) applied
to Na. Taking into account a high level of excess feeding further reduces the accuracy to be
expectedfor estimates ofmineralretention.
OnlyNaretention was significantly changed,i.e.reduced,byinfusion ofrumen microbial
material orcaseinate alone. In combination with glucose the same wasfound. In addition Ca
retention appearedtobelowerfor (RM+Glu)ascomparedto(C).
Ruminaiparameters
Table 7.3.9 and 7.3.10 give values for a number of ruminai parameters. Values for pH and
VFA are in a range to be expected for a roughage of medium digestibility and nitrogen
content.
189

Table 7.3.6. Effects of abomasal infusion of either protein and glucose
(Pro+Glu) or rumen microbial mass and glucose (RM+Glu) on nitrogen balance
of roughage-fed sheep receiving an abomasal infusion of water during
control periods (C).Data with standard errors refer to mean values during
control periods and to mean differences between treatments. All data are
expressed ing.d"^.

treatment

C

C

number of
observations

4

3

N-intake from hay
N-excretion in faeces
N-excretion inurine
N-retention

treatment difference

13.2
6.0
5.2
2.0

(Pro+Glu)-C

N-intake from hay
N-intake from infusate
N-intakehay + infusate
N-excretion in faeces
N-excretion inurine
N-retention

+0.9
+7.4
+8.2*
+0.9
+4.8*
+2.5*

13.6
6.3
5.0
2.3

se
n=4

n=3

0.8
0.5
0.2
0.4

0.9
0.5
0.2
0.5

se

(RM+Glu)-C

-2.5
+7.5
+5.0*
+1.5
+3.2*
+0.3

1.4
0.3
1.5
0.9
0.6
0.6

1.6
0.3
1.8
1.0
0.7
0.7

significantly different from zero

NH4-N concentration exceeded the level of 50 mg.H that is often considered critical for
optimal microbial growth i.e not constrained by a nitrogen deficiency. Ruminai fluid volume
wasrelatively large when related tobody weight: takinginto account intestinal contents total
gut fill must have amounted to more than 30% of liveweight. With (Pro) and (RM) only Na
concentration of ruminai fluid was significantly changed (increased); the same was observed
with (RM+Glu).With (Pro+Glu) a significant increase was found for ruminai osmolality and
a significant decrease of pH. The meaning of these changes is not apparent. Ruminai fluid
volume decreased upon addition of glucose to the abomasal infusate, probably as a
consequenceof alowerDMIwiththesetreatments.
Bloodparameters
Information on bloodparameters is summarized inTable 7.3.11and7.3.12. Someparameters
showed changes with time as indicated by significant differences between first and second
control period. Significant decreases were noted for hemoglobin concentration and
hematocrit, a significant increase for serum Na concentration. The fact that these changes
were non-linear with time may be the cause that hemoglobin concentration in the second
periodwasfound tobesignificantly lowerthantheaverageoffirst andsecondcontrolperiod.
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Both protein infusion and infusion with rumen microbial material significantly increased
glucoseandureaconcentration.Thesechangeswerealsopresentwhen additional glucosewas
infused. Besidesplasmaprotein waslowerwith (Pro+Glu)and(RM+Glu).

Nitrogenretention
0.5 T (g/kg MW/d)

0.4
O

•

0.3 ••

• c

•
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•
•

•

•
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O
A

A

A RM
• Pro+Glu
* RM+Glu

0
0.4

0.5

0.6

0.7

MEI (MJ/kgMW/d)

Fig. 7.3.3. The relation between estimated metabolizable energy intake (MEI) and nitrogen retention for sheep
receiving hay with an abomasal infusion of either water (C),or protein (Pro) or rumen microbial material (RM)
or protein and glucose (Pro+Glu) or rumen microbial material and glucose (RM+Glu). Data are from individual
sheep.

Discussion
Unlike our hypothesis, extra rumen microbial material infused into the abomasum did not
increase the intake of roughage and neither did extra protein. Intake changes were absent
despite the fact that at least the intake of total nitrogen was substantially increased. In
addition, the extra protein supplied was utilized inefficiently as became apparent from
nitrogen balance measurements. Higher blood urea concentrations with both (RM) and (Pro)
also point to an increased breakdown of protein by the host animal. The absence of a
significant positive effect of glucose addition on nitrogen balance with (RM+Glu) will have
had different causes. A decrease of nitrogen intake from hay, a lower proportion of protein
nitrogen in the infusate of (RM+Glu) compared to (Pro+Glu), and a lower digestibility of
microbialproteincompared tocaseinate willhaveallcontributedtoit.
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Table7.3.7.Effectsofabomasalinfusionofeitherprotein (Pro)orrumen
microbialmass (RM)onmineralretentionofroughage-fedsheepreceivingan
abomasal infusion ofwater during controlperiods (C).Datawith standard
errorsrefertomeanvaluesduringcontrolperiodsandtomeandifferences
betweentreatments.

treatment
numberof
observations

4

Na
K
Ca
Mg

Pro-C

retentionofP
Na
K
Ca
Mg

+0.04
-0.38*
-0.18
-0.01
+0.02

n=4
0.28
0.54
0.98
0.26
0.03

0.04
0.11
0.27
0.08
0.02

-0.05
-0.38*
-1.15
-0.10
-0.02

0.14
0.11
0.65
0.18
0.06

0.27
0.54
0.45
0.21
0.01

retentionofP

treatmentdifference

4

RM-C

significantlydifferentfromzero

From theseresults it must beinferred thateitherour hypothesis hasbeen incorrect orthat our
test has failed. A failure to test correctly the effect of an increased availability of microbial
nutrients might be due to the use of a non-representative microbial preparation. Despite the
similarities in composition of themicrobial organic material between our study and literature
reports somecautionisneeded.
For instance, the composition of rumen microbial material may have not been
representativefor thetotalmicrobialpopulation normallyleavingtherumenwithdigesta.The
suspension that we used will have mainly consisted of bacteria associated with the liquid
phaseandhardly of bacteria attached todigestaparticles.Thelatterusually form the majority
of bacteria which arrive at the duodenum (Faichney, 1980).Comparisons of the composition
of solid and liquid-associated bacteria have shown that the former had significantly less ash,
total N,RNA anddiaminopimelic acid and significantly more lipid than the latter (Merry and
McAllan, 1983). Especially remarkable was a lipid content of 268 g.kg"1 OM in solidassociated bacteria compared to only 147 g.kg"1 OM in liquid-associated bacteria.
Carbohydrate contents of bacterial preparations also are not constant but vary depending
amongothersonnutritionalconditions.Theimpactof suchvariationsonthehostanimalhave
notbeenexamined andaretherefore difficult tojudge.
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Table 7.3.8. Effects of abomasal infusion of either protein and glucose
(Pro+Glu)orrumenmicrobialmassandglucose (RM+Glu)onmineralretention
of roughage-fed sheep receiving an abomasal infusion of water during
controlperiods (C).Datawithstandard errorsrefer tomeanvaluesduring
controlperiodsandtomeandifferencesbetweentreatments.

treatment
numberof
observations

4
0.27
0.54
0.45
0.21
0.01

retentionofP
Na
K
Ca
Mg
treatmentdifference

(Pro+Glu)-C

retentionofP
Na
K
Ca
Mg

-0.06
-0.70*
+0.48
-0.06
-0.03

3
0.24
0.50
1.00
0.29
0.02

n=4 n=3
0.04
0.11
0.29
0.09
0.02

0.04
0.13
0.34
0.10
0.03

0.15
0.20
0.86
0.16
0.07

0.17
0.23
1.00
0.19
0.08

(RM+Glu)-C
-0.32
-1.01*
-1.00
-0.60*
+0.08

significantlydifferentfromzero

From the observed effects of additional glucose one can hardly expect that the presence of
largeramountsof bacterialcarbohydrate wouldhavepositively influenced theintakeresponse
toanincreased availability ofmicrobial material.Thenutritionalroleof bacterial lipidsisless
certain. Abomasal infusion of corn oil at alevel of 14g.d"1did not affect intake of lambsof
25-30kg body weight (Papas etal., 1974).When the amount of oil was doubled, intake was
severelydepressed. Theamountof microbial lipids administeredinourexperimentmusthave
been lower, probably not more than 10g.d"1.It is, however, uncertain whether the resultsof
Papasetal.(1974)alsoapplytolipidsofmicrobialorigin.
Contamination of the microbial suspension with large amounts of rumen fluid may have
alsoobscured thetrueresponse toamore ample supply of microbial nutrients. Contamination
first concerned minerals dissolved or suspended inrumen fluid, though alargeeffect of these
substances seems unlikely. Apart from minerals the suspension will have been contaminated
by VFA. In planning the experiments their potential role has been overlooked and
concentrations have not been measured. Assuming a concentration somewhere between 100
and 200 mmol.l"1, infusâtes will have supplied animals an additional 0.1-0.4 mol VFA per
day.
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Table 7.3.9. Effects of abomasal Infusion of either protein (Pro) or rumen
microbial mass (RM) on ruminai parameters of roughage-fed sheep receiving
an abomasal infusion of water during control periods (C). Data with
standard errors refer to mean values during control periods and to mean
differencesbetween treatments.

treatment
number of
observations

PH
NH4-N (mg.l -1 )
buff, capacity (mmol.l" 1 )**
Na (mmoLl" 1 )
osmolarity (mosmol.l"1)
VFA (mmol.l-1)
fluid volume (1)
fluid outflow (X.h"1)

treatment difference

PH
NH4-N (mg.l"1)
buff, capacity (mmol.1" 1 )**
Na (mmol.l-1)
osmolarity (mosmol.l -1 )
VFA (mmol.l-1)
fluid volume (1)
fluid outflow (X.h"1)

4

4

6.76

6.8
84

87
30.5

31.2

110
251
61
7.0
6.6

113
258
64
7.0
7.2

Pro-C

n=4

0.03
5
1.3
3
4
3
0.5
0.5

RM-C

-0.01

-0.01

0.03

+5

+1

-2.3

-1.5

+6*
+7
+6

+6*
-2
+2

+0.0
+0.5

-0.3
+0.8

9
1.4
1
3
3
0.4
0.9

* :significantly different from zero
**buffering capacity inmmol H + . l _ 1 to change pH 0.25 unit at pH=6.5

This amount is small relative to the total amounts absorbed from the basal feed (probably
some 4 mold"1 as calculated on the basis of data in Table 4.2, Chapter 4). Compared to the
amounts absorbed from omasum and abomasum (about 0.8 mold"1 in this case) it is an
appreciable quantity. Therefore a significant disturbance of VFA concentration in abomasum
andduodenummaywellhaveoccurred.
In view of the above remarks some caution must be taken in extrapolating the findings
reported here to an increased availability of microbial material under normal feeding
conditions. Yet a dominant effect of the ratio between VFA produced in the rumen and
microbial nutrients digested in the small intestine on intake as hypothesized before seems
unlikely.
Additional glucose was given to see wether this would improve the response of intake and
proteinutilization.
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Table 7 . 3 . 1 0 . Effects of abomasal infusion of e i t h e r protein and glucose
(Pro+Glu) or rumen microbial mass and glucose (RM+Glu) on ruminai
parameters of roughage-fed sheep receiving an abomasal infusion of water
during control periods (G). Data with standard errors r e f e r t o mean values
during control periods and to mean differences between treatments.
treatment

C

C

numberof
observations

4

3

PH
NH4-N(mg.l-1)
buff,capacity (mmoLl -1 )**
Na(mmoLl"1)
osmolarity(mosmol.l-1)
VFA(mmol.l'1)
fluidvolume(1)
fluidoutflow(X.h"1)
treatmentdifference

PH
NH4-N(mg.l"1)
buff,capacity (mmol.l"1)**
Na(mmol.l-1)
osmolarity(mosmol.l-1)
VFA(mmol.l-1)
fluidvolume(1)
fluidoutflow(Ä.h"1)

se
n=4

n-3

0.03
8
1.1
3
4
2
0.7
0.4

0.03
9
1.3
3
5
2
0.8
0.5

6.81
95
31.3
110
256
62
7.3
6.5

6.85
85
32.6
112
260
64
7.6
7.4

(Pro+Glu)-C

(RM+Glu)-C

se

-0.05
-6
-1.3
+7*
+1*
-0
-1.7*
+0.7

0.02 0.03
9
11
1.9
2.2
2
3
1
2
3
3
0.4
0.4
0.5
0.5

-0.12*
+1
-2.5
+5
+9*a
+6
-1.0*
+0.6

: s i g n i f i c a n t l y different from zero
": values in a row with different superscripts are s i g n i f i c a n t l y d i f f e r e n t
from each others (p<0.05).
** buffering capacity in mmol H+.l" 1 to change pH 0.25 unit at pH=6.5
&

Unexpectedly, roughage intakedecreased and nitrogen utilization remained low.The amount
of glucose administered (5 g.kg"°-75.d_1) does not seem to be excessive. It equals the rateof
glucose synthesis estimated in lambs at maintenance level. In fast growing lambs glucose
synthesis may amount to 18 g.kg-0-75.d_1 (Kempton et al., 1977). Qualitative tests on the
presenceof glucoseinurinewhen glucosewasinfused inourlambs,werenegative.
Probably most of theglucoseinfused will have been absorbed from the small intestine as
glucose absorption capacity in young steers has been found to exceed 25 g.kg"0-75^"1
(McAllan and Lewis, 1985) and intestinal starch digestion capacity for mature sheep is
estimated at 10-15 g.kg-°-75.d_1 by 0rskov (1986). Local changes in the osmolarity of
intestinalcontentswillhaveoccurred butmusthavebeensmall.
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Table 7.3.11. Effects of abomasal infusion of either protein (Pro)or rumen
microbial mass (RM) on blood parameters of roughage-fed sheep receiving an
abomasal infusion of water during control periods (C).Data with standard
errors refer to mean values during control periods and to mean differences
between treatments.

treatment
number of
observations

hemoglobin (mmol.l"*-)
hematocrit (l.l"1)
plasma protein (g.l"*
albumin (X)
alphaglobulin(%)
betaglobulin (%)
gammaglobulin (X)
glucose (mmol.l"*-)
urea (mmol.l"*-)
serum Na (mmol.l"*-)
serum K (mmol.l"*-)

treatment difference

hemoglobin (mmol.l"*-)
hematocrit (l.l"1)
plasma protein (g.l"*-)
albumin (X)
alphaglobulin (X)
betaglobulin (X)
gammaglobulin (X)
glucose (mmol.l"*-)
urea (mmol.l"*-)
serum Na (mmol.l"*-)
serumK (mmol.l"*-)

4

6.9
0.31
70
52.8
14. l a
7.5
25.7
3.2
4.0
148
4.8

Pro-C

-0.3*
-0.02*
-0.5
+0.2
-0.6
-0.7
+1.1
+0.3*
+2.1*
+0.5
+0.1

4

6.5
0.29
69
56.3
13. l b
7.2
23.6
3.2
4.2
147
4.9

n=4

0.2
0.01
2
2.6
0.2
1.0
1.8
0.1
0.4
0.4
0.04

RM-C

-0.3*
-0.01
-1.0
-1.3
-0.3
+0.4
+1.1
+0.2*
+1.6*
+0.3
-0.1

0.08
0.01
0.7
1.2
0.3
0.4
0.7
0.05
0.2
1.0
0.1

ju

: significantly different from zero
* .values in a rowwith different superscripts are significantly different
from each others (p<0.05).

Abomasaldigestaflow canbeestimated from ruminai liquoroutflow multipliedbyafactor of
1.3 for aroughage of some 60%digestibility (see Table 4.2, Chapter 4). This would yield a
abomasal digesta flow of some 13 l.d"1. Assuming an osmolality of 300 mosmol.l"1 for
abomasal digesta, the infusate of glucose will have caused a local increase in osmolality of
lessthan 10%.
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Table 7 . 3 . 1 2 . Effects of abomasal infusion of e i t h e r protein and glucose
(Pro+Glu) or rumen microbial mass and glucose (RM+Glu) on blood parameters
of roughage-fed sheep receiving an abomasal infusion of water during
control periods (C). Data with standard errors r e f e r t o mean values during
control periods and t o mean differences between treatments.
treatment

C

C

numberof
observations

4

3

hemoglobin(mmol.l"1)
hematocrit(l.l"1)
plasmaprotein(g.!"-*-)
albumin(X)
alphaglobulin(X)
betaglobulin(X)
gammaglobulin(X)
glucose (mmol.l"1)
urea (mmol.l"-'-)
serumNa(mmol.l"1)
serumK(mmol.l"1)
treatmentdifference
hemoglobin(mmol.l"'-)
hematocrit (l.l"1)
plasmaprotein(g.l"1)
albumin(X)
alphaglobulin(X)
betaglobulin(X)
gammaglobulin(X)
glucose(mmol.l"-'-)
urea (mmol.l"1)
serumNa(mmol.l"1)
serumK(mmol.l"1)

6.4
0.29
70
54.7
14.6a
6.4
24.4
3.2
4.2
149
4.8

6.3
0.28
72
56.5
13.2b
7.2
23.2
3.3
4.5
148
5.0

(Pro+Glu)-C

(RM+Glu)-C

+0.1
+0.00
-2*
-0.7
-0.5
+1.5
-0.3
+0.4*
+1.8*a
-0
-0.0

+0.4
+0.01
-4*
+1.6
-0.0
-0.3
-1.3
+0.3
+0.7*b
+0
-0.1

se
n=4

n=3

0.1
0.01
2.0
2.7
0.2
0.8
1.8
0.1
0.3
0.6
0.1

0.2
0.01
2.3
3.1
0.3
1.0
2.1
0.1
0.4
0.7
0.1
se

0.1
0.01
0.5
1.4
0.5
0.9
1.1
0.1
0.2
1.0
0.1

0.1
0.01
0.6
1.6
0.5
1.0
1.4
0.1
0.2
1.2
0.1

: s i g n i f i c a n t l y different from zero
: values in a row with d i f f e r e n t superscripts are s i g n i f i c a n t l y different
from each others (p<0.05).

ab

With starch as the carbohydrate source, the disturbance of osmolality would have been still
much lower. Yet later experiments (Exp. 3b and c) did not show any difference in intake
response toequicaloric amountsof glucoseorstarch.
A relatively larger change might have occurred in the metabolism of gut tissue which in
turn may have resulted in a change of subststrate partitioning between gut and other tissues.
Onbiochemical grounds itisoften thought that additional glucogenic energy will improvethe
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capacity to convert acetate into lipid and thus roughage intake capacity. If, however, extra
abomasally infused glucose is preferentially used by gut tissues, a higher acetate load upon
other body tissues may be the unintended consequence of such infusions. In fact, positive
effects of abomasally administered glucose on roughage intake appear to be lacking in the
literature.DataofLeng (1982)from anexperiment with lambsonasemi-purified diet showa
negative effect of abomasally infused glucose. AlsoBarry andManley (1985)found intakeof
fresh rye-grass to be depressed in pregnant ewes when glucose was infused into the
duodenum. Anegativeeffect was alsoreported in a short term study withcattle byGill etal.
(quoted in Gill, 1988). Finally, with cattle grazing barley stubble and mature pasture and
given no supplement or a supplement of fishmeal orfishmealplus abomasal glucose, Hynd
(1989)did notfind achange of herbage intake upon glucose infusion. Clearly, moreresearch
isneededtoclarify theroleof glucoseinruminant nutrition.
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7.4 Effects ofruminai infusion ofpotassium citrate with
or without abomasal infusion ofmicrobial material
and effects of ruminai infusion ofgrassjuice (Exp.2)
Aim
Theaimofthisexperiment was twofold:
l.to test whether an increased concentration of potassium in rumen fluid, alone or in
combination with extraabomasal protein (microbial material)increases theroughage intake
ofsheep,
2.totestwhether ruminai administration of grassjuiceincreases theroughageintakeofsheep.

Experimental details
Extraction ofgrassjuice
Grass juice was extracted from a single batch of fresh spring grass using a screw press
(Wieringa et al., 1980). A total amount of 1000 1 juice was collected from about 2 tons of
fresh grass. Care was taken toprevent separation of solid and liquid components in thejuice
before transferring thejuice into polyethylene bags of one kg each. Thejuice was then put
intoacontainer at -25 °C.Duethe largequantity it took severaldaysbefore thejuice became
completely frozen.
Feedingexperiment
For the feeding trial 8mature wether sheep fitted with rumen fistulas and abomasal infusion
tubes were divided in two groups of 4. Following an adaptation period of 1 week, the
experiment had 4 subsequent periods each lasting 3weeks.The first and third periods served
ascontrol periods duringwhich allanimals weregivenhayincombination witharuminaiand
abomasal infusion of water. In the second period one group of animals received a ruminai
infusion with K-citrate (Merck), equivalent to 0.5 mold"1 of K, dissolved in water (2.4 1)so
as to be isotonic with ruminai fluid (280 mosmol.l"1). The other group received the same
treatment butin addition an abomasal infusion of rumen microbial material, equivalent to 0.6
gmicrobial N.kg"°-75.d_1.Microbial material came from the samesource asusedinExp. 1.In
the fourth period grassjuice was infused into the rumen. As we then had lost one animal, 3
animals received alow dose,corresponding to4kg.d"1 of fresh juice, the other 4ahigh dose
equivalent to 8 kg.d"1 of fresh juice. The high dose was chosen so as to obtain a K dose
comparable totheamountadministeredwithK-citrate.
Throughout periods 1,2 and 3 amounts of fluid infused were kept constant at±2.4l.d"1
for ruminai infusions and ±1.9 l.d"1 for abomasal infusions. As a consequence amounts of
fluid infused were substantially higher in period 4 compared to its control: period 3. This
shouldbekeptinmindfor theinterpretation ofeffects ofgrassjuice administration.
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Fresh solutions of microbial material and grass juice were prepared twice daily. Infusion
vessels were kept cool on melting ice to prevent deterioration. The rumen microbial
suspension andgrassjuicewere stirredcontinuously toprevent unmixing.
Roughage intake was measured daily. Animals were weighed weekly. The last 7daysof
each period were used to collect faeces. At the end of the second week of each period two
blood samples per animal were collected on subsequent days. Samples were analysed for
hemoglobin, hematocrit, total protein, protein spectrum, glucose, urea, serum Na and K. On
the samedays samples ofrumen fluid were withdrawn after animals had been dosedwith CrEDTA intraruminally. Measurements included ruminai pH, concentrations of NH4-N, VFA,
Na,K, Ca,Mg, Cl,PO4.In addition rumen volume and rumen fluid outflow were calculated
from Crconcentrations.
As roughage a mixed grass hay was used with a composition as shown in Table 7.4.1.
Organicmatterdigestibility of thehay asmeasured duringcontrol periods appeared tobe634
g.kg"1 OM. ME content of the hay was calculated assuming an ME content of digestible
organic matter equal to 16 MJ per kg digestible organic matter. ME contents of rumen
microbialmaterial andK-citrate wereestimated asrespectively 15.4MJ.kg"1OM(seeExp.1)
and 10.3 MJ.kg"1 OM. Grass juice was assumed to be completely digestible, having an ME
content of 16MJ.kg"1OM.

Table 7.4.1. Chemical composition and digestibility ofhay (Exp. 2)

Drymatter content
DM (g.kg"1)
Composition of drymatter (g.kg"1-DM)

Ash
Nitrogen
Crude fiber
Mineral composition (g.kg"1-DM)
Sodium
Potassium
Calcium
Magnesium
Phosphor
Sulphur
Digestibility (g.kg"1)

OM

883
88
15.3

290
2.8
13.6

5.0
2.2
2.6
2.2
634

Results
Compositionofgrassjuice
Thecomposition offresh grass,extractedjuiceandpressed grassaregiveninTable7.4.2.
Conditions for efficient extraction of dry matter present incellcontents were unfavourable as
aresultofalowdrymattercontentof thefresh grass(132g.kg"1).
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Table 7.4.2. Chemical composition of freshgrass,pressed grass and juice.

fresh grass
Drymatter content
DM (g.kg-1)
Composition of drymatter

132

223

144

130
26.9
217

juice

39

(g.kg"1 DM)

Ash
Nitrogen
Crude fiber
Mineral composition (g.kgSodium
Potassium
Calcium
Magnesium
Phosphor
Sulphur
Composition ofN (g.kg N)
Ammonia-N
Nitrate-N
Amino acid (AA)-N
AA composition (mmol.moi-'
Arginine
Histidine
Isoleucine
Leucine
Lysine
Methionine
Cystine
Phenylalanine
Tyrosine
Threonine
Valine
Total (semi)essentialAA
Alanine
Aspartic acid
Glutamic acid
Glycine
Proline
Serine
Totalnon-essential AA

pressed grass

29.1

179
1

172
38.1

0

DM)

2.5
31.0

4.3
1.7
3.1
3.4

2.0
25. 3
3.4
1.4
2.8
2.6

6.6
72.9
10.6

3.6
6.4
7.9

68
697

43
770

9.8
13
744

44
19
45
86
66
13
3
45
24
55
66
466
128
92
99
102
58
55
534

45
18
47
91
59
14
2
49
25
54
66
472
120
93
100
104
56
56
529

42
18
47
89
70
14
2
50
25
53
66
476
111
99
99
103
56
57
524

AA)

This was caused by rainy weather prior to harvesting.Extraction ratios - defined as the ratio
between yield of component injuice and amount of component present in fresh grass - were
estimated tobe about0.5 for water,0.15for dry matterand0.19 for crudeprotein (N* 6.25).
These values are similar to results obtained in previous experiments with the samepress for
early season grass of low dry matter contents (Wieringa etal., 1980).As a result of thehigh
extraction ratiofor water ascompared tothelowratiofor dry matter,juice drymatter content
wasvery low, amounting toonly 39g.kg"1.Nitrogen content of thejuice dry matterwas 31%
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higherthan in theoriginal material but it stilldidnotreach 4%.Subtracting amounts of crude
protein and ash from total dry matter injuice it can be estimated that approximately 60%of
thejuice dry matter must have been composed of carbon components. These have not been
analysed, but theyprobably consisted mainly of solublereservecarbohydrates (fructans) with
someadditional lipidmaterial andorganic acids.These areall highly digestible substances.It
is important to note the magnitude of this fraction as it probably influenced protein
transactions in the rumen and the overall response of the experimental animals to juice
administration.
As expected, large amounts of minerals from the fresh grass accumulated in the juice:
contentsof Na,K, Ca,Mg,PandSwere2.1to2.6timeshigherinjuicedrymatterthan inthe
original grassdry matter.
Of the total nitrogen in juice 70 to 77% was recovered as amino-acid nitrogen.
Differences between the three fractions probably do not reflect true differences in the
contribution of amino acidstototal nitrogen, asitisdifficult toexplain thefinding of alower
valueinthefresh grassthanin theconstituting fractions ofjuice andpressed grass.Values for
amino-acid nitrogen found here are lower than the values of over 80% calculated from
different sources quoted by Lyttleton (1973). Lower values may be due to the presence of a
largerfraction ofnon-aminoacidnitrogenortolossesof aminoacidsduringanalysis.
Differences in amino acidcomposition of fresh grass,pressed grass andjuice were small.
Large differences were not expected in view of the low extraction ratio for protein. In
addition, different protein extracts from leaf tissue usually show very similar amino acid
composition according todata shown by Lyttleton (1973). Contents of most amino acids fall
within therangeof values quoted by thesameauthorexcept for lysine and alanine which are
somewhat higherandthevaluefor cystine which islower.Thelatteriscertainly duetolosses
during analysis ascystinewasnotmeasured separately ascysteic acid.Comparisons of amino
acid contents withpublished data areprobably obscured bythemethod of sample preparation
or analysis. Differences between herbage proteins of different species and plant ages appear
to be small when only analyses of the same laboratory are considered (Lyttleton, 1973;
Demarquilly etal., 1981).Much largerdifferences -up totwofold for individual amino acids
- are found when values are compared for the same type of herbage protein (lucerne protein
forinstance)butanalysed indifferent laboratories (Lyttleton, 1973).
When the amino acid composition of grass juice is compared with the composition of
rumen microbial material (see Table 6.3.2) both appear to be strikingly similar. Differences
mainly concern the sulphur containing amino acids and these probably arise from analytical
differences as noted above.Forthisreason, any scopefor changes in amino acid composition
of duodenal contents uponjuice administration will have been small. In agreement with this
conclusion is the observation that duodenal amino acid composition of sheep fed herbage of
different protein contentwasalmostconstant (Hoganetal.,1969).
Animalhealth
Oneanimal showed agraduallydiminishing intakeduringperiod2andwasremoved from the
experiment. No recovery was observed over the following weeks and the animal was killed.
Post-mortem examination revealed signs of pericarditis. Another animal developed a skin
lesionoverits anklejoint butrespondedquickly totreatment.
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As already mentioned in Section 7.2,dataof thelastweek ofperiod4hadtobediscarded.As
a result no information was obtained on digestion of the hay diet in combination with grass
juice infusion.
Animals weighed onaverage 52kg (range:47-58kg) atthe start of theexperiment and55kg
(range:48-61kg)attheend, 11 weeks later.
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Fig.7.4.1. Mean daily intakeof hay dry matter perperiod of 7 days for groups of sheepreceiving either ruminai
and abomasal infusions of water (C), or a ruminai infusion of a K-citrate solution (K), or the same in
combination with an abomasal infusion of rumen microbial material (K+RM).Nrefers tonumber ofanimals per
group.
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Fig. 7.4.2. Mean daily intake of hay dry matter per period of 7 days for groups of sheep receiving either a
ruminai infusion of water (C) or a ruminai infusion of grassjuice ata low level (LJui) or a high level (HJui).N
refers tonumber ofanimalspergroup.

203

Intake
DMIfromhay perperiod of 7days is shown inFigs.7.4.1and 7.4.2. Mean DMIfor thefirst
control period was calculated from daily intake during the first three weeks. Mean DMI for
bothtreatments withK-citrate infusion andfor thesecondcontrolperiodwascalculated asthe
average of the last 18days of the 3 weeks period. Mean DMI with grassjuice infusion was
taken as the average daily intake during the second week as intake had not stabilized before
anddatafor the third week hadtobediscardeddue tounusual climatic conditions.Effects of
experimental treatments on DMI and estimated MEI are given in Table 7.4.3 and 7.4.4. As
explained in Section 7.2, data for the control treatment (C) in Table7.4.3 are mean valuesof
first and second control period together. Data for (C)in Table 7.4.4 apply to values obtained
inthesecondcontrolperiod only.

Table 7.A.3. Effects of either a ruminai infusion of a K-citrate solution
(K) alone or the same in combination with an abomasal infusion of rumen
microbial mass (K+RM) on dry matter intake and estimated metabolisable
energy intake of roughage-fed sheep receiving ruminai and abomasal
infusions of water during control periods (C). Data with standard errors
refer to mean intakes during control periods and to mean differences in
intake between treatments.
treatment
numberof
observations

n=4 n=3

DMI(g.d"1)
MEIfromfeed(MJ.d"1)

1120
10.3

treatmentdifference

K-C

(K+RM)-C

+20
+0.2
+0.3a
+0.5

-78
-0.7
+2.2b
+1.4*

DMI(g.d"-1-)
MEIfromfeed (MJ.d"1)
MEIfromInfusate(MJ.d"1)
MEItotal(MJ.d"1)

1093
10.1

46 53
0.4 0.5

32 37
0.3 0.3
0.02 0.02
0.3 0.3

significantlydifferentfromzero
ab valuesinarowwithdifferentsuperscriptsaresignificantlydifferent
fromeachothers (p<0.05).

Mean DMI per animal during both control periods amounted to 57 g.kg"0-75^"1 (range: 5260), similar to the amount predicted from digestibility and nitrogen content of the roughage
(56 g.kg"°-75.d_1) according toregression model 5 given in Chapter 1.Between both control
periodsDMIwasnotsignificantly different.
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Table 7.4.4. Effects of ruminai Infusion of grass juice at a low (LJul) or
a high level (HJui) on dry matter Intake and estimated metabollsable energy
intake of roughage-fed sheep receiving a ruminai infusion of water during
control periods (C). Data with standard errors refer to mean intakes during
control periods and to mean differences in intake between treatments.
treatment

C

C

numberof
observations

3

4

se
n=3 n=4

DMI(g.d"1)
MEIfromfeed(MJ.d'1)

993
9.2

treatmentdifference

LJui-C

HJui-C

se

-117
-1.1
+2.1a
+1.0a

-120
-1.1
+4.1b
+3.0*b

61 53
0.6 0.5
0.09 0.08
0.5 0.4

DMI(g.d"1)
MEIfromfeed(MJ.d"1)
MEIfromInfusate(MJ.d-1)
MEItotal(MJ.d"1)

1139
10.5

54 47
0.5 0.4

: significantly different from zero
: values in a row with different superscripts are significantly different
from each others (p<0.05).

ab

Neither infusion of K-citrate (K) nor the combination with abomasal infusion of rumen
microbial material (K+RM)increased hay intake.With thecombination there was atendency
towardalower hay intakeduring theexperimental infusion treatment.Digestibility of thehay
was not significantly changed by K-citrate infusion. The amount of energy infused as citrate
was small: only 3%of MEI from hay without citrate infusion. Only with (K+RM) totalMEI
was significantly increased,onaveragewith 14%.
Withinfusion of grassjuice hay intake tended todecrease,both atalow (LJui)andahigh
level of infusion (HJui). Due to large between-animal differences in intake response, this
decrease was not statistically significant. Probably for the same reason effects of level of
infusion were not apparent. Estimated MEI wason average 11% higher with (LJui) and29%
higherwith (HJui),thelatterincreasebeingsignificantly different from zero.
Ruminaiparameters
The infusion treatments brought about a large number of changes in ruminai fluid
composition.These aretabulatedinTable7.4.5 and7.4.6.
Infusion of K-citrate increased theconcentration of Kfrom on average 27mmol.l"1to50
and 53 mmol.l'1, for (K) and (K+RM), respectively. At the same time Na concentrations
decreased but to a lesser extent, so that the sum of both ions became higher (+5 and +7
mmol.l"1for (K)and (K+RM)) withKinfusion thanwithout.
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Table 7.4.5. Effects of either a ruminai infusion of a K-citrate solution
(K) alone or the same in combination with an abomasal infusion of rumen
microbial mass (K+RM) on ruminai parameters of roughage-fed sheep receiving
ruminai and abomasal infusion of water during control periods ( C ) . Data
with standard errors refer to mean values during control periods and to
mean differences between treatments.

treatment

C

C

number of
observations

4

3

K (mmol.l" 1 )
Na (mmol.l" 1 )
Mg (mmol.l- 1 )
Ca ( m m o l . l - 1 )
NH4 (mmol.l- 1 )
sum of cations (mmol.l" 1 )
PO4 (mmol.l- 1 )
CI (mmol.l- 1 )
Ac (mmol.l- 1 )
Prop (mmol.l" 1 )
But (mmol.l" 1 )
sum of VFA (mmol.l" 1 )

26
107
1.6
2.0
5.9
143

27
103
1.9
2.2
6.4
141

16.6
10.4

15.4

62
19
7
87

9.5
65
20
8
93

se
n=4

n=3

0.9
2.4
0.2

1.0
2.8
0.2

0.06

0.07

0.5
2.0
1.0
0.6
3.1
1.1
0.5
3.8

0.6
2.4
1.2
0.7
3.6
1.3
0.6
4.4

pH

6.77

6.68

0.04

0.04

fluid volume (1)
fluid outflow (%-h"1)
fluid outflow (l.d- 1 )

8.5
7.7

7.9
7.9

15.5

14.8

0.6
0.2
1.2

0.7
0.2
1.4

treatment difference

K-C

K (mmol.l" 1 )
Na (mmol.l" 1 )
Mg (mmol.l- 1 )
Ca (mmol.l" 1 )
NH4 (mmol.l- 1 )
sum of cations (mmol.l" 1 )
PO4 (mmol.l- 1 )
CI (mmol.l" 1 )
Ac (mmol.1" 1 )
Prop (mmol.l" 1 )
But (mmol.l" 1 )
sum of VFA (mmol.l" 1 )

pH
fluid volume (1)
fluid outflow (X.h" 1 )
fluid outflow (l.d- 1 )

se

(K+RM)-C

+24*
-19*
+0.7*
+0.0
-0.4

+26*
-19*
+0.5
-0.3
-0.1

+6*

+7*

-5.1*a
-0.2
+4*a

-0.7 b
-0.5
-lt>

+3
+0
+7

-5
-1
-6

+0.05
-0.7
+0.7*a
+0.0

+0.06
-0.1
-0.2b
-0.6

2.7
2.8
0.2
0.10

0.12

0.4
1.0
0.9
0.5
1.2
2.6
0.4
3.9

0.4
1.2
1.0
0.5
1.3
3.0
0.4
4.5

0.02

0.02

0.6
0.2
1.0

0.7
0.2
1.2

: significantly different from zero
*":values in a row with different superscripts are significantly different
from each others (p<0.05).
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3.1
3.2
0.2

Table7.4.6. Effectsofaruminai infusionofgrass juice ata low (Uui)
or a high level (HJui) on ruminai parameters of roughage-fed sheep
receivingaruminaiinfusionofwaterduringcontrolperiods(C).Datawith
standard errors refer to mean values during control periods and tomean
differencesbetweentreatments.
treatment

C

C

numberof
observations

3

4

K (mmol.l-1)
Na(mmol.l"1)
Mg (mmol.l'1)
Ca(mmol.l"1)
NH4(mmol.1"1)
sumofcations(mmol.l"1)
PO4(mmol.l-1)
CI (mmol.l-1)
Ac (mmol.l-1)
Prop(mmol.l-1)
But (mmol.l"1)
sumofVFA(mmol.l"1)
pH
fluidvolume(1)
fluidoutflow(X.h"1)
fluidoutflow(l.d-1)

29
104
2.0
2.0
6.8
145
14.5
10.1
66
20
7
92
6.66
7.1
7.4
12.5

27
104
1.4
2.0
6.3
141
13.3
10.3
62
17
7
85
6.77
8.9
7.8
16.7

treatmentdifference

LJui-C

HJui-C

K (mmol.l"1)
Na(mmol.l"1)
Mg (mmol.l"1)
Ca(mmol.l"1)
NH 4 (mmol.l"1)
sumofcations(mmol.l"1)
PO4(mmol.l-1)
CI (mmol.l-1)
Ac (mmol.1"1)
Prop(mmol.l"1)
But (mmol.l"1)
sumofVFA(mmol.l"1)
pH
fluidvolume(1)
fluidoutflow(X.h"1)
fluidoutflow(l.d-1)

+12*
-18*
+1.3*
+0.6*
+0.3
-4
+2.1
+3.0
-9*
-1
-2
-11*
-0.07
-0.0
+0.0a
+0.0

+12*
-25*
+1.5*
+0.8*
-0.7
-12*
+2.3
+2.9*
-12*
-1
-2
-14*
-0.07
-1.2
+2.2*b
+1.7*

se
n=3

n=4

1.3
3.0
0.3
0.07
0.7
2.3
2.1
0.8
4.1
2.6
1.0
5.4
0.04
0.9
0.4
1.5

1.1
2.6
0.3
0.06
0.6
2.0
1.8
0.7
3.5
2.3
0.9
4.6
0.04
0.8
0.3
1.3
se

3.2
5.2
0.3
0.23
0.3
3.1
2.5
1.2
3.0
2.6
0.9
4.1
0.04
0.7
0.5
0.7

2.7
4.5
0.3
0.20
0.3
2.7
2.2
1.1
2.6
2.2
0.8
3.6
0.04
0.6
0.4
0.6

:significantlydifferentfromzero
":valuesinarowwithdifferentsuperscriptsaresignificantlydifferent
fromeachothers(p<0.05).

a
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Asthe latterincrease wasnotcompensated byachangeintheconcentrations ofothercations
the sumof allmajor cationswasalsoelevated byK-citrate infusion.
Remarkable were the increases of ruminai Mgconcentration (p<0.05 for (K);p=0.06 for
(K+RM)), probably as a consequence of a reduced Mg absorption in the presence of low
Na:Kratios in rumen fluid. The negative effect of such lowratios on ruminai Mg absorption
has been experimentally verified by Martens and Rayssiguier (1980) and contributes to the
lowerMgavailability onpotassium-rich grass(Kemp,1983).
Ruminai pH increased slightly (+0.06 unit) with K-citrate infusion (p=0.06 for (K);
p=0.07for (K+RM)).Changesinotherruminaiparameters (P0 4 andAcconcentration) andin
rumenfluid dynamicswerenotconsistent between (K)and (K+RM),and(C).
With grass juice infusion partly similar and partly different changes of rumen fluid
composition were noted. Kconcentrations were increased (+12mmol.H for both treatments)
andNaconcentrations decreased (-18and -25mmol.l"1for (LJui)and (HJui)).Inthiscasethe
sum of cations also decreased, though only significantly with (HJui). Both (LJui) and (HJui)
resultedin higherconcentrations of Mgand Ca.With (HJui)also CIconcentration increased.
Nochange inrumen NH4concentrations occurred, whereas total VFA concentration became
significantly lower as a result of grass juice addition. Despite the reduction of VFA
concentration, rumen pH tended to be lower (p=0.16 for (LJui); p=0.10 for (HJui)). With
(HJui) rumen fluid outflow was increased, both relatively (as %.h"1) and absolutely (as
l.d'1).
Comparing the effects of K-citrate infusion and grass juice administration on rumen K
concentration some differences are seen. For instance, total intake of Kwas 0.88 mold"1 for
(HJui) and 0.86 mol.d"1 for K-citrate infusion, i.e nearly identical. Yet the increase of Kconcentration with K-citrate infusion was twice aslarge as with (HJui).Clearly, other factors
than K intake must affect rumen concentration of this ion. Hereto belong changes in rumen
fluid dynamics asis demonstrated byFig.7.4.3.InthisFig.ruminai Kand Na concentrations
have been plotted against the outflow of rumen fluid per unit of Kintake (K consumed plus
infused). Kintakerepresents by far the largest influx of Kinto therumen as the endogenous
flux from saliva is usually small. Therefore, a larger outflow of rumen fluid per unit of K
taken in results in a more rapid clearance of K from the rumen, a lower concentration of K
and a higher concentration of Na.From the available data it can also be inferred that indeed
most of theinfused Kwasremoved by passage from therumen instead of absorption. This is
illustrated by Fig. 7.4.4 which shows the outflow of K as a function of K intake. K outflow
was calculated as the product of ruminai Kconcentration and fluid outflow. More than70%
oftheextraconsumed Kdisappearedbypassagefrom therumentoomasum and abomasum.
Asnoted above,infusion treatments had alsoeffects on theconcentrations of Mg andCa.
The variation in concentration of these ions is moredifficult toexplain and probably depends
upon several factors: differences in concentrations in feed, differences in ruminai
environment and in absorption and passage rates. No simple relationships were found
between their concentrations and ruminai characteristics. Some indications exist that upper
limits totheconcentrations of Ca and Mg may be set byruminai pH or more specifically the
solubility product of phosphates, as shown by Figs. 7.4.5. and 7.4.6. These Figures show
relations between rumen pH andHPO4 concentration, and Ca and Mg concentrations.HPO4
concentrations have been calculated from pH and total PO4concentration. The Figures also
showaneffect of Na:Kratiosinrumen fluid onMgconcentrations.
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Fig. 7.4.3.The relation between the outflow of rumen fluid expressed in liter per mol Kconsumed plus infused
and the concentration of K (a) and Na (b) in rumen fluid. Data for K and Na concentrations are means of 8
samples per animal obtained within 36 hduring which outflow was measured. Animals received hay with either
ruminai and abomasal infusions of water (C), or a ruminai infusion of a K-citrate solution (K), or the same in
combination with an abomasal infusion of rumen microbial material (K+RM), or a ruminai infusion of grass
juiceata low level (LJui)or ahigh level (HJui).

Rumen fluid dynamics were probably also responsible for changes in pH and VFA
concentration upon grass juice addition. From the presence of large amounts of easily
fermentable compounds injuice we had expected to find an increase in VFA in combination
with a decrease of pH.Yet the large amount of water administered with thejuice must have
been a disturbing factor. From the composition of juice given in Table 7.4.2. it can be
calculated thatjuicecontained 72and 11mmol.kg"1of KandNa,respectively. So,the sumof
concentrations of these major cations is substantially less than found in rumen fluid. As a
result rumen fluid became diluted asdemonstrated by lower total cation concentrations upon
juice addition. Dilution must have also caused a reduction of buffering capacity. The latter
becomes apparent when we look at therelation between VFA concentration and pH.AsFig.
7.4.7a shows, data for (HJui) follow a relationship distinct from the one observed with (C)
andcharacterized bylowervaluesof pHat similarVFAconcentrations. Such adiscrepancyis
not apparent any more when the sumof bicarbonate andphosphate concentrations arerelated
topH (Fig.7.4.7b). This sum was estimated from thecation-anion balance in rumen fluid by
subtracting concentrations ofCIandVFAanionsfrom totalcation concentration.
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At a ruminai pH above 6.5 bicarbonate and phosphate mainly contribute to the buffering
capacity of rumen fluid. Hence, any relation between VFA and pH depends on the
quantitativepresenceofthese buffers.

Outflow of K (mol/d)
1.0 •

D
i D

0.8 -•
• C

•

a K

jP
A

0.6

• K+RM
0 LJui
* HJui

0.4-•

0.2
0.2

0.4

0.6

0.8

1.0

K consumed + infused (mol/d)

Fig. 7.4.4. Ruminai outflow of K as a function of the amount of K consumed plus infused. Data refer to
individualanimals.Regression line:y=0.125 +0.71x (r^M).
Seefor legend Fig.7.4.3.

Bloodparameters
Data on blood parameters are given in Table 7.4.7 and 7.4.8. As was observed in Exp. 1,
significant lower values for hemoglobin (-0.6±0.16 mmol.l"1) and hematocrit (-0.03±0.007
l.l"1)were measured in the second controlperiod than in thefirst. Hence,the changes of both
parameters noted in Table 7.4.7 and 7.4.8 wereprobably not an effect of infusion treatments
but of time. In addition, blood glucose concentration was found to be lower (-0.310.07
mmol.l"1) in the second control period when compared to the first control period. Infusion
treatments caused slight but significant decreases of serum Na (all infusion treatments) and
increasesof serumK(onlywithK-citrate infusion).
With (K) and (HJui) blood urea concentrations decreased whereas with (K+RM) and
(LJui) urea tended to be higher. Opposing processes may explain these changes. Increased
protein resorption and subsequent breakdown (with (K+RM) and juice administration)
probably tend toincrease urea concentrations. Amorerapid clearance of urea from the blood
following consumption of asoluble saltlikeK-citratemaycausethereversetohappen.
Changes in plasma protein concentration, protein spectrum and blood glucose concentration
were smallandmostlynot significant.
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Fig. 7.4.5. The concentration of Ca (a) and Mg (b) in rumen fluid as a function of ruminai fluid pH. Data are
from individual samples of sheep receiving hay in combination with different treatments according to Exp. 2.
Na/Kindicates theratioofconcentrations ofNaand Kin thesample.
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Values of blood parameters measured in this experiment showed a similar range as values
obtained with the same animals one year earlier (see Exp. 1). Noteworthy is the large
variation in hemoglobin concentration (5.2-8.7 mmol.H) and hematocrit (0.24-0.40 l.l"1)
betweenindividual samplesof apparently healthysheep.
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Fig. 7.4.7. Rumen fluid pH as a function of either the concentration of VFA (a) or the concentration of cations
minusclorideand VFA ions(b).Datarefer toindividual samplesof sheepreceiving hay with aruminai infusion
ofeitherwater (C)orgrassjuice ata high level (HJ).

Discussion
Positive effects of increased protein contents in herbage on intake may have different causes.
Positive effects may be related to the presence of protein itself, to the presence of other
components known to vary in association with protein or to a combination of both. The
present experiment was designed to examine the role of cell contents and especially
potassium.Theresultsof the infusion trial withK-citrate donotsupport aroleofpotassiumin
the interpretation of protein effects on intake as was also concluded from experiments with
dwarf goats (Section 6.5). Neither potassium alone nor the combination of potassium with
extra abomasal protein increased intake. Effects were absent despite the fact that infusions
with K-citrate increased K content of the total diet from 13.6 g.kg"1 DM to 31.1 and 33.3
g.kg"1DMfor (K)and (K+RM)respectively.
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Table 7.4.7.Effectsofeitheraruminai infusionofaK-citrate solution
(K)alone orthesame incombination with anabomasal infusionofrumen
microbialmass (K+RM)onblood parametersofroughage-fed sheep receiving
ruminai andabomasal infusion ofwater during control periods (C). Data
with standard errors refer tomean values during control periods andto
meandifferencesbetweentreatments.

treatment
numberof
observations
hemoglobin(mmol.1 -!<,
hematocrit(l.l"1)
plasmaprotein(g.l"
albumin(X)
alphaglobulin(X)
betaglobulin(X)
gammaglobulin
(%)
glucose(mmol.l"l)
urea (mmol.l"l)
serumNa(mmol.l"^)
serumK(mmol.l'*-)

n=4 n=3
7.2
0.34
73
55.0
13.8
6.8
24.3
3.6
4.3
148
4.3a

treatmentdifference

K-C

hemoglobin(mmol.l~l)
hematocrit(l.l"1)
plasmaprotein(g.l~*-)
albumin(X)
alphaglobulin(X)
betaglobulin
(%)
gammaglobulin(X)
glucose (mmol.I"-*-)
urea (mmol.l"^)
serumNa(rnmol.l"^-)
serumK(mmol.l"^)

-0.
- 0 . 02*
-1
-1. 6
+0. 2
-0. 3
+1. 7
-0. 1
-1.1**

a

+0.2*

7.7
0.36
70
58.0
14.4
6.6
21.0
3.4
3.7
147
4.6b

0.3
0.01
1.3
1.9
0.5
0.5
1.5
0.08
0.2
0.3
0.06

0.4
0.02
1.5
2.2
0.5
0.5
1.7
0.09
0.3
0.3
0.07

0.1
0.00
1.1
1.4
0.4
0.3
1.0
0.04
0.4
0.3
0.02

0.1
0.01
1.3
1.6
0.4
0.4
1.2
0.04
0.4
0.3
0.03

(K+RM)-C
-0.5"
-0.02*
-0
-2.2
+0.7
-0.3
+1.8
-0.0
+0.6b
-2*
+0.1*

: s i g n i f i c a n t l y d i f f e r e n t from z e r o

. values in a row with different superscripts are s i g n i f i c a n t l y different
from each others (p<0.05).

As a consequence, K concentrations of rumen fluid were also substantially increased.
Apparently, cationic composition of rumen fluid may change drastically without a
concomitant changeinfeed intake.
Infusion of grassjuice alsodidnotelicit apositive intakeresponse.Instead, hayintaketended
todecrease thoughestimated totalMEIwashigherwithjuice additionthan without.
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Table 7.4.8. Effects of either a ruminai infusion of a K-citrate solution
(K) alone or the same in combination with an abomasal infusion of rumen
microbial mass (K+RM), or a ruminai infusion of grass juice at a low (LJui)
or a high level (HJui)on blood parameters of roughage-fed sheep receiving
ruminai and abomasal infusion of water during control periods (C). Data
with standard errors refer to mean values during control periods and to
mean differencesbetween treatments.

treatment

C

c

number of
observations

3

4

n=3

n=4

7.3

7.0

0.3

0.3

0.35

0.32

0.02

0.01

1.6
2.1
0.9
0.4
1.6

1.4
1.8
0.8
0.3
1.4

hemoglobin (mmol.l"^)
hematocrit (l.l"1)
plasma protein (g.1'1)
albumin (X)
alphaglobulin (%)
betaglobulin (X)
gammaglobulin (X)
glucose (mmol.l"l)
urea (mmol.l'l)
serum Na (mmol.l"^)
serum K (mmol.l'l)

7.0

6.3

22.2

24.6

3.3
3.9
148
4.5

3.5
4.6
148
4.4

treatment difference

LJul-C

HJui-C

hemoglobin (mmol.l"^)
hematocrit (l.l"1)
plasma protein (g.1'1)
albumin (X)
alphaglobulin (X)
betaglobulin (X)
gammaglobulin (X)
glucose (mmol.l"l)
urea (mmol.l'l)
serum Na (mmol.l'l)
serumK (mmol.l"^-)

72

72

56.5
14.4

55.0
14.0

se

0.08

0.07

0.4
0.3

0.3
0.3

0.14

0.12

se

-0.8*
-0.05*

-0.3
-0.Q3*

0.2

0.2

0.01

0.01

+1

-0

-0.2
-0.4
+1.0* a
-0.4
+0.3*
+0.1 a

+0.3
-0.2
+0.0 b
-0.2
+0.1
-1.0* b

1.4
0.5
0.5
0.2
0.7

1.3
0.4
0.5
0.2
0.6

0.08

0.07

0.2
0.5
0.13

-2*

-3*

0.3
0.6

-0.0

+0.3

0.15

: significantly different from zero
-°: values in a rowwith different superscripts are significantly different
from eachothers (p<0.05).

a

Infactanimalsrespondedasifamoredigestibleroughagewasoffered:intakeofdigestible
matterincreasedwhereasintakeofindigestiblematterdecreased(seeFig.1.2bandc,Chapter
1).
Addition of grassjuice was chosen in an attempt to simulate the combined effects of higher
contents of protein and associated cell components in roughage. It is, however, doubtful
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whether thisattempthasbeen successful. Severalanomalies werenotedwithrespect toramen
fluid composition: a decrease of total cation and VFA concentration, a lower buffering
capacity and the absence of an increase of NH4concentration. Theroleof the lowdry matter
content of grass juice in explaining the first three aspects has already been discussed. The
absence of an increase in NH4 concentration may have had different causes.First, it may be
the result of an efficient utilization of nitrogenous compounds injuice for microbial protein
synthesis as the juice also contained an appreciable amount of fermentable carbon
components.However, assuming completedigestibility ofjuiceorganicmatter,juice had46g
N.kg"1 digestible organic matter (DOM),whereas the basal feed had only 26 gN.kg"1DOM.
So compared to the basal feed, juice was relatively richer in nitrogenous components. A
relatively low degradability of thejuice protein may have also contributed to the absence of
an increase of rumen NH4 concentration. This may seem unlikely in view of the high
degradability usually reported for leaf protein. However, properties of the leaf protein may
have been changed during extraction and storage. After thawing brown colouring and
precipitationofjuicecomponents werenoted.Finally,thesimultaneous additionof potassium
may have increased clearance of urea from thebloodtherebyreducingrecyclingof urea from
bloodtorumen.With (HJui)bloodureaconcentrations weredepressed. Such findings call for
careful interpretation ofrumen ammonialevels asameasureof nitrogen transactions between
mouth and duodenum. Usually low levels of ammonia are taken as an indicator that no net
lossofprotein hasoccurred between mouth andduodenum.However, ifrateof urearecycling
orrate of NH4 absorption would appeartovarydepending on, for instance, Kcontents of the
feed, suchanindicatormaybeunreliable.
In retrospect, it may be concluded that extraction of grass juice and its use in infusion
trials is not a method to be preferred in order to analyse relations between herbage
composition and intake.The low dry matter content of thejuice as well as the largerangeof
ruminai parameters changed simultaneously, do notallow an easy interpretation of the intake
responses obtained. Experiments with pure nutrients or simple mixtures of these certainly
suffer lessfrom this disadvantage.
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7.5 Effects ofabomasal infusion ofglucose, fructose,
maltose,starch and caseinate (Exp.3a,b,and c).
Aim
Theaimof theseexperimentswas:
l.to test whether abomasal infusion of intestinally digestible carbohydrates (glucose,
fructose, maltose, starch), known to differ in absorption mechanism and costs, would
inducedifferent intakeresponses,
2.totest whether effects of carbohydrates areinfluenced by thewayof administration, either
dissolved indrinking waterorinsaline.
3.tocompare theeffects onintakeof abomasal carbohydrate andprotein infusion,
4.to measure the extent of resorption (disappearance) of different carbohydrates from the
smallintestine.

Experimental details
In total three infusion experiments were performed, for which 13 animals were used, all
carrying abomasal infusion tubes and 6in addition ileal fistulas. In the first experiment (Exp.
3a) effects of isocaloric amounts of glucose, maltose and fructose were compared. After an
adaptation period theexperiment consistedof 3subsequentperiods,eachlasting 2weeks.The
first and third period served as control periods during which all animalsreceived hay withan
abomasal infusion of water. In the second period 5 animals received an infusion with a
glucose solution, another 5animals wereinfused with amaltose solution,and theremaining 3
received aninfusion with a fructose solution.It wasplanned toinfuse all three carbohydrates
at two different levels, a low level (5 g hexose.kg"°-75.d_1) during the first week of the
infusion period, and a high level (10 g hexose.kg-0-75^"1) during the second week of the
infusion period. As animals already developed diarrhoea atthelowinfusion levelof fructose,
the high level was only tested with glucose and maltose. With fructose the dose remained
unchanged throughout thetwo-weeks infusion period.
In the second experiment (Exp. 3b) effects of isocaloric amounts of glucose and gelled
maize starch were compared, either dissolved in wateror saline.This experiment was carried
out immediately following thefirst,with 12animals. Sothethird period of Exp. 3aservedas
thecontrol for the 4infusion treatments with 3animals per treatment. Carbohydrate infusion
wascarried out for 10days.This experiment had no second control period. The carbohydrate
levelamounted to5ghexose .kg"0-75.d_1.
In the thirdexperiment (Exp. 3c) abomasal infusions with isocaloric amounts of glucose,
gelled maize starch or protein were tested. As protein source Na-caseinate was chosen. This
experiment consisted of 3periods. The first and third,each lasting 2weeks served ascontrol
periods. During the second period, lasting 10 days, 4 animals received glucose, another 4
starch and 5 animals protein. As no differences were found between tap water or saline
solution in Exp. 3b, water was used as solvent. The level of infusion was planned to
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approximate the low level of Exp. 3a, but due to differences in pumping speed, animals
received significantly more energy with protein than with carbohydrate infusion (see Table
7.5.4).
Attempts were made to measure the intestinal disappearance of carbohydrates by
simultaneously infusing Cr-NDF and Co-EDTA as markers for respectively solid and liquid
phase and bysampling ilealdigesta. Inorder toprevent sedimentation of Cr-NDFparticles in
the infusion vessel, carboxymethylcellulose had to be added to the infusâtes. Despite this, it
didnot appearpossible toprevent unmixing of markerand infusate. Moreover, wefound that
asaresultof administration of carboxymethylcellulose, faeces becamevery sticky andlostits
normal appearance of pellets. Since this may have also indicated disturbance of normal
absorption ofcarbohydrate, attemptstomeasureintestinaldisappearance werediscontinued.
Amounts of infusion fluid in all three experiments varied between animals from 1.3-1.9
kg.d"1for both low (50gDM.kg"1)and high (100gDM.kg-1)infusion levels.The starch was
gelled by heating the water or saline to 80 °C. All carbohydrates were obtained from Jansen
Chimica,thecaseinate wasthesameasusedinExp.1.
As the basal feed for all 3 experiments a single batch of ryegrass hay was used with a
chemicalcomposition asgiven inTable7.5.1.Organic matterdigestibility wasmeasuredwith
6 animals during thefirstcontrol period of Exp. 3c.and appeared tobe 622 g.kg"1OM.MEI
was estimated assuming a ME content of 16MJ kg -1 digestible organic matter for the hay ,
and a ME content of carbohydrates and caseinate of 2.8 MJ.mol"1 hexose and 23 MJ.kg-1
OM,respectively.

Table 7.5.1. Chemical composition and digestibility ofhay (Exp. 3a,b,c)

Drymatter content
DM (g.kg"1)
Composition of drymatter (g.kg -1

Ash
Nitrogen
Mineral composition (g.kg"1 DM)
Sodium
Potassium
Calcium
Magnesium
Phosphor
Digestibility (g.kg -1 )

OM

832
DM)
88
18.3

0.7
40.1

4.3
1.7
3.5
622

Results
Animalhealth
Prior to Exp. 3a the sheep suffered from an unknown infection, exhibiting loss of appetite,
mild diarrhoea and body temperatures up to 41.8 °C. Animals did not respond to treatment
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with different antibiotics and spontaneous recovery occurred after 2 weeks. Exp. 3a was not
starteduntilanormal and stablefeed intakelevelhadbeen re-attained.
Animals weighed on average 37 kg (range: 33-44 kg) at the start of Exp. 3a and 40 kg
(range: 35-45 kg) at the end of Exp. 3b,7.5 weeks later, and 43 kg (range: 38-48 kg) at the
startand47kg(range:41-53kg)attheendofExp.3c,6weekslater.
Feedintake
DMIfrom hayisshowninFigs.7.5.1,7.5.2,and7.5.3.forExp.3a,bandc.
MeanDMIfor thefirst controlperiod inExp. 3aandc wascalculated from dailyintakeover
a2weeksperiod. Withcarbohydrate infusion thefull intakeresponsewasusually apparenton
theseconddayofinfusing anddidnotchange anymore thereafter.
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Fig. 7.5.1. Mean daily intake of hay dry matter per period of 7 days for groups of sheep receiving an abomasal
infusion of either water (C),or glucoseat a low (LGIu)or high (HGIu)level,or maltose at alow (LMal) or high
(HMal)level,or fructose ata low level (LFru).Nrefers tonumberofanimalsper group.

219

DMI
(g/d)

N=3
C

C

Glu

Glu

1000

400
200
0

Glu+S

Glu+S

800

I- b

111 i7_r _
2

3

600
400
200 H
2

3
Period

Period

N=3

DMI
(g/d)

m
1000

800
600

N=3

DMI

C

Sta

Sta

1000
800 f -

r

600
400

200 \0
2

3
Period

Fig.7.5.2.Mean daily intakeof hay dry matter per period for groups of sheepreceiving an abomasal infusion of
eitherwater (C),or glucosedissolved inwater (Glu)or saline(Glu+S),orstarch gelled with water (Sta) or saline
(Sta+S).Nrefers tonumber ofanimalsper group.Period 1 lasted 6 , theother 5days.

Hence, intake on the first day was not taken into account for calculating mean DMI during
experimental treatments. An exception, however, was fructose which, already at alow level,
caused intake to fall sharply on the second day to only 55%of the previous control period.
This was accompanied by diarrhoea. During the following days animals regained appetite,
diarrhoea gradually subsided but faeces remained soft till the end of the two-weeks infusion
period. For a comparison of all three carbohydrates as given in Table 7.5.2 it was therefore
decided tocalculatemeanintakefor thefructose treatmentoverthe secondinfusion week.For
calculating mean DMIduring the secondcontrol period inExp.3aandcdataon intakeof the
first3daysweredeleted.
Effects of experimental treatments onDMI andestimated MEIare given inTables 7.5.2,
7.5.3,and7.5.4. Asexplained inSection 7.2.datafor thecontrol treatment (C)inTable7.5.2,
and7.5.4 aremeanvaluesfor first andsecondcontrolperiodtogether.
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Fig.7.5.3.Mean daily intakeof hay dry matter perperiod for groups of sheepreceiving an abomasal infusion of
either water (C), or glucose (Glu), or starch (Sta) or protein (Pro). N refers to number of animals per group.
Period 1,2,5 and6 lasted 7days,period 3and4 lasted5days.

Mean DMI per animal during control periods amounted to 55 (range: 45-65), 54 (range:4464) and 59 (range: 53-73) g.kg"0-75^"1 for Exp. 3a, b and c, respectively. Although these
values are at a level to be expected from organic matter digestibility and nitrogen content of
the hay (predicted DMI: 59 g.kg"0-75^"1 according to model 5 given in Chapter 1)betweenanimal variation was large. In Exp. 3a there was no significant difference in DMI between
both control periods, in Exp. 3c DMI was significantly higher (on average 112g.d"1) during
thesecond controlperiod ascomparedtothe first.
Infusing glucose,maltose and fructose (Exp.3a)at alow level causedroughage intake to
decrease, the decrease being significantly larger with fructose than with the other
carbohydrates. Maltose had the smallest negative effect on hay intake. The difference
between maltose and glucose had arandom probability of 0.05. At the high levelof infusion,
intake decreased further with both glucose and maltose infusions. Now, however the
reduction tendedtobehigherwithmaltoseinsteadofglucose.
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Table 7.5.2. Effects of an abomasal infusion of either glucose at a low
(LGlu) or high level (HGlu), or maltose at a low (LMal) or high level
(HMal), or fructose at a low level (LFru) on dry matter Intake and
estimated metabolisable energy Intake of roughage-fed sheep receiving an
abomasal infusion of water during control periods (C).Data with standard
errors refer tomean intakes during control periods and tomean differences
in intake between treatments.

treatment

C

C

C

number of
observations

5

5

3

n=5

n=3

761 b
6.9b

34
0.3

44
0.4

D M (g.d-1)
MEI from feed (MJ.d"1)

903 a
8.2 a

858 a b
7.8 a b

treatment difference

LGlu-C

LMal-C

LFru-C

DMI (g.d"1)
MEI from feed (MJ.d -1 )
MEI from Infusate (MJ.d"
MEI total (MJ.d"1)

_32*ab
-0.7* a b
+1.2
+0.5* a

-46* a
-0.4* a
+1.2
+0.8* b

-117* b
-l.l* b
+1.1
+0.1 c

h

treatment difference

DMI (g.d-1)
MEI from feed (MJ.d"1)
MEI from Infusate (MJ.d"
MEI total (MJ.d -1 )

HGlu-C

h

treatment difference

DMI (g.d"1)
MEI from feed (MJ.d"1)
MEI from Infusate (MJ.d"
MEI total (MJ.d"1)

-143*
-1.3*
+2.4
+1.1*

HGlu-LGlu

h

-61* a
-0.6* a
+1.2
+0.7* a

se

se
11
0.1
0.04
0.1

se

HMal-C

-175*
-1.6*
+2.4
+0.8*

20
0.2
0.09
0.2

se

HMal-LMal

-128* b
-1.2* b
+1.2
+0.1 b

* :significantly different from zero
abc
: values in a row without common superscripts are
different from each others (p<0.05).

16
0.1
0.05
0.1

significantly

Here again intestinal disturbance may have played a role as some animals showed slightly
soft faeces with maltose infusion but not with glucose infusion. Total estimated MEI was
increasedwith thelowlevelof glucoseandmaltoseinfusion, notwithfructose infusion.
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15
0.1
0.05
0.1

Table7.S.3.EffectsofanabomasalInfusionofeitherglucosedissolvedIn
water (Glu)or in saline (Glu+S), or starch dissolved inwater (Sta)or
saline (Sta+S), on dry matter intake and estimated metabolisable energy
intakeofroughage-fedsheepreceivinganabomasalinfusionofwaterduring
controlperiods (C).Datawithstandarderrorsrefertomeanintakesduring
controlperiodsandtomeandifferencesinintakebetweentreatments.
treatment

C

C

C

C

se

numberof
observations

3

3

3

3

n=3

D M (g.d"1)
MEIfromfeed(MJ.d"1)

821
7.4

869
7.9

895
8.1

809
7.3

73
0.7

treatmentdifference

Glu-C

(Glu+S)-C

Sta

(Sta+S)-C

se

D M (g.d"1)
MEIfromfeed(MJ.d'1)
MEIfromInfusate(MJ.d-1)
MEItotal(MJ.d"1)

-22
-0.2
+1.2
+1.0*

-12
-0.1
+1.1
+1.0*

25
0.2
0.05
0.2

-23
-0.2
+1.1
+0.9*

-36
-0.3
+1.2
+0.8*

:significantlydifferentfromzero

With the high level of glucose a further increase of MEI was obtained. With maltose MEI
remained unchanged between low and high level. Total MEI may be overestimated for the
fructose treatment and the high level of maltose infusion as it was assumed that all
carbohydrate wasabsorbed andtreatmentsdidnotaffect digestibility ofthebasalration.
Infusion of glucose and starch (Exp. 3b)at adose similar to thelow level in Exp. 3adid
not reveal any difference in intake response. Irrespective of the way of administration, hay
intake decreased slightly and non-significantly. With all infusions estimated MEI was
increased toasimilardegree(10-14%).
In Exp. 3c glucose and starch again tended to decrease hay intake without any notable
difference between bothcarbohydrates. Withprotein,hayintaketended toincrease sothatthe
difference in response between protein and carbohydrate became statistically significant.
Estimated MEI wasraised with allthree infusions. Perhaps due tothe larger energy dose,the
increaseofestimated MEIwashigherwithprotein thanwith glucoseorstarch.

Discussion
In planning the present experiments we hoped to find differences in intake response to
substances having intrinsically a similar nutritive value but differing in the energy costs
associated with theirabsorption from thegut.
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Table 7 . 5 . 4 . Effects of an abomasal Infusion of e i t h e r glucose (Glu), or
s t a r c h ( S t a ) , or p r o t e i n (Pro) on dry m a t t e r i n t a k e and e s t i m a t e d
m e t a b o l i s a b l e energy i n t a k e of roughage-fed sheep r e c e i v i n g an abomasal
i n f u s i o n of water during c o n t r o l p e r i o d s (C). Data with standard e r r o r s
r e f e r t o mean i n t a k e s during c o n t r o l p e r i o d s and t o mean d i f f e r e n c e s in
i n t a k e between t r e a t m e n t s .

treatment
number of
observations

4

DMI ( g . d ' 1 )
MEI from feed (MJ.d" 1 )

1069
9.7

treatment difference

Glu-C

DMI(g.d"1)
MEIfromfeed (MJ.d"1)
MEIfromInfusate(MJ.d"1)
MEItotal(MJ.d"1)

-31a
-0.3a
+1.4a
+1.l*a

4
949
8.6
Sta-C
-27 ab
-0.2 ab
+1.2a
+1.0*a

5
1039
9.4

n=4

n=5

81
0.7

72
0.7

Pro-C
+28b
+0.3b
+1.8b
+2.l*b

19 17
0.2 0.2
0.06 0.06
0.1 0.1

: s i g n i f i c a n t l y d i f f e r e n t from zero
: v a l u e s in a row with d i f f e r e n t s u p e r s c r i p t s a r e s i g n i f i c a n t l y d i f f e r e n t
from each o t h e r s (p<0.05).

ab

Wespeculatedthat suchvariableabsorption costsmightsignificantly contribute to differences
in overall efficiency of ME utilisation. If so, a differential intake response can be expected
upon infusion of appropriate substances in view of the theory presented in Chapter 3of this
thesis. Aclass of substances with similar nutritive properties but differing in intake response
would constitute an ideal model for further investigations into intake regulation. The choice
of intestinally digestible carbohydrates seemed appropriate in this respect. Assuming that
glucoseis absorbed by active transport unlike fructose, maltose and starch, we expected that
animalswouldresponddifferently toglucose ascompared totheother carbohydrates.
The results of the present experiments clearly show that intake responses to abomasal
carbohydrate infusion are more complex than thought before. Hence, any relationship with
differences inabsorption costs,ifexistent,isdifficult todetect.
Theextreme effect of fructose ispresumably due tothelackof absorption from the small
intestine. Severe diarrhoea was also observed in one animal which received 35 g.d"1 of
glucose (i.e. only half the dose of fructose) infused into its ileum. As far as we are aware,
abomasal fructose infusion inruminants hasnotbeen examinedbyotherresearchers.Fructose
in the form of its polymers, fructans, is normally present in temperate grasses, sometimes in
considerable amounts. As these storage carbohydrates are water-soluble and highly
fermentable, little if anything probably escapes from ruminai fermentation. Some adaptation
to fructose administration appeared to occur during the infusion period. This may have
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involved changes in absorption processes in both small and large intestines. As faeces
remained soft even after 2 weeks of infusion it may be concluded that under our conditions
sheephadonly alimitedcapacity tohandlepost-ruminally applied fructose. The dose applied
byusequalled 80g.d"1for asheepof 40kgbody weight.
The reaction tothe low infusion level of glucose and maltose seemed topoint to a more
favourable effect of maltose infusion. Yetthedifference in intakeresponse was small,i.e.too
small to be attractive for further, more detailed studies with a limited number of animals.
Moreover, atthehighleveldifferences between glucoseandmaltosebecamereversed.
If the effects of Exp. 3a might have indicated adifference between glucose and maltose
(as we expected there to be),no such difference was apparent between starch and glucose in
Exp.3b and c.This finding addsfurther doubt to theidea thatdifferences in absorption costs
between carbohydrates are sufficiently large to influence the response to carbohydrate
infusion.
Exp. 3c suggested a more favourable effect of extra abomasal protein as compared to
carbohydrate. Notwithstanding this difference, the experiment also showed that to obtain an
increaseinMEIthenatureof thenutrientsinfused wasof secondary importance,likeitwasin
Exp. 1 and2.
From published infusion trials it appears that a variety of aqueous solutions (tap water,
saline,phosphate buffer) has been used as a carrier for substances to be infused. The impact
of such differences on intakeresponses does not seemtohavebeen examined systematically.
In our Exp. 3b the choice of water or saline did not affect the outcome as far as hay intake
was concerned. With other types of infusâtes, for instance VFA infusâtes, the way of
administration maybemoreimportant.
The intake responses obtained in the present experiments do not support the idea that
differences in absorption costs between carbohydrates appreciably affect intake. Probably
differences in energy costs are too small to change intake differentially and measurably.
Based on aNa/sugarcoupling ratio of 2:1for intestinal glucose transport (Armstrong, 1987),
energy costs of active transport would probably beonly 1MolATPper Molof hexose,i.e.a
smallamountcompared totheATPyieldofcompleteglucoseoxidation.
More important for the response to carbohydrate infusion seems the extent to which
carbohydrate is absorbed. Although carbohydrate disappearance could not be measured
reliably,data of 0rskov (1986) suggest that at the low level of infusion almost allof glucose,
maltose and starch will have been absorbed; butoccurrence of diarrhoea at the same infusion
levelindicated malabsorption in thecaseoffructose. Theabsenceof significant differences in
effect on intake between glucose,maltose and starch does not necessarily mean that they are
all alike, nutritionally. In rats for instance, it has been found that dietary disaccharides and
their equivalent monosaccharides have different effects on activity of enzymes of liver and
adipose tissue (Michaelis etai, 1978).In addition,food efficiency (gweight gain per g food
consumed) under somefeeding conditions appeared tobehigherwithdisaccharides (maltose,
sucrose)than withmonosaccharides (glucose,invertsugar).
Whyinfusion of glucogenic nutrients intotheabomasumconsistently depressed roughage
intake remains unexplained and intriguing. As already concluded in Exp. 1it is unlikely that
the explanation should be sought in changes of luminal osmolality: they will have been
relatively small and, moreover, one would expect to find differences between starch and
glucose if osmolar changes were an important causative factor. Amore likely cause could be
a shift insubstrate usebetween different tissuesof thebody.Inagreement with thisideaisthe
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absence of effects of intravenous glucose administration as reported in several studies
(Manningetal.,1959;Vallance andMcClymont, 1959;Dowden andJacobson, 1960;Holder,
1963; Ulyatt, 1965). This lack of effects made Baile and Forbes (1974) conclude in their
review of intakeregulation: Thereis littleevidencetherefore that glucoselevels orutilization
ratehavea significant roleincontrolling feeding inruminants;infact there ismuch evidence
tothecontrary'. Noeffects ofintravenous glucose infusion on intake have been found despite
thefact that sometimes very highdoses have been given.Forinstance,Manning etal.(1959)
infused adult ewes (bodyweight: 58-60kg)with 1.67 to8.3 g.kg"1of bodyweightoveratwohourperiod and did not observe a significant change of intake of a pelleted feed during that
period. Blood glucose levels were greatly increased from 2-3 mmol.r 1 up to 82mmol.H in
oneewereceiving the highest dose.Most studieson intravenous glucose have been relatively
short-term, infusion time being limited to a few hours or at best 2 days (Vallance and
McClymont, 1959). A direct comparison between the effects of intestinal and intravenous
administration has not been found in the literature, at least not for ruminants. In rabbits,
Novin etal. (1974) have observed that indeed effects on intake differ depending on whether
glucose is infused intravenously or intraduodenally. In free-feeding rabbits intravenous
glucose did not change intake,whereas intraduodenal glucose depressed intake. Following a
22-hrtotalfood-deprivation periodtheeffects werereversed.
Our own findings and the results of infusion studies quoted above sharply contrast with
the strongly positive role that some authors (see for instance Preston and Leng, 1987) have
claimed with regard to the supply of glucogenic energy in theregulation of roughage intake.
According to these authors evidence for such arole comes from feeding trials in which low
qualityroughagedietshavebeen supplemented byconcentrates containing, amongothers,bypass starch. This, of course, is no direct proof as with dietary supplementation many factors
areconfounded and beneficial effects may be caused by quite a number of factors operating
separately or in conjunction. Evidence should come from trials with direct administration of
glucosebut no such evidence isquoted byPreston andLeng (1987).On biochemical grounds
we may expect an extreme lack of glucogenic precursors to limit conversion of acetate into
lipid and hence toinhibit acetate uptake and feed consumption. But thisdoes not answer the
question how common such a deficiency is with the feeding of roughage diets, and whether
such a deficiency can indeed be corrected by an increased intestinal supply of digestible
carbohydrate.
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7.6 Effects ofruminai infusion ofa mixture of volatile
fatty acids and abomasal infusion of caseinate
(Exp.4)
Aim
The aim of the experiment was to test the effects on intake and nitrogen retention of the
following treatments:
- ruminai infusion of a mixture of volatile fatty acids (VFA) alone or neutralized with
ammonia(NH4VFAX
- ruminai infusion of the same mixtures of volatile fatty acids but in combination with
abomasal infusion ofprotein:(VFA+P)and(NH4VFA+P),
- abomasalinfusion ofprotein atalow(LPro)orhighdose(HPro).
Experimentaldetails
Priortothemainexperiment twoadult sheepwereusedtotesttheintakeresponse to different
levelsandwaysof VFAadministration.ForallVFAinfusions thesamemixturewasused,the
composition of which corresponded to the fermentation products of casein as measured in
vitrobyDemeyerandVanNevel (1979).Thismixturecontainedon amolarbasis40%acetic,
28%propionic, 12%butyric,7%valericand 13%isovaleric acid.
As a preliminary test one animal received increasing amounts of this VFA mixture
neutralized withammoniainamolarratioof 1:1.Infusion startedatarateof0.5molVFA.d"1
during the first twodays and was subsequently increased up to 1.5 mol.d"1on the sixth day.
This level was then maintained for another two days. Intake was hardly changed over this
period but on the eighth day the animal exhibited some loss of coordination and tremors.As
wethen interpreted these signsastheonsetof ammonia intoxication theinfusion was stopped
immediately. Ammonia intoxication was, however, improbable as rumen ammonia levels
appeared to be only 21 mmol.l"1 and ruminai pH varied between 6.3 and 6.6. Moreover, the
same symptoms reappeared afew days later after theinfusion had been stopped. Because we
were stillafraid toloseanimalswedecided tousefurther onlypartiallyneutralized VFA.
The other animal of the preliminary test first received increasing amounts of the nonneutralized mixture of VFA. This animal appeared to tolerate quite well infusion of 1.5 mol
VFA.d"1. Only a modest decrease of rumen pH was measured, i.e. from around 6.6 to 6.4.
Subsequent addition of ammonia to the infusate in molar ratios of 1:4 to 1:2. had no clear
effect onintake.From theselimitedobservations itwasdecided totestVFAinfusion atahigh
level (1.7 mol.d-1) and the addition of ammonia at alow level (0.43molNH3.d"1 or 6gN.
The main experiment was carried out with 12 sheep and consisted of 3periods after the
animals had become adapted to feed and metabolism cages. This adaptation time lasted 1
week.During thefirstperiod of 2weeks all animalsreceived hay withruminai and abomasal
infusions of water.During the secondperiod (lasting 17days) 8sheep were used to test the4
different treatments havingVFA infusions. Groups of2animalsreceived oneof the following
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treatments: an intraluminal infusion of VFA with or without an abomasal infusion of protein
equivalent to6gN.cH,orthesametreatments with addition of ammoniatotheVFAmixture.
In the third period (also lasting 17days) treatments were changed so that animals which had
receivedinfusâtes withoutammonia nowreceived thesametreatment with ammonia.
VFA to be infused were diluted with water up to a concentration of 920 mmol.kg"1.
Hence,infusate volumes were on average 1.9 l.d'1. As protein, caseinate was used dissolved
inwater (1.4l.d"1). VFA infusions started with 0.7 mol.d"1and were increased to 1.2 and 1.7
mol.d 1 onthe secondandthirddayrespectively.
In addition to this group of 8 animals, 4 sheep were given an abomasal infusion of
caseinate atalowlevel (6gN.d"1)during the secondperiod.The same animals wereplanned
to receive a double dose of caseinate during the third period. But two of these animals
developed sore anklejoints and had to be removed from the metabolism cages. They were
replaced by 2other animals and these received only the low level of protein. Hence,data for
the highprotein level arerestricted to2animals.These data will be discussed in the text,but
havenotbeenincludedinthestatisticalanalysis.
Roughage intake was measured daily. Faeces and urine were collected from all animals
for 7 days during the second half of each period. In addition, samples of rumen fluid were
taken from animals receiving VFA infusions. This wasdone on thelast 2daysof each period
after animals had been dosed with Co-EDTA. Samples were analysed for concentrations of
NH4-N,VFA,Na,KandCr.Rumen fluid pHwasmonitored ateachchangeof VFA-infusates
inordertodetectundesirably lowpHvalues atanearly stage.
As roughage a single batch of rye-grass hay was used with a composition as shown in
Table 7.6.1. Organic matter digestibility of the hay measured during the control period
amounted to 658 g.kg-1 OM.MEcontent of the hay wascalculated assuming an ME content
of digestible organic matter equal to 16MJperkgdigestible organic matter. TheME content
oftheVFAmixturewastakenas 1.6MJ.mol"1andofcaseinate as23MJ.kg"1protein.

Table 7.6.1. Chemical composition anddigestibility ofhay (Exp.

Drymatter content
DM(g.kg"1)
Compositionofdrymatter(g.kg"1DM)
Ash
Nitrogen
Mineralcomposition(g.kg-1DM)
Sodium
Potassium
Calcium
Magnesium
Phosphor
Digestibility (g.kg-1)
OM
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A)

905
86
17.6
0.7
37.5
4.2
1.7
3.5
658

Results
Animalhealth
Apart from thehealth problems mentioned withregard tothe protein infused animals, health
status of most animals remained good during the experiment.Dataon nitrogen retention of 2
animals were abnormal probably due to a relatively low intake on some days of the
measurementperiod.Thesedataweredeletedfrom theanalysis.
Animals weighed on average 45 kg (range: 39-52 kg) at the start of the experiment, and
50kg (range:42-57kg)attheend,7weekslater.
Feedintake
DMIfrom hayis shown inFig. 7.6.1.Datafor VFA treatments in thisFig.refer totheperiod
overwhichthefull dosewas applied.
Meanintakefor thecontrolperiod giveninTable7.6.2.wascalculated overa2weeksperiod.
Withtheexperimental treatments averageintakedatainTable7.6.2.alsorefer toperiodsof 2
weeks asthefirst 3daysofeachinfusion periodweredeleted.
Mean DMI during the control period amounted to 63 (range: 50-72) g.kg'O-Ad"1, almost
equal to the value predicted for this feed according to model 5 given in Chapter 1: 61
g-kg-O-75.^1.
Treatments having VFA infusions all tended todepress hay intake.The reduction of hay
intake was morepronounced during the secondperiod (for all VFAtreatments on average 92
g.d"1) as compared tothe third (on average 20 g.d"1).As the difference between periods was
not significant, data per treatment have been combined to estimate the effects of infusion
treatments (Table7.6.2).
VFA infusions also tended to depress organic matter digestibility of the hay. Depressions
wereonaverage 10,25,12, and6g.kg"1OM(se: 13g.kg"1) for (VFA),(NH4VFA), (VFA+P)
and(NH4VFA+P)respectively.
Estimated total MEI was increased by all VFA infusions with no significant differences
between treatments with orwithout additional protein. Increases of MEI varied from 15-16%
for treatments without extra protein to 25-30% for treatments with additional protein. The
additionof ammonia hadnoeffect ontheresponseofDMIorMEL
The low level of protein infusion alone did not change hay intake. The 2 animals
receivingthehighlevelof proteinincreased theirhayintakewithon average 114g.d"1 sothat
total MEIwas 3.4 MJ.d"1higher than MEIduring thecontrol period. Probablypartly because
of thelow amountofprotein-energy infused, theincreaseoftotalMEIdidnotreach statistical
significance at the low level of protein infusion. Interaction effects on DMI and total MEIof
thelowlevelofproteininfusion andVFAinfusion werenot significant.
Nitrogenbalance
Results on nitrogen balance during control periods and changes as a result of experimental
treatments are shown in Table 7.6.3. Infusion of VFA without extra protein (treatments
(VFA) and (NH4VFA)), had no significant effect on nitrogen retention. Protein alone or in
combination with VFA (treatments (LPro), (VFA+P) and (NH4VFA+P)), increased nitrogen
retention. With (HPro) a further increase in nitrogen retention was noted: 2.6 g.d"1 over the
valuemeasured withthesame2animalson(LPro).
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Fig. 7.6.1. Mean daily intake of hay dry matter per period of 7 days for groups of sheep receiving ruminai and
abomasal infusions of water (C) during control periods and one of the following infusions as experimental
treatments:a ruminai infusion with a VFAmixture (VFA),orthesamemixturepartly neutralized with ammonia
(NH4VFA), or one of both forementioned treatments in combination with an abomasal infusion of protein
(VFA+P) and (NH4VFA+P), or an abomasal infusion of protein alone at a low (LPro) or high level (HPro). N
refers tonumber of animalsper group.
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Table 7.6.2. Effects on dry matter Intake and estimated metabollsable
energy intake of roughage-fed sheep of one of the following treatments:
abomasal and ruminai infusions of water as a control treatment (C), a
ruminai infusion of either a mixture of volatile acids alone (VFA) or in
combination with ammonia (NH4VFA), or both latter treatments in combination
with an abomasal infusion of protein (VFA+Pro and NltyVFA+Pro), or an
abomasal infusion with protein (Pro). Data with standard errors refer to
mean intakes during control periods and to mean differences in intake
between treatments.

treatment

C

C

C

se

number of
observations

4

4

4

n=4

DMI (g.d"1)
MEI from feed

1177
11.2

(MJ d"h

treatment difference

DMI (g.d"1)
MEI from feed (MJ.d"1)
MEI from Infusate (MJ.d -1
MEI total (MJ.d"1)

treatment difference

DMI (g.d"1)
MEI from feed (MJ.d"1-)
MEI from Infusate (MJ.d -1 )
MEI total (MJ.d"1)

VFA-C

88

)

-1.0
+2.7 a
+1.7*

(VFA+Pro)-C

-31
-0.7
+3.6 b
+2.8*

996
9.6

67
0.7

Pro-C

se

+8
+0.3
+0.8 C
+1.1

58
0.7
0.05

0.7

NH4VFA-C (NH4VFA+Pro)-C

81
-0.9
+2.7 a

+1.8*

: significantly different from zero
bc. values in a row with different
different from each others (p<0.05).

a

1142
11.1

-20
-0.3
+3.6 b
+3.3*

superscripts are

47
0.5
0.02
0.5

significantly

Ruminaiparameters
Information on ruminai parameters is shown in Table 7.6.4. On average, VFA infusions
caused K concentrations in rumen fluid to fall and Na concentrations to rise. Closer
examination of the data showed that increases in the rate of clearance of potassium from the
rumen, similar tothose noted in Exp.2,were probably responsible for these changes.AsFig.
7.6.2. shows, lower K concentrations were observed when per gram feed (or potassium)
consumed,outflow ofrumen fluid wasincreased.
Infusion of partially neutralized VFA increased NH4concentrations from about 7mmol.l"1to
12mmol.l-1.
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Table 7.6.3. Effects onnitrogen balance of roughage-fed sheep of oneof
the following treatments: abomasal and ruminai infusions of water as a
controltreatment (C),aruminai infusion ofeither amixture ofvolatile
acidsalone (VFA)or incombinationwithammonia (NH4VFA), orboth latter
treatmentsincombinationwithanabomasal infusionofprotein (VFA+Proand
NH4
VFA+Pro), or an abomasal infusion with protein. Data with standard
errors,both ing.d~l,refer tomeanvalues during controlperiodsandto
meandifferencesbetweentreatments.

treatment
numberof
observations

n=4

N-intakefromhay
N-excretioninfaeces
N-excretioninurine
N-retention

21.2
8.5
9.9a
2.7

21.0
8.2
9.5a
3.2

18.2
7.5
7.2b
3.5

1.3
0.6
0.6
0.6

treatmentdifference
numberof
observations

VFA-C

(VFA+Pro)-C

Pro-C

se

3

4

4

n=3

n=4

-1.8

-0.5
+5.8
+5.3*b
+0.7
+1.0b
+3.6*

+0.5
+5.9
+6.4*b
+0.2
+3.3*c
+2.9*

1.5

1.3
0.1
1.3
0.4
0.5
0.8

N-intakefromhay
N-intakefromInfusate
N-intaketotal
N-excretioninfaeces
N-excretioninurine
N-retention

(Pro)

treatmentdifference
numberof
observations
N-intakefromhay
N-intakefromInfusate(NH4)
N-intakefromInfusate(Pro)
N-intaketotal
N-excretioninfaeces
N-excretioninurine
N-retention

-1.8a
-0.4
-2.5*a
+1.1
NH4VFA-C
3
-0.1
+5.9
+5.8*a
+0.2
+2.9*a
+2.8

:significantlydifferentfromzero
: values in a row with different
differentfromeachothers(p<0.05).
abc
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1.5
0.4
0.5
1.0

(NH4VFA+Pro)-C

se

4

n=3

-0.4
+6.0
+5.8
+11.4*b
-0.1
+6.7*b
+4.8*

1.3
0.04
1.3
0.8
0.5
1.2

n=4
1
04
04
1
7
5
0

superscripts are significantly

The latter valueremains well below the values obtained with protein rich roughages. Grenet
andDemarquilly (1977),for instance,measured levels ofupto24mmol.H with fresh pasture
legumesfed tosheep.
VFA infusions on average depressed rumen fluid pH but only to a small extent (0.1unit
approximately). Rumen fluid pH never reached adangerous level: lowest pH value recorded
duringVFAinfusions was6.1.
Concentrations of individual VFA tended to rise but increases were often too small and
variable to reach statistical significance. The same holds true for the sum of VFA which
increasedonaveragefrom 86mmol.l"1to99rnmol.l"1.
From the available measurements of VFA concentrations and fluid outflow it is also
possible to make an estimate of the fate of extra infused VFA. Assuming a ruminai
production of VFA from the basal feed equal to 0.87 mol VFA per 100g digestible organic
matter (in agreement with the data in Table 4.2, Chapter 4),total availability of VFA can be
calculated as the sum of VFA produced and infused. Having measured VFA outflow, VFA
absorption was found as the difference between total availability and outflow. As Fig. 7.6.3
shows, absorption and outflow appear tobeconstant fractions (0.80 and0.20 respectively) of
total availability for both control and infusion treatments. Estimated absorption was
somewhat higher than the value of 75% given in Table 4.2 for a roughage of 65% organic
matterdigestibility.

Discussion
As became apparent from the analysis of roughage intake trials in Chapter 1, increased
nitrogen contents of roughages stimulate feed consumption by mature sheep over a wide
rangeof nitrogen contents.Theexactcausesof thispositiveeffect of nitrogen are stillobscure
despite a considerable amount of research over the past decades. The results of the present
experiment suggest thatthefavourable effect of nitrogen mayhavedifferent causes.Nitrogen
in roughages is mainly present as protein and this plant protein is usually to a large extent
degraded in the rumen. Microbial protein degradation yields a mixture of VFA, NH3 and
microbial protein. Only a limited part of plant protein escapes rumen fermentation and
becomes available for intestinal digestion and absorption as amino acids. The present
experiment tried to imitate the outcome of both processes by administering animals
intraruminally thefermentation products of protein breakdown either alone orin combination
with extra abomasally infused protein. All treatments tested appeared to increase total MEI,
the largest increase being obtained with the combined treatments of VFA and protein
infusion. This suggests that bothrumen degradable andrumen by-passprotein maycontribute
tothehigherenergy intakefrom proteinrichroughages.
Quite unexpected was the favourable response to VFA infusions as infusing VFA in
smaller amounts have often provoked sharp decreases of roughage intake (Egan, 1966;
Weston, 1966). For instance, Weston (1966) noted a reduction of MEI from lucerne hay of
1.5 MJ.d"1when 1.2 MJVFAenergy wasinfused asamixtureof free acids.When 1.9 MJ.d"1
was infused of the same mixture but partially neutralized with a mixture of calcium,
potassium and sodium hydroxide,thedecreaseofMEIfrom hayamounted to 1.7 MJ.d"1.
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Table7.6.4.Effectsonruminaiparametersofroughage-fed sheepofoneof
the following treatments: abomasal and ruminai infusions of water as a
control treatment (C),aruminai infusion ofeither amixture ofvolatile
acidsalone (VFA)or incombinationwithammonia (NH4VFA),orboth latter
treatmentsincombinationwithanabomasalinfusionofprotein (VFA+Proand
NH4VFA+Pro).Datawithstandarderrorsrefertomeanvaluesduringcontrol
periodsandtomeandifferencesbetweentreatments.

treatment
numberof
observations
L.l-l)
K (mmol.l"
Na(mmol.
NH4(mmoljl.l" 1 )
Ac (mmol.l"1)
Prop(mmol.l"-'-)
But (mmol.l"1)
Val (mmol.l"1)
IsoVal(mmol.l"1)
VFA(mmol.l"1)
pH
fluidvolume(1)
fluidoutflow
(%)
fluidoutflow(l.d"
treatmentdifference
K (mmol.l"1)
Na(mmol.l"1)
NH4(mmol.l"1)
Ac (mmol.l"1)
Prop(mmol.l"1)
But (mmol.l"1)
Val (mmol.l"1)
IsoVal(mmol.l"1)
VFA(mmol.l"1)
pH
fluidvolume(1)
fluidoutflow
(%)
fluidoutflow(l.d"
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n=4
62
92
6.7
62
16
5
0.3
0.1
83
6.61
7.0
7.8
13.2

VFA-C
-15*
+10
-0.3
+3
+4*
-0
+0.4
+0.6
+8
-0.08
-0.0
+1.0
+1.5

61
93
7.1
66
16
6
0.7
0.2
88
6.62
7.6
8.2
14.7

1.9
2.1
0.6
4.1
0.9
0.6
0.2
0.1
5.2
0.07
0.4
0.7
1.2

(VFA+Pro)-C
-14*
+8
+1.3
+7*
+5*
+1
+0.2
+0.2
+12*
-0.12*
+0.4
+0.2
+1.0

2.8
6.5
0.6
2.4
1.3
1.4
0.3
0.4
4.5
0.04
0.6
0.8
1.2

continued

treatmentdifference

(NH4VFA+Pro)-C

NH4VFA-C

K (mmol.l-1)
Na(mmol.l"^-)
NH4(mmol.!"*-)
Ac (mmol.l"^)
Prop (mmol.I"1)
But (mmol.I"1)
Val (mmol.I"1)
IsoVal (mmol.l"1)
VFA( mmol.l"1)
pH
fluid volume(1)
(%)
fluid outflow
fluid outflow(l.d

-12*
+2
+4.6*
+5
+6*
+1
+1.6*
+0.8
+15*
-0.07
+0.1
+0.8
+0.8

-10
+6
+5.4*
+6
+7*
+1
+1.1*
+0.8
+17*
-0.12*
+0.2
-0.0
+0.2

3.9
6.4
0.8
4.1
0.9
1.0
0.3
0.5
5.6
0.04
0.7
0.5
1.4

significantlydifferentfromzero
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Fig. 7.6.2. Therelation between theoutflow ofrumen fluid expressed inmlpergDMIandtheconcentrationof
K,NaandNa+K inrumen fluid. Data forKandNaconcentrations aremeansof8samples peranimal obtained
within 36hduring which outflow wasmeasured. Regression lines: K,y=91.0-2.8x ( r ^ . ó l ) ; Na,y=56.6 +
3.0x (r^O.37); Na+K, y= 147.6+0.2x(r^O.002). Open symbols refer todata obtained during control periods,
closed symbols to data obtained with one of the following experimental treatments: (VFA), (NH4VFA),
(VFA+P),(NH4VFA+P).Seecaption ofFig.7.6.1.foranexplanation ofcodes.
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Fig. 7.6.3.Estimated ruminai absorption and outflow of VFA as a function of total amounts of VFA produced
from thefeed and infused. Regression lines:absorption, y= -0.01+ 0.80x (r^0.88); outflow, y = 0.004 + 0.20x
(r2=0.32).Open symbols refer todata obtained duringcontrol periods,closed symbols todata obtained with one
of the following experimental treatments: (VFA), (NH4VFA), (VFA+P), (NH4VFA+P). See caption of Fig.
7.6.1. for anexplanation ofcodes.

The question why infusing VFA was relatively well tolerated by our sheep cannot be
answered without further information on effects of VFA infusions. The largest difference
apparent between ourexperiment and thestudies ofWeston (1966) concerns the typeof VFA
mixture applied. This author used a mixture with molar percentages of acetic,propionic and
butyric acid of 65, 25 and 10% (representative for carbohydrate breakdown), whereas our
mixture contained 40% acetic, 28% propionic, 12% butyric and 20% higher volatile fatty
acids.Infusion procedure was similarin our study andtheexperiments of Weston (1966).As
far as we are aware no infusion experiments have been published with a similar mixture of
VFA like we used. Hence, it remains to be investigated what difference exactly caused the
favourable response of our sheep. In principle several factors may be involved: the lower
proportion of acetic acid, the higher energy content on amolar basis, the presence of valeric
andisovaleric acid,or anon-specific difference inphysical andchemical characteristics (lipid
solubility,acidity).
The role of higher VFA has usually been linked to the requirements of rumen microbes
for these acids as essential growth factors. Small amounts added to low protein diets have
been showntostimulaterumen microbial growth (Hemsley andMoir, 1963; Hume, 1970)and
to increase intake in sheep (Hemsley and Moir, 1963). However, it is unlikely that positive
effects on microbial protein production were present in our experiment, since the basal feed
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by itself had a fairly high nitrogen content and organic matter digestibility tended to be
depressed insteadofincreased asaresultoftheVFA infusions.
When compared with the data obtained by Weston (1966) the results of the present
experiment suggest apossible benefit of ruminaiprotein degradation as compared toruminai
carbohydrate degradation, as far as intake is concerned. The changes brought about by the
VFA infusions reflect to some extent thoseobserved betweenroughages of different nitrogen
content.

MinorVFA
(molar%)

3 --

-+3

-+4

N (%o(OM)

Fig.7.6.4.ThecontributionofminorVFA tototal VFA concentrationsinrumenfluidoflactatingdairy cows
givenfreshimmatureryegrasswithdifferentnitrogenconcentrations:datafromVéritéetal. (1984).

As an example Fig. 7.6.4 shows data from Vérité et al. (1984) concerning ruminai VFA
composition of lactating dairy cows fed fresh grass. The contribution of minor VFA to total
VFA concentrations, although small, increases linearly with increasing nitrogen contents of
the roughage, indicating extensive breakdown of protein. However, before firm conclusions
can bedrawn withregard toapositiveeffect ofruminaiprotein degradation more information
is needed with regard to the effects of infusion of different VFA mixtures, with or without
complete neutralization ofVFA byammonia.
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7.7General discussion and conclusions
Theexperiments discussed inthepreviousparagraphs weremeanttotestdifferent hypotheses
concerning the nature of relationships between roughage composition and roughage intake.
The experiments all involved the infusion of nutrients: substances that serve as sources of
metabolic energy andraw material for growth orrepair of tissues and general maintenanceof
body functions, according to the definition of Eckert and Rendall (1983). The intake
responses tothenutrient infusions obtained inthisstudyhavebeen summarizedinTable 7.7.1
and Fig. 7.7.1. Taking ME content as a common scalar infusâtes supplied the sheep with an
amount of MEvarying from only a smallquantity in thecaseof K-citrate (approximately3%
of estimated MEI without infusion) to much larger amounts: i.e over 30% with mixtures of
proteinand glucoseinExp. 1 andmixturesofprotein andVFAinExp.4.
Despite a widely differing composition of infusâtes, intakeresponses by the sheep in our
experiments bear several characteristics in common, as illustrated by Fig. 7.7.1. This Figure
summarizes the changes of estimated MEI from hay as a function of MEI from infusâtes
tested in Exp. 1-4. First of all,infusions depressed MEI from roughage more often than not:
only with 3out of atotalof 25different infusâtes a small,not-significant increase was found.
Secondly,estimated total MEIincreased nearly always asaresult of theextra energy infused.
Thirdly, increases in estimated MEI were obtained with different types of nutrients and
nutrient mixtures: infusions with protein as well as different carbohydrates and VFA all
appeared to increase total MEI, though type of nutrient influenced the magnitude of the
increase. The latter phenomenon shows that there is scope for optimizing the composition of
thenutrientinfusion mixturetoobtain thelargestpossible increaseofMEL
Theintakeresponses obtained clearly differ from thoseexpected tofind atthe startofour
experiments. We thought that animals on roughage diets may lack specific nutrients, like
protein, glucose,or lipids,toexpress theirmaximum energy intake.If so,addition of specific
nutrients or mixtures should create systematic increases in roughage intake. Such increases
havenotbeen found.
The three response characteristics mentioned above closely resemble those commonly
obtained with the feeding of concentrates, i.e the supplementation with dietary nutrients.
Concentrates are used to raise total MEI but they usually depress MEI from the basal feed,
though to avariable degree.Degree of substitution of the basal feed byconcentrates depends
among others on the type of concentrates: it is generally less with protein-rich concentrates
than with cereal grains (Oldham, 1984; Weston, 1988). A completely different effect has
sometimes been observed when concentrates were fed in combination with low quality
roughages or agricultural byproducts, for instance those coming from the sugar cane industry
in tropical regions. In those situations feeding supplements with by-pass characteristics has
sometimes led to substantial increases of basal feed intake (Preston and Leng, 1987). Such
increases may be due to the correction of a nutrient imbalance. At least as far as protein is
concerned, infusion trials have provided evidence thatintake of certain feeds is depressed by
a protein deficiency of the host animal (Egan, 1965, 1977; Egan and Moir, 1965). These
findings suggested that nutrient imbalances might be a more common cause of low feed
intake. The present experiments, and the experiments reported in Chapter 6, do not confirm
the idea that roughage intake is primarily controlled by the availability of specific nutrients:
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neither by-pass protein,carbohydrate oramixtureof both,norextrarumen microbial material
containing amixture of nutrients in addition toprotein, noraspecialVFAmixture aloneorin
combination with by-pass protein increased intake of the basal feed. Instead roughage intake
almost alwaysdeclined asaresultof additional nutrients.

Table 7 . 7 . 1 . Effects of ruminai and abomasal n u t r i e n t infusions on
estimated ME i n t a k e (MEI, MJ.d" 1 ) i n sheep. R e s u l t s of Exp. 1-4 d i s c u s s e d
in Chapter 7.
Exp.

Infusate

fromhay from
withoutinfusion
1.

microbialmaterial(RM)
protein
RM+glucose
protein+glucose

2.

K-citrate
K-citrate+RM
grassjuicelowlevel
grassjuicehighlevel

3a.

Chaneeof

MEintake
Infusate

MEI

fromhay

total

6.5
6.7
6.8
7.4

1.1
1.0
2.2
2.2

-0.3
-0.1
-1.3
-0.8

+0.9
+1.0
+0.9
+1.5

10.3
10.1
9.2
10.5

0.3
2.2
2.1
4.1

+0.2
-0.7
-1.1
-1.1

+0.5
+1.4
+1.0
+3.0

glucoselowlevel
glucosehighlevel
maltoselowlevel
maltosehighlevel
fructoselowlevel

8.2
8.2
7.8
7.8
6.9

1.2
2.4
1.2
2.4
1.1

-0.7
-1.3
-0.4
-1.6
-1.1

+0.5
+1.1
+0.8
+0.8
+0.1

3b.

glucose
glucose+saline
starch
starch+saline

7.4
7.9
8.1
7.3

1.2
1.1
1.2
1.1

-0.2
-0.2
-0.3
-0.1

+1.0
+0.9
+0.8
+1.0

3c.

glucose
starch
protein

9.7
8.6
9.4

1.4
1.2
1.8

-0.3
-0.2
+0.3

+1.1
+1.0
+2.1

4.

VFA
VFA+NH3
VFA+protein
VFA+NH3+protein
protein

11.2
11.2
11.1
11.1
9.6

2.7
2.7
3.6
3.6
0.8

-1.0
-0.9
-0.7
-0.3
+0.3

+1.7
+1.8
+2.8
+3.3
+1.1
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Fig. 7.7.1. Changes in estimated MEI from feed upon administration of extra ME with different infusâtes: a
compilation of results obtained in Exp. 1-4 of this Chapter. Data situated above x-axis indicate an increase of
hay intakeupon infusion, databetween x-axisand theune y= -xindicatepartial substitution of hay by infusâtes,
dataon theline y= -xindicatecomplete substitution.

Thefindingof both negative andpositive effects of nutrients -either supplied by infusion or
as a dietary supplement - on roughage intake raises the question as to the exact role of
nutrients in roughage intake regulation. Is it possible toreconcile both negative and positive
effects on roughage intake with a single concept of intake regulation? The new theory of
intake regulation developed in Chapters 3 and 4 in principle offers an explanation for such
opposite effects of supplemental nutrients. In addition, this theory points a way to future
researchintoeffects of supplemental nutrients.
From the ideas advanced in Chapters 3 and 4 we infer that, ultimately, the effects of
specific nutrients will depend on extent and direction towhich they change the efficiency of
MEutilization.Thelevelof voluntary intakeof anyfeed (theoptimumfeed intake) appears to
be determined by therate at which the efficiency of ME utilization declines with increasing
consumption level. When the animal receives a fixed amount of supplemental nutrients,
intake of the basal feed will change to a new optimum depending on thejoint efficiency of
ME utilization of basal feed and supplement. The problem is that, from present knowledge,
we cannot predict this new efficiency, yet. The complexity of energy utilization makes it
unlikely that this new efficiency will be simply the sumof the efficiencies of ME utilization
from basal feed and supplemental nutrients. Interactions between utilization of energy from
feed and supplement probably often occur creating both positive and negative effects on
efficiency of energy utilization. Such different effects should then explain why roughage
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intake sometimes increases and in other instances remains unchanged or even decreases
following nutrient administration. For example, if animals are extremely deficient in
glucogenicprecursors, arelativeexcessof acetic acidmaygiverisetoalowefficiency ofME
utilization (seeChapter4).Correctingsuch adeficiency mayimprovetheefficiency ofenergy
utilization from thebasalfeed and,hence,itmayraiseroughageintake.Thesamecouldapply
to deficiencies of amino acids, vitamins or minerals. Such severe deficiencies will be more
common in situations where feed quality is often low. Hence, they will be more frequent in
tropical than in temperate regions. In less extreme situations, for instance with the medium
qualityroughages usedbyus,apparently, nosuch beneficial effect of glucogenic supplements
occurs. But in that case, there may still be an increase in total MEI due to the fact that
additional nutrients may be used relatively efficiently. One might expect that nutrient
infusâtes would be always used more efficiently than nutrients which must first be liberated
from a feed. Infusing pure nutrients certainly relieves the animal from the energy costs
normally associated withthephysical processingof feed (eating,ruminating,digesta transport
etc.). However, other costs might well undo this possible advantage. For instance, infusing
VFA into the rumen often causes relatively large decreases of roughage intake (Egan, 1966;
Weston, 1966).These may berelated to ahigher metabolic acid load imposed on the animal
asaresultof increasedconcentrations of VFA (seeChapter 4).As suggested in Section7.5an
increase of metabolic acid load might alsoresult from a shift in substrateuse between tissues
whenoneorgan (thesmallintestine)receives anabundant supplyofcarbohydrate.Inthatcase
theeffect ofextraglucogenicenergy onintakeof thebasalfeed mayevenbecomenegative.
Lack of knowledge with regard tothe overall effect of supplements on efficiency of ME
utilization as yet precludes a prediction of the impact of nutrient supplements on roughage
intake in any particular situation. To arrive at such a prediction from knowledge of
physiological processes must be extremely difficult. First of all, amultitude of physiological
processes changes as aresult of supplementation and secondly, it isonly theintegrated effect
of all these changes which really appears todetermine theanimal'sdecision how much toeat.
Atsome stageofourresearchwe thought thatdifferences in theamountof energy investedin
resorption of nutrients from the gut might be an important cause of differences in ME
utilization and intake between feeds. This led to a comparison of abomasal infusions with a
numberof carbohydrates known todiffer inmode of resorption. Results of these experiments
did not confirm our hypothesis for this particular case.This does not exclude, however, that
between feeds of different nature, energy costs related to the transport of endogenous and
exogenous nutrients from the gut may contribute significantly to differences in ME
utilization. Indirect evidence for an important role of secretion and absorption processes was
discussedinChapter4.
So, although aphysiological interpretation is still far from complete, our theory of intake
regulation appears to predict roughage intake accurately (see Chapter 3). In addition, this
theory provides a framework capable of accommodating different responses to
supplementation of roughages. It has also strong implications for future research. Current
research into the physiological basis of effects of concentrates on roughage intake, heavily
focuses on changes in the rate of digesta clearance as a result of supplementation (see for
instance Weston, 1988).This interest in the physical processing of feed by the animal stems
from the idea that reticulo-rumen fill is an important determinant of roughage intake. In our
theory digesta clearance per se does not play any role. As far as this process is of real
importance for intake regulation, it is so through: 1.the associated energy costs imposed on
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the animal, and 2. an effect on the type of nutrients becoming available for absorption. This
means that many of the variables often measured in intake studies (rumen digesta load,
digesta particle size distribution, rate of digesta particle comminution and passage) are of
little help for a better understanding of intake regulation: ruminants, in our view, do not
respond tochanges in the ease with which digesta areremoved from the gut, but to thejoint
effects of feed consumption on energy metabolism and oxygen use. Our theory further
implies that a search for physiological upper limits to rates of eating, ruminating, digesta
clearance, nutrient absorption and nutrient utilization is futile: animals appear to prefer an
optimum intensity of physiological processes and the availableevidence indicates that this is
usually asubmaximum intensity.Therefore, future studies shouldconcentrate ontheenergetic
efficiency of various processes linked tofeed consumption, rather than search for limitations
tosuchprocesses.
Nutrient infusion experiments willprobably form part of such future research as they are
the only means to change nutrient fluxes through various compartments of the body in a
predetermined way. They should, however, be combined with measurements of oxygen
consumption and substrate usein different body compartments and in the animal as awhole.
Despite the apparent advantage of infusion experiments as a tool in nutrition research some
cautionary remarks still have to be made. Since nutrient infusions are in a way a form of
forced feeding there is always ariskof creating artefacts: results which bear no relationship
with normal feeding conditions. Several aspects of nutrient infusions may give rise to the
creation of artefacts. For instance, under normal conditions of feeding many internal state
parameters are under the control of the animal and can be adjusted by the animal through
changes in feeding intensity. With nutrient infusions deliberate attempts of the animal to
change internal conditions (nutrient concentrations for instance) are partially rendered
ineffective and this may upset the animal: the mostpowerful means an animal has learned to
use in order to avoid harmful effects of feeding is to stop eating and this does not work any
more with forced feeding. Artefacts may also arise from the common practice to administer
infusâtes continuously instead of intermittently. Although the nutrient supply from
fermentation and digestion isalsocontinuous in thefree-feeding animal, fluctuations occurin
rate of supply within aday. In fact, theexistence of meals and meal pauses are an important
characteristic of feed consumption in both ruminants and monogastrics. In rats, feeding
patterns appear todiffer between dietsofdifferent proteincontent andinthiswaytoaffect the
efficiency of energy utilization (McCracken, 1975). Finally, artefacts may arise from
conditioning, aphenomenon known from experiments inwhich anutritious feed was givenin
combination with intraluminal administration of a harmful substance, for example larkspur
extract in the experiments of Olsen and Ralphs (1986).Animals which were offered lucerne
and which, at the same time, were repeatedly dosed with larkspur extract, refused the feed
alsowhen noextract wasgiven anymore.Inourexperiments however, decreases of intakeas
a result of nutrient infusions usually disappeared soon after the infusion of the nutrient was
discontinued. This suggests that in our experiments conditioning did not occur. Thus,
although the complexity of the ruminant digestive tract may make the use of fistulated
animals and nutrient infusions a logical choice, translating the results of infusion studies to
theintact animal shouldbedonewithcare.
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Samenvatting
Dit proefschrift getiteld 'Naar een nieuwe theorie over voederopnameregulering bij
herkauwers' beschrijft de resultaten van een gezamenlijk onderzoek naar de oorzaken van
verschillen in voederopname bij herkauwers. Dergelijke verschillen treden op wanneer we
voer in onbeperkte hoeveelheid (ad libitum)aan dieren verstrekken. Ze hangen samen met
verschillen in voedereigenschappen, diereigenschappen of omgevingsfaktoren. Elk van deze
bronnen vanvariatie inopnameisvoordeveehouderij van grootbelang aangezien het niveau
vanvoederopname vooreenbelangrijk deeldeproduktiviteit vandieren bepaalt.
Het proefschrift bestaat uit twee delen voorafgegaan door een algemene inleiding. In de
algemene inleiding wordt in grote lijnen de aanzet tot het onderzoek, het verloop en enkele
belangrijke resultaten geschetst.
Deel I omvat de Hoofdstukken 1, 2, 3 en 4. De eerste twee hoofdstukken zijn een
kritische beschouwing van gangbare ideeën ten aanzien van voederopnameregulering bij
herkauwers. In Hoofdstuk 3 en 4 ontwikkelen we een nieuwe theorie ter verklaring van
verschillen invoederopname.
Deel II omvat de Hoofdstukken 5, 6 en 7. Hierin worden de resultaten van eigen
experimenten beschreven. Deze experimenten betroffen voederproeven met dwerggeiten en
schapen en hadden tot doel verschillende hypothesen m.b.t. voederopnameregulering te
toetsen. Resultaten hiervan hebben mede bijgedragen tot de formulering van de theorie
beschreven inHoofdstuk 3en4.
Zoals uit Hoofdstuk 1 blijkt, bestaat er in de recente literatuur een grote mate van
eenstemmigheid over de oorzaken van verschillen in opname tussen voeders. De gangbare
vooronderstelling is, dat herkauwers in principe streven naar een maximale groei- en
produktiesnelheid en een daarbij behorende maximale energie-opname. Een hoge energieopname bereiken herkauwers echter alleen op rantsoenen met een hoge verteerbaarheid en
energiedichtheid, i.e.rantsoenen metveel krachtvoer welke van nature niet vóórkomen in het
menu van herkauwers. Bij rantsoenen bestaande uit uitsluitend ruwvoer ligt de energieopname meestal lager, soms veel lager. Dit zou vooral veroorzaakt worden doordat de
omvang van het maagdarmkanaal in combinatie met het grote vullende vermogen van
ruwvoeders,devoederopname beperken.Hoeweldusvullingvanhetmaagdarmkanaal alseen
belangrijke faktor wordt beschouwd voor de opname van ruwvoeders,neemtmen inde regel
aan dat allerlei andere endogene en exogene faktoren de opname positief dan wel negatief
kunnen beïnvloeden. De feitelijke opname van elk voer zou afhankelijk zijn van de totale
balansvandezeinvloeden.
Een kritische analyse van dit concept van opnameregulering toont aan dat hiermee de
variatie invoederopname van herkauwers slechts tendeleen vaakonbevredigend teverklaren
is. Zo wijzen relaties tussen voederkenmerken en opname niet uitsluitend op een verband
tussen maagvulling en opname, maar ook op een verband tussen de efficiëntie waarmee
metaboliseerbare energie benut wordt en dead libitum opname.Verder blijken relaties tussen
opname,maagvullingenpassagesnelheid als zodaniggeenbewijs televeren vooreen fysische
beperking van de opname. Opnameveranderingen na toediening van de normale
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verteringsprodukten in infuusproeven ondersteunen evenmin een belangrijke rol voor
maagvulling. Uit gedetailleerd onderzoek naar de voedselafbraak in de voormagen blijkt
bovendien dat herkauwers in principe de opname van eenzelfde voer in hoge mate zelf
kunnen beïnvloeden door de passagesnelheid van digesta aan te passen. Tenslotte bestaat er
twijfel aandevooronderstelling datvoederopnamegedrag gericht zou zijn ophetbereiken van
eenmaximaleenergie-opname.
InHoofdstuk 2komtde vraagaandeordewatmogelijke oorzaken zijn vanverschillen in
voederopname tussen herkauwers, zowel op het niveau van soorten als dat van rassen en
individuen. De meningen in de literatuur blijken hierover uiteen te lopen. Sommige auteurs
gaan ervan uit dat de voederopname van dieren proportioneel is met hun voederbehoefte,
anderen veronderstellen dat de opname bepaald en beperkt wordt door de omvang van het
maagdarmkanaal.Demeesteauteurs nemenaandatzowelvoederbehoefte alsomvangvanhet
maagdarmkanaal van betekenis zijn voor verschillen in opname tussen dieren. Doel van
Hoofdstuk 2isnate gaanmetwelkevisie gegevensvan gedomesticeerde herkauwers hetbest
overeenstemmen. Daartoe worden literatuurgegevens met betrekking tot voederopname,
basaalmetabolismeenomvangvandemaagdarminhoudvergeleken.
Tussen genotypes (soorten,rassen enindividuen) blijkt devoederopname inhet algemeen
te variëren proportioneel met het basaal metabolisme. Per kilogram lichaamsgewicht hebben
kleine genotypes in vergelijking met grote genotypes een aanzienlijk grotere
opnamecapaciteit, en een grotere maagdarminhoud of kortere verblijftijd van digesta in het
maagdarmkanaal. Veranderingen inopname,maagdarminhoud endigesta-verblijftijd parallel
aanveranderingen infysiologisch stadiumenlichaamsomvang wijzen niet noodzakelijkerwijs
opeencausaal verband tussen maagvulling enopname:tegelijkertijd treden immersook grote
veranderingen opin hetmetabolisme vanhet dier zoalso.a. blijkt uit verschillen in efficiëntie
van benutting van metaboliseerbare energie. Effecten van temperatuur en daglengte
bevestigen dat een dier het niveau van opname van eenzelfde voer kan variëren. Waarom
herkauwers alleen onder bepaalde omstandigheden deze capaciteit gebruiken om meer voer
op te nemen, houdt mogelijk verband met noodzakelijke veranderingen in het metabolisme
die nietaltijd gunstig hoeven tezijn voorhetdier.
In Hoofdstuk 3 ontwikkelen we een nieuwe theorie ter verklaring van verschillen in
voederopname. Kernidee is de veronderstelling dat voederopname voor het dier zowel
positieve als negatieve aspekten vertegenwoordigt, door ons respectievelijk als baten en
kosten betiteld. Voor een niet-reproducerend dier beschouwen we als baten de opname van
netto energie voor onderhoud en gewichtstoename, als kosten de totale zuurstofconsumptie
van het dier. Dit laatste is gebaseerd op bevindingen uit onderzoek naar veroudering, die
tonen dat het gebruik van zuurstof door lichaamsweefsels oorzaak is van schade aan
celstructuren, van verlies aan vitaliteit en van een beperkte levensduur. Onze hypothese luidt
dan ookdat voederopnamegedrag gericht zal zijn ophet maximaliseren van deefficiëntie van
zuurstofbenutting: van elk voer zal het dier zoveel consumeren dat de opname van netto
energie per liter zuurstof maximaal is. De ad libitumopname van een voer is bijgevolg de
optimale opname uit een oogpunt van efficiëntie van zuurstofbenutting. Een uitvoerige test
van deze hypothese aan de hand van gepubliceerde gegevens van niet-reproducerende
herkauwers laat zien dat voorspelde en waargenomen ad libitum opname goed
overeenstemmen. Dit geldt voor voeders die sterk verschillen in metaboliseerbaarheid,
stikstofgehalte en fysische hoedanigheid. Veranderingen in opname parallel aan
veranderingen in basaal metabolisme zijn eveneens inovereenstemming met onze hypothese.
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Effekten van veranderingen in fysiologische ontwikkeling op de voederopname zijn
moeilijker te voorspellen. Dit is deels het gevolg van gebrek aan informatie over parallelle
veranderingen in efficiëntie van ME benutting, deels het gevolg van onzekerheid met
betrekking tot de aard van kosten en baten van voederconsumptie in drachtige en lacterende
dieren.Tenslotteconcluderen weinHoofdstuk 3dathetmaximaliseren van deefficiëntie van
zuurstofbenutting een principe kan zijn van algemenere toepassing op de regulering van
gedragvanaëroob levendeorganismen.
InHoofdstuk 4trachten weeen aantal fysiologische processen teidentificeren die eenrol
spelen bij het optreden van verschillen in efficiëntie van zuurstofbenutting als funktie van
voederopnameniveau envoedersamenstelling. Hetfeit datdeefficiëntie van zuurstofbenutting
eenmaximale waardebereikt bij toenemend opnameniveau,ishetgevolgvan hetbestaan van
een basale zuurstofconsumptie en van een afnemende partiële efficiëntie waarmee ME bij
stijgende opname benut wordt. Mogelijke oorzaken voor een afnemende efficiëntie worden
besproken aan de hand van bekende effecten van vluchtige vetzuren, het belangrijkste
eindprodukt van de vertering bij herkauwers, op het celmetabolisme. Toenemende
concentraties van vluchtige vetzuren blijken verschillende, deels onafhankelijke effecten te
hebbenoplevendecellen:ze stimuleren zowelhetgebruik van substraat voorde synthesevan
celbestanddelen, als het gebruik vooronderhoudsprocessen, ditlaatstehoofdzakelijk vanwege
een verhoogde protonenlekkage van membranen. Hieruit ontwikkelen we de hypothese dat
een verhoogde extracellulaire zuurlast verantwoordelijk is voor een afnemende partiële
efficiëntie van benutting van metaboliseerbare energie. Het opnameniveau waarbij een
maximale efficiëntie van zuurstofbenutting wordt bereikt is vermoedelijk gekoppeld aan het
voorkomen van een bepaalde 'optimale' zuurlast en bijgevolg aan optimale concentraties van
vluchtige vetzuren. Voederopnameregulering moet dan gericht zijn op het handhaven van
dergelijke concentraties in alle compartimenten van het lichaam. Het feit dat optimale
vluchtige-vetzuurconcentraties verschillen naar gelang de kwaliteit van het voer, zou het
gevolg kunnen zijn van verschillen tussen voeders in omstandigheden voor absorptie en
benutting van vluchtige vetzuren. Deze omstandigheden variëren vermoedelijk onder invloed
van verschillen in interne recirculatie van elektrolyten, in de verhouding van geabsorbeerde
nutriënten en in endogene zuurproduktie. De waarde van de verteerbaarheid en het
stikstofgehalte van voeders alsmaatvoordeteverwachten opnamewordtinverband gebracht
met verschillen in deze omstandigheden. Tot slot concluderen we dat de intracellulaire pH
voor het diereen belangrijke parameter zou kunnen zijn voorhet vaststellen van de optimale
intensiteit van voederopnamegedrag maarook van andere vormen van gedrag.Dit zou zowel
voorherkauwers alsvooreenmagigen kunnen gelden.
InDeel II,Hoofdstuk 5worden deresultaten besproken van een tweejaar durend experiment
dat tot doel had de voederopname en vastende warmte produktie van West-Afrikaanse
dwerggeiten als funktie van gewicht en leeftijd teonderzoeken en te vergelijken met schapen
van een gemengd ras, de Swifter. Aanleiding tot dit experiment vormden de speciale
belangstelling voor deze diersoort vanuit de Vakgroep Tropische Veehouderij aan de
Landbouwuniversiteit en deverhoudingsgewijs geringe hoeveelheidkennis die beschikbaaris
over de voederopname en voederbehoefte van deze kleine herkauwerssoort. Bovendien
werden beide diersoorten gebruikt voordevoedingsproeven beschreven inHoofdstuk 6en 7.
Gedurende het eerstejaar van de proef werden dedieren adlibitum gevoerd met gepelleteerd
graszaadstro, gedurende het tweede jaar met gepelleteerde lucerne. In de loop van het
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experiment namen dedwerggeiten toeingewichtvan 12tot38kg,de schapen van 50tot 110
kg. Een vergelijking van de voederopname van beide soorten op gelijke tijdstippen toonde
aan dat de verteerbare organische-stofopname proportioneel was met het metabolisch
gewicht. Dezelfde wetmatigheid bleek te gelden voor de vastende warmte produktie. Dit
betekent dat beide diersoorten op eenzelfde leeftijd ten opzichte van hun vastende warmte
produktie eenzelfde voederopnameniveau bereikten. Deze constatering is in lijn met de
algemeneconclusies uitHoofdstuk 2.
Hoofdstuk 6 beschrijft een aantal kortdurende voedingsexperimenten met dwerggeiten.
Deze hadden tot doel de hypothese te testen dat de opname van ruwvoeders in belangrijke
mate beïnvloed wordt door de verhouding waarin eiwit en energie uit voer opgenomen
worden. Deze hypothese werd op twee manieren getest. In een aantal proeven werd extra
eiwit oraal bijgevoerd, in andere experimenten werd extra eiwit per infuus in de lebmaag
toegediend. Alle proeven werden uitgevoerd met voeders van relatief lage verteerbaarheid
maar met voldoende stikstof voor een onbeperkte microbiële vertering in de voormagen. Om
zeker te zijn dat oraal toegediend eiwit in de dunne darm belandt, werd een techniek van
formaldehyde behandeling gebruikt om eiwit te beschermen tegen microbiële afbraak in de
pens.Verschillende testen toonden dat debeschreven techniek eiwit oplevert meteen geringe
microbiële afbreekbaarheid maar met een hoge verteerbaarheid in de dunne darm.
Supplementatieproeven leidden aanvankelijk tot aanwijzingen voor een positief effekt van
extra eiwit op de voederopname van lang en gepelleteerd ruwvoer. Dit positieve effekt kon
echter niet bevestigd worden in uitgebreidere experimenten en evenmin ininfuusproeven. De
positieve effekten die aanvankelijk met een gepelleteerd ruwvoer werden gevonden, bleken
bij nader onderzoek terug te voeren op effekten van verschillen in pelleteergang. Welke
veranderingen in pellet-eigenschappen precies verantwoordelijk zijn voor verschillen in
opnamekonnietworden vastgesteld.
Hoofdstuk 7 beschrijft een aantal infuusproeven met schapen. Deze hadden tot doel de
effekten op de voederopname te onderzoeken van veranderingen in beschikbaarheid van
nutriënten middels infusen in pens en lebmaag. Om praktische redenen werden hiervoor
schapen als modelherkauwer gekozen. Het basis-rantsoen in alle experimenten bestond uit
hooi van matige verteerbaarheid en een matig hoog stikstofgehalte. In het eerste experiment
werd de hypothese getoetst dat de nutriënten die als onderdeel van microbiële cellen de
voormagen verlaten en in de dunne darm beschikbaar komen (waaronder eiwitten,
koolhydraten en lipiden) een belangrijk positief effekt zouden kunnen hebben op de
ruwvoederopname. Omdeze hypothese te toetsen werd microbiële massa uitpensinhoud van
slachthuis-koeien geïsoleerd en vervolgens geïnfundeerd in de lebmaag van lammeren. Ter
vergelijking ontving een andere groep een equivalente hoeveelheid stikstof in de vorm van
melkeiwit. Geen van beide infusen bleek de ruwvoederopname te beïnvloeden. Toen
additioneel een hoeveelheid glucose in de lebmaag geïnfundeerd werd, bleek de
ruwvoederopname significant te dalen. Met en zonder glucose bleek evenwel de geschatte
totale opname van metaboliseerbare energie middels infusen verhoogd te kunnen worden. In
een tweede experiment werd onderzocht of de positieve correlatie tussen opname en
stikstofgehalte van ruwvoer mogelijk het gevolg is van een verstrengeling van stikstof met
andere componenten in ruwvoer, waaronder kalium. Daartoe werd een infuusproef
uitgevoerd waarin het effekt onderzocht werd van extra kalium toegediend in de pens aldan
niet incombinatie meteiwit toegediend inde lebmaag.Daarnaast werd geprobeerd het effekt
vaneen hoger stikstofgehalte inruwvoer te imiteren door eiwitrijk sap uit gras te winnen en
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dit per infuus toe te dienen aan de pens van proefdieren. Geen van de onderzochte
behandelingen resulteerde ineen verhoging vanderuwvoederopname.Wel bleek ookhierde
geschatte totale opname aanmetaboliseerbareenergie metinfusen van eiwiten grassap toete
nemen.In eenderdereeks infuusproeven werdheteffekt onderzocht vanlebmaaginfusen met
glucose, maltose, fructose, zetmeel en eiwit. Genoemde koolhydraten verschillen in de wijze
van absorptie uit de dunne darm en de daarmee gepaard gaande energiekosten. Fructose
toediening bleek al bij lage doses diarree te veroorzaken en een sterk verlaagde
voederopname. Tussen de andere koolhydraten werd geen verschil in opnamerespons
gevonden. Zowel toediening vankoolhydraten alsvaneiwit bleek de geschatte totale opname
aanmetaboliseerbare energieteverhogen.Ineenvierdeexperimentwerdonderzocht inwelke
mate demicrobieel afbreekbare en bestendige fraktie van voedereiwit bijdragen totde hogere
voederopname van eiwitrijke ruwvoeders.Effekten van afbreekbaar eiwit werden onderzocht
door de afbraakprodukten van eiwit (een specifiek mengsel van vluchtige vetzuren) al dan
nietin combinatie met ammoniak indepensteinfunderen. Deuitkomsten van dit experiment
suggereren datbeideeiwitfrakties eenpositief effekt hebbenopdeenergie-opname.
Bij elkaar genomen geven de resultaten van de verschillende experimenten geen
aanleiding te veronderstellen dat de verhoudingen waarin nutriënten uit voer geabsorbeerd
worden een beslissende rol spelen voor het ad libitum opnameniveau van ruwvoeders van
gemiddelde kwaliteit. Wel blijken ze dit niveau in meer of minder grote mate te kunnen
beïnvloeden. De theorie beschreven in Hoofdstuk 3en 4 geeft een aanzet tot een verklaring
van deze effekten. Volgens deze theorie zijn veranderingen in ruwvoederopname als reaktie
opde verstrekking van extra nutriënten hetzij via voedersupplementen (krachtvoer) hetzij via
infusen het gevolg van veranderingen in de efficiëntie waarmee de opgenomen
metaboliseerbare energie benut wordt. Afhankelijk van het effekt van additionele nutriënten
op de benutting van metaboliseerbare energie uit het basis-rantsoen zal de opname hiervan
toenemen, gelijk blijven of afnemen. Onder welke omstandigheden een positief dan wel
negatief effekt optreedt,lijkt opbasisvandehuidigekennis nietgoedtevoorspellen.
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