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STELLINGEN

Voor een goede voorspelling van nutriénten, beschikbaar voor absorptie uit de
pens van koeien gevoerd met uiteenlopende rantsoenan, is het van cruciaal
belang meerdere pools van micro-organismen te onderscheiden.

Dit praefschrift

De voorspelling van het type viuchtig vetzuur dat in de pens geproduceerd
wordt, vereist een gedetailleerder weergave van de relevante processen dan
in de huidige modellen van de pensfermentatie gebruikelijk is.

Dit proefschrift

De verhoudingen waarin viuchtige vetzuren in de pens aanwezig zijn, geven
zelden de verhoudingen weer waarin ze zijn geproduceerd.
Dit proefschrift

Een kwantitatief begrip van de respons van protozoén op rantsoenwijzigingen
en van hun effekten op de voor absorptie beschikbare nutriénten vergist een
wiskundige weergave van het metabolisme van bacterién en protozoén in de
pens.

Dit proefschrift

De stelling van Czerkawski {1987} dat de hoeveelheid protozoén die de pens
verlaat aanzienlijk groter is dan de hoeveelheid die de lebmaag bereikt, berust
op een foutieve aanname.

Czerkawski, J.W. {1987). Reassessment of the contribution of protozoa
to the microbial protein supply to the host ruminant animal. Journal of
Theoretical Biology 126, 335-341.

Abe, M. & Iriki, T. {1989). Mechanism whereby holotrich ciliates are
retained in the reticulo-rumen of cattle. British Journal of Nutrition 62,
579-587.

De opmerking van Broderick et a/. (1991), dat de consequent lagere ammoniak
concentraties in de pensviceistof van gedefauneerde herkauwers het beste
bewijs is voor de stelling dat protozo&n aminozuren aktief deamineren, gaat
voorbij aan het geintegreerde, dynamische karakter van de pensfermentatie.
Broderick, G.A., Wallace, R.J. & @rskov, E.R. {1291}. Control of rate and
extent of protein degradation. In Physiological Aspects of Digestion
and Metabolism in Ruminants, pp. 541-592 [T. Tsuda, Y. Sasaki and

R. Kawashima, editors]. San Diego: Academic Press Inc.

Wiskundige modellen zijn bij uitstek geschikt om een integratie van kennis uit
diverse, uiteenlopende disciplines mogelijk te maken.
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Ten opzichte van andere methoden is de meerwaarde van de allometrische

benadering in de beschrijving van groei van zowel planten als dieren gering.

Thornley, J.H.M. & Johnson, |.R. (1990). Plant and Crop Modelling.
Oxford: Clarendon Press.

Het bedenken van een passende naam voor een te ontwikkelen wiskundig
modsl is een bijzonder zinvol aspekt in de ontwerpfase van het model.

De nadruk die gelegd wordt op behoeften van dieren om een bepaald gewenst
produktiedoel te bereiken, beperkt de mogelijkkheden van een efficiénte, op
duurzaamheid gerichte bedrijfsvoering.

De weerstand tegen veranderingen in de kerk is slechts dan gerechtvaardigd
als deze gebaseerd is op de Bijbel als belangrijkste toetsingsmagelijkheid voor
het kerk-zijn, maar vindt zijn corsprong vaak in de angst om zekerheden in de
kerk te verliezen.

Het aantal enkelblessures, opgelopen tijdens het beocefenen van volleybal, zou
aanzienlijk gereduceerd kunnen worden indien NeVoBo regel 16.2.2.a
geschrapt werd.
NeVoBo regel 16.2.2.a: Het aanraken van het veld van de tegenpartij
met één of beide voet(en) is toegestaan, mits hierbij een deel van deze
voet{en) in kontakt met of boven de middenlijn blijft.

De in het algemeen grote hoeveelheden alkohol, die tijdens het klaverjassen
genuttigd worden, doen niet vermoeden dat de deelnemers hun maat kennen.

Het heilig verkiaren van koeien heeft negatieve gevolgen voor het milieu.

Als het de vakgroepen, die deelnemen aan het op te richten onderzoekinstituut
Animal Sciences, lukt hun eigen identiteit en zeggenschap te bewaren en
tegelijkertijd het onderzoekinstituut te doen slagen, kalft de os.

Het meest duurzame aspekt van duurzame produktiesystemen is tot nu toe de
diskussie over de definitie van duurzaamheid.

Jan Dijkstra
Mathematical modelling and integration of rumen fermentation processes
Wageningen, 7 juni 1993




Want zie, uitspraken kunt u toetsen,
zoals u eten keurt door goed te proeven.
Elihu (Job 34:4})
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Het onderzoek beschreven in dit proefschrift is tot stand gekomen bij de vakgroep
Veevoeding van de Landbouwuniversiteit Wageningen. |k ben de vakgroep zeer
erkentelijk voor de mij geboden mogelijkheid om het onderzoek grotendeels naar eigen
inzicht in te vullen. De uitstekende werkomstandigheden op Veevoeding zijn wijd en
zijd bekend en ik wil mijn (ex-)collega’s bedanken voor de zeer plezierige en
stimulerende sfeer waar ik de afgelopen 5 jaar van mocht genieten. Zonder iemand
te kort te willen doen, bedank ik met name Carolien Makkink en Karel de Greef {mijn
keldergenoten, die er voor zorgden dat het in de AlO-kelder prima toeven wasl),
Marianne van 't End en Tamme Zandstra {mijn paranimfen, voor de gezelligheid bij de
uitstapjes, volleybal, 'Onder de Linden’ etc.) en René Kwakkel (voar het luisterend ocor
bij allerlei probleempjes).

Voordat ik dit onderzoek in mei 1288 begon, had ik ze mijn twijfels om als
‘rechtgeaard’ veefokker de onbekende wereld van de veevoeding in te stappen. Kor
Oldenbroek, die mij tijdens mijn fokkerijonderzoek op het Instituut voor Veeteeltkundig
Onderzoek {IVQO) in Zeist begeleidde, heeft me gestimuleerd om toch naar de AlO-
functie bij Veevoeding te solliciteren. Kor, ik ben je bijzonder dankbaar daarvoor; de
overstap is me zeer goed bevallen. Bovendien wil ik jou, Jaap de Rooy en Harrie
Laurijsen bedanken voor de onderzoeksbasis die dankzij jullie tijdens mijn stage-,
afstudeervak- en werkperiode op het IVO {1985-1988)} is gelegd.

Prof. dr. ir. §. Tamminga bedank ik voor zijn direkte en prettige begeleiding. Seerp,
de vrijheid die je me gaf om het onderzoek naar eigen inzicht in te vullen en de
opbouwende suggesties heb ik zeer gewaardeerd. Wanneer ik door administratieve
rompslomp {(zoals CAMAR-, AIR- en VF-programma’s} weer eens tot wanhoop
gebracht was, zorgden jouw advies en hulp ervoor dat ik er toch uit kwarn. Germ Hof
en Jaap van Bruchem hebben als ‘leden’ van mijn begeleidingscommissie veel concept
artiketen met onbegrijpelijke, lange zinnen en een stortvioed aan wiskundige formules
door moeten worstelen. Germ, bedankt voor je opmerkingen, waardoor ik gedwongen
werd om de zaken eenvoudiger weer te geven. Jaap, van de diskussies met je over
de landbouw in breed perspektief heb ik veel geleerd. Bedankt voor het ‘bomen’ en
voor je bijdragen aan het proefschrift.

De aard van mijn onderzoek bracht met zich mee dat het experimentele werk vrij
klein was. Toch heb ik nog met 'heuse’ Koeien gewerkt in het VFA-absorptie
experiment. Huug Boer heeft in de voorbereidende fase daarvan veel aandacht
gegeven aan de samenstelling van de vioeistoffen en allerlei andere aspekten die met
het labwerk gepaard gaan. Marianne Bruining heeft de eerste weken, toen ik vanwege
een cursus afwezig was, het praktische werk deels overgenomen. Huug en Marianne,
bedankt. Ook de studenten die aan mijn onderzoek hebben meegewerkt {Sipke-Joost
Hiemstra, Monique Daniéls, Susan van den Hoven en Freerk Wind), bedankt voor jullie



hulp. Barbara Williams bedank ik voor het verbeteren van de Engelse tekst van delen
van dit proefschrift.

A significant part of the research described in this Thesis has been performed at
the Ruminant Nutrition and Metabolism and the Biomathematics Departments of the
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is most sincerely appreciated. You showed me that interdisciplinary, integrated
research, in a friendly atmosphere (particularly in the Rising Sun), is possible indeed
and very fruitful as well. Jim, Maggie, Dave and Heather, and Pat Lewis, thanks for
the hospitality during my stay in Hurley. The British Council, het LEB fonds en NWO
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Bedankt.
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Dijkstra, J., 1993. Mathematical modelling and integration of rumen fermentation processes.
In ruminants, the profile of nutrients available for absorption generally differs considerably
from that ingested. These differences result from the metabolic activities of the rumen
microorganisms. The main aim of the present study, was to model the rumen fermentation
processes, to achieve the integration and quantification of these processes, and with the
long term aim of improving the level and efficiency of animal performance with respect to
desired products and waste. The dynamic, mechanistic models developed in this study
addressed specific aspects of rumen function which were not included in previous models,
but have been recognized as being of major importance in the transformation of ingested
to absorbed nutrients. In particular, the representation of microbial metabolism has been
improved. Results of model evaluation showed that the outflow of nutrients from the rumen
(NDF, starch, soluble sugars, nitrogen) was predicted well on a wide range of dietary inputs.
However, the type of VFA was not predicted satisfactorily. Therefore, an experiment was
conducted to study absarption rates of VFA from the rumen. It was found that VFA
absorption is affected to a different extent by rumen volume, pH and VFA concentration.
These factors should be taken into account if production of individual VFA in the rumen is
to be predicted accurately. In another model developed in the present study, major aspects
of rumen protozoal metabolism have been represented mathematically. The mathematical
integration of protozoal, bacterial and dietary characteristics provided a quantitative
understanding of mechanisms of protozoal respenses and their effects on nutrients available
for absorption to changes in dietary inputs. The prediction of responses of the amount of
product {milk, meat, wool) and the product composition should recognize metabolism of
individual substrates within the rumen or available after absorption. The models developed
in this study provide a basis for the estimation of the profile of nutrients available for
absorption, but further consideration of the prediction of type of VFA formed in the rumen
should have a high priority.
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GENERAL INTRODUCTION

The practical importance of research into feed utilization by domestic animals is
obvious. The amount of feed and its composition in general, significantly affect the
performance of the animal with respect to milk, meat, wool, and egg production and
their compositian, as well as the output of wastes. Feed is also the major single cost
of animal production systems {De Boer & Bickel, 1988}, and largely determines
financial return to the farmer. Thus, it is important to consider the links between feed
intake and compaosition, the cost of feed input, and the output of animal products.
Heance, it is essential to understand the main mechanisms within the animal which
underlie the responses to feed inputs.

In ruminants, the amount and type of nutrients available for absorption, and
ultimately for production, generally differ largely from the profile of nutrients taken
up. These differences result from the metabolic activities of rumen microorganisms.
Microbial material {(particularly microbial protein) and the endproducts of rumen
fermentation (particularly volatile fatty acids), represent a major part of the total
available nutrient supply. For example, in a classic study Virtanen {1966} showed that
cows, on diets lacking true protein, maintained milk production. In dairy cattle,
volatile fatty acids (VFA) constitute the major source of energy, providing at least
50% of the total digested energy (Sutton, 1985}, Considerable research on various
aspects of rumen fermentation processes, has accumulated over time and relevant
reviews include the proceedings of the most recent symposia on ruminant metabolism
and physiology (McDonald & Warnar, 1975; Ruckebusch & Thivend, 1980; Milligan
et al. 1986; Tsuda et a/. 1991). The response of the profile of nutrients available for
absorption to variations in nutrients entering the rumen, is the result of complex
interactions which occur during the fermentation process. However, by concentrating
research on the individual components of the rumen fermentation, rather than on its
integration, has resulted in insufficient information on many of the important
mechanisms linking the individual components (Gill er a/. 1989), and has hampered
adequate predictions concerning the supply of absorbed nutrients {(Beever, 1984).
Examples of such interactions in the rumen, are the responses of organic matter
digestibility to an increase in the protein content of low protein diets at low or high
intake levels (Oldham, 1984}; the fermentation or incorporation of amino acids related
to the availability of energy {Russell ef a/. 1983); and the response in the glucogenic
to non-glucogenic VFA ratio in rumen fluid, to the source of energy and protein
{(McCarthy er al. 1989).

In parallel with the increase in our understanding of individual components of
rumen fermentation processes, there has been an increasing interest and awareness
in the construction and value of mathematical models, aimed primarily at providing
an integration of existing knowledge {(Baldwin et a/ 1970). This has led to
subsequent refinements and updates as more information became available (Baldwin
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et al. 1977; Beever ef al. 1981; Murphy et a/. 1986). At the same time, there have
been efforts to improve the mathematical representation of some of the processes
{(France et &/. 1982). On this basis, Baldwin et a/. (1987) reported a model of
digestion in the rumen of the lactating dairy cow, as an essential prerequisite of a
model of whole body metabolism.

The main aim of the present study is to model the rumen fermentation processes,
to achieve the integration and quantification of these processes, with the long term
aim of improving significantly the level and efficiency of animal performance with
respect to desired products and waste. The application of mathematical modelling to
solving biological problems has been described in a number of authorative texts {for
modelling in agriculture see France & Thornley, 1884; Thornley & Johnson, 1980),
while the application of models to ruminant digestion and metabolism can be found
in the proceedings of relevant workshops (Baldwin & Bywater, 1984; Robson &
Poppi, 1990). Briefly, mathematical modelling can be applied (i} to identify gaps in
current knowledge, thus stimulating new ideas and experimental approaches; (ii) to
aid in the evaluation of hypotheses, expressed in mathematics, providing a
quantitative description and understanding of mechanisms within a system; (iii} to
predict the response of a system (tissue, organs, arganisms, etc.) to changes in input
to the system. In the present study, whole rumen function has been mathematically
described using dynamic, deterministic, mechanistic models. The basic terminology,
hierarchy, and principles in this study follow the lines described by France & Thornley
{1984).

Over past decades, considerable progress in the modelling of rumen function has
been made, due to the increased availability of data and power of computers, but
above all due to the improved concepts that have been formulated as knowledge of
the subject increased. Thus, for a number of justifiable reasons, the earlier models
could not include certain aspects of rumen function which are presently recognized
as being of major importance in the overall transformation of ingested nutrients to
absorbed nutrients. These aspects have been highlighted by Beever (1984) and
Sauvant (1988), and the mathematical representation of these aspects has been
reviewed briefly by Dijkstra et &/ (1980}). In Chapter 1, a mathematical model is
described, that simulates the digestion, absorption and outfiow of nutrients in the
rumen of cattle, This model addressed those specific problems, which had not been
satisfactorily resolved to date. The mathematical procedures used in the model and
the level of aggregation within the model were similar to those advanced previously
(France et al. 1982; Baldwin et al. 1987}. Key elements in the model described in
Chapter 1, which previous models either did not or did not adequately represent,
included microbial substrate preference, differential outflow of rumen microbes,
variable microbial composition, recycling of microbial biomass within the rumen,
significance of microbial distribution within the rumen, uncoupling of fermentation
with respect to nitrogen availability, and pH control of microbial cellulolytic activity
and of VFA and ammonia absorption. Given the specific issues being identified and
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subsequently addressed, this model represented a substantial change from those
which have been published earlier. The validity of these improvements and the
prediction of nutrient supply on a variety of dietary inputs, are described in a
companion paper (Chapter 2).

The results of model evaluation (Chapter 2} stress the need for quantitative
information on the rate of absorption of individual VFA from the rumen. Several
experiments have been performed to study this absorption rate ({reviews Bugaut,
1287; Bergman, 1990). However, the utilization of the results for VFA absorption
rates, in order to estimate the amounts of individual VFA available from fermentation
in cattle, has been severely hampered by the confounding between pH and VFA
concentration effects, the general inapplicability of in vitro results on VFA absorption
to the normal functioning ruminant, and the fact that almost all experiments have
been performed with sheep or using rumen tissue of sheep. In Chapter 3, an
experiment is described, which was performed to quantify the effects of rumen liquid
volume, pH and concentration of VFA on the fractional absorption rates of acetic,
propionic and butyric acid from the rumen of lactating dairy cows. The results of this
study can be used to predict accurately the production of individual VFA from
substrate fermentation in the rumen.

The impact of protozoa on the fermentation processes in the rumen, and on the
supply of nutrients to the ruminant has been investigated by many research workers.
There is considerable debate on the role of the rumen protozoa in these processes
(see reviews Jouany et al. 1988; Williams & Coleman, 1988}. Although the
importance of rumen protozoa in the transformation of ingested to absorbed nutrients
is recognized in models of rumen fermentation {Reichl & Baldwin, 1976; France et a/.
1982; Murphy et al. 1986; Russell et al. 1992}, the explicit representation of
protozoal metabaolism has received only limited attention (Dijkstra et a/. 1990). The
model described in Chapter 1 represented protozoal predation on bacteria and
selective retention of protozoa within the rumen. However, considerable
simplifications had to be made, and evaluation of the model {Chapter 2) indicated the
need to represent protozoal metabolism and interactions {(commensalism, predation,
competition) with bacteria in more detail. Mathematical procedures to describe these
interactions have not been developed satisfactorily, however (Bazin, 1981}, and
particularly not for the rumen where quantitative data on the mechanisms associated
with these interactions are scarce (Beever et al. 1986). Thus, specific emphasis was
placed on the mathematical representation of the metabolic activities of rumen
protozoa and their interactions with bacteria, based on data and hypotheses from the
literature. This resulted in the development of a model modified from that described
in Chapter 1, which allowed the evaluation of concepts and data in order to provide
a quantitative understanding of the protozoal dynamics of the rumen, and of the
integration of protozoal functioning with other microorganisms and with composition
of the diet (Chapter 4). A specific application of this model, is the establishment of
the role of rumen protozoa in fibre degradation for a wide range of dietary inputs
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{Chapter 5). This is of particular interest in view of the increased interest and
utilization of roughages for dairy and beef cattle herds in the Netherlands, and
considering the widespread use of high fibrous diets in many developing countries.

In the General Discussion, the major findings of Chapters 1 - 5 are discussed. An
important consideration in the Discussion, is the integrative character of the
processes in the rumen. The future application of the results for the prediction of
nutrient supply is discussed also. The contrast between current feed evaluation
systems and the mechanistic models of nutrient supply as affected by the complex
processes within the rumen are particularly emphasised, and there is an assessment
of the implications for research efforts and prospects for the prediction of the
responses of cattle to changes in amount and composition of feed fed.
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SIMULATION OF NUTRIENT DIGESTION, ABSORPTION
AND OUTFLOW IN THE RUMEN: MODEL DESCRIPTION

JAN DIUKSTRA, HEATHER D.ST.C. NEAL, DAVID E. BEEVER AND JAMES FRANCE

A mathematical model is described that simulates the digestion, absorption and
outflow of nutrients in the rumen. The model consists of 17 state variables,
representing nitrogen, carbohydrate, lipid, microbial and volatile fatty acid pools. The
flux equations are described by Michaelis-Menten or mass action forms with
parameters calculated from the literature. Several specific areas of improvement in
representation of rumen processes were reconsidered during model development,
These included microbial substrate preference, differential outflow and chemical
composition of rumen microbes, recycling of microbial matter within the rumen,
uncoupling of fermentation with respect to nitrogen availability, reduced microhial
activity at reduced rumen pH and pH-dependent absorption of volatile fatty acids and
ammonia. The model was used to examine the effects of the diet on the profile of
nutrients available for absorption and was shown to respond appropriately to different
intake and nitrogen levels. The validity of the improvements and the predictions of
nutrient supply on a variety of dietary inputs are tested in a companion paper.

Rumen: Computer simulation: Mathematical model: Ruminants: Microbial metabolism

Both the importance and complexity of rumen fermentation and its impact on nutrient
supply have been recognized, and considerable research evidence has accumulated
on various aspects. Attempts to predict the supply of nutrients by statistical analysis
of data sets have been of limited value {Beever, 1984). Thus, there has been an
increasing interest and awareness in the construction and value of mathematical,
mechanistic models of rumen fermentation, intended primarily to integrate existing
knowledge (Baldwin et al. 1970). Models of rumen fermentation have been
continuously refined biologically (Baldwin et af. 1977; Black et a/. 1981) and
mathematically {France et al. 1982), and recently a model of digestion in the rumen
of lactating dairy cows was described {Baldwin et a/. 1887). Whilst none of these
models can be considered to adequately predict the cutcome of rumen fermentation
in all dietary situations, their general behaviour has been encouraging, and, through
a critical re-evaluation of both concepts and data availability, have had an impact on
subsequent research effort in this area. However, a number of specific weaknesses
have been identified. Beever et al. {1981} were unable to adequately predict duodenal
protein supply from low protein diets, whilst Baldwin et a/. (1987) encountered
problems in predicting the rumen digestibility of fibre from high grain containing diets.
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All models had some difficulties in accurately predicting the yield of individual volatile
fatty acids.

The present paper describes a mathematical model of nutrient digestion in the
rumen and nutrient absorption and outflow from the rumen, based on concepts
advanced by France et a/. {1982) and Baldwin ef a/. {1987), but in which a number
of the specific issues identified as being insufficiently represented in earlier models
were addressed. (n particular, aspects relating to microbial recycling, microbial
substrate preference, uncoupled microbial fermentation, effect of pH on microbial
activity and volatile fatty acid {VFA) and ammonia absorption were considered, and,
taking account of both amylolytic and fibrolytic microbes, variation in microbial
chemical composition, as influenced by microbial species and nutrient availability, was
addressed. The primary objective of the model was to examine the effect of
supplementation of forage diets on the profile of nutrients available for absorption in
cattle. The mathematical description, assumpticns made and model parameterization
are described in this paper; a companion paper presents results of sensitivity analyses
and comparisons of experimental data with simulated values for a range of dietary
treatments {Neal et a/. 1982).

THE MODEL

The complete medel is summarized in Figure 1, and principal fluxes for grouped
nutrients are shown in Figure 2. The equations that constitute the model, the
abbreviations used to define the entities in the model and the variables and
parameters describing the properties of the model are listed in the Appendix. All pools
are expressed in moles except for the microbial pools, which are in grams. Te
describe the feed entities in molar terms, average malecular masses of monomers of
protein, carbchydrates and lipid are assumed tobe 113, 162 and 875 g, respectively.
Volume is expressed in litres () and time in days (d). The flux equations are described
by Michaelis-Menten or mass-action forms. Parameters of the Michaelis-Menten
equations are given in Table 1; yield, requirement and fraction parameters in Table 2;
stoichiometric yield parameters in Table 3 and microbial growth requirements in Table
4. The application of Michaelis-Menten equations in animal biology and biochemistry,
including the application to studies of transport of molecules and ions across cell
membranes and to studies of microbe and cell cultivation, is generally acknowledged
in modelling {Gill et a/. 1989),

The assumption made is that rumen metabolism depends only on the carbon-
containing (hexoses) and nitrogen-containing (ammonia or protein} containing
substrates, with other nutrients (such as minerals and vitamins) assumed to be
present in nonlimiting amounts. Hexoses are the products from hydrolysis of soluble
sugars, starch, pectin, cellulose or hemiceliulose. Two microbial poals, representing
three microbial groups, were distinguished according to microbial substrate
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Figure 1, Diagrammatic representation of rumen model. Boxes enclosed by solid lines indicate
state variables; arrows indicate fluxes. Abbreviations used: Ac, Acetic acid; Am, Ammonia: As,
Amylolytic microbial storage polysaccharides; Bu, Butyric acid; Fd, Rumen-degradable neutral
detergent fibre; Fu, Rumen-undegradable neutral detergent fibre; Ha, Hexose available to
amylolytic microbes; He, Hexose available to fibrolytic microbes; La, Lactic acid; Li, Lipids; Ma,
Amylolytic microbial mass; Mc, Fibrolytic microbial mass; Pd, Rumen-degradable protein; Pr,
Propionic acid; Ps, Rumen fluid-soluble protein; Pu, Rumen-undegradable protein; Sa, Saliva; Sd,
Rumen-degradable starch; Sr, Rumen fluid-soluble starch; Ue, Urea; Va, Volatile fatty acids; V!,
Valeric acid; Wr, Water-soluble carbohydrates.

preference: a peol of amylolytic microbes {bacteria and protozoa), which utilized
hexose derived from nonstructurat carbohydrates ({soluble sugars, starch and pectin),
and fibrolytic microbes, which utilized hexose derived from structural carbohydrates
(cellulose and hemicellulose). In the absence of specific data to calculate rate
constants for amylolytic and fibrolytic microbes, rate constants were assumed to be
equal for both types of microbes unless otherwise stated.
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Figure 2. Diagrammatic representation of rumen model with respect te input and output of
protein, ammeonia and lipid {A}, fibre, starch and hexose (B) and microbial matter and volatile
fatty acids {C}. Boxes enclosed by solid lines indicate state variables; arrows indicate fluxes. See
Figure 1 for key to abbreviations.
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PARAMETERIZATION

Input parameters

The amount of dietary nutrients entering the rumen pools is derived from the chemical
description of the diet and the amount fed to the animal. Nitrogen-containing fractions
of the diet include rumen-degradable, soluble (Ps) and insoluble (Pd) protein,
undegradable protein (Pu) and ammonia (Am}. The carbohydrate fractions of the diet
are rumen-degradable (Fd) and undegradable {Fu) neutral detergent fibre, rumen-
degradable, soluble (Sr) and inscluble {&d) starch and water-soluble carbohydrates
(Wr). All soluble entities are assumed to be completely degradable. Furthermore, lipid
(Li) and organic acids: lactate {La), acetate {Ac), propionate {Pr}, butyrate (Bu} and
valerate (VI) are considered, the latter being included to accommodate fermented
feeds such as ensiled forages. These inputs did not change with the progress of time,
thus simulating rumen fermentation processes during the day in a frequently fed
animal. The soluble and inseluble, degradable and undegradable components of
dietary protein or carbohydrates can be determined by the nylon-bag technique
(Nocek & Grant, 1987; Tamminga et a/. 1990) and will allow estimates of digestion
turnover time (the reciprocal of the degradation rate constant) of NDF (Tg,), starch
(Tgq) and protein {Tpy) to be calculated. These are used to adjust for differences

Table 1. Parameter values

. * *
Transaction Mi,jli Ti Yk Muaik MpHik Jamik  Jesjk JHak  JpHik PpHiik
or Mi,ik or MHG,ik or JHC,jk

Ac,AcAb 0.338 - 7.86 - - - - - 6.45 6.48
Am,AmAb 0.0132 1.10 - 7.5 - - - - 7.85
Am,AmMa 0.001356 0.0528 0.0158 - - - - - -
Am,AmMc 0.00135 0.0528 0.0159 - - - - - -
Am,UeAm - - 0.00165 - - 0.00621 - - -

Bu,BuAb 0.338 - 7.86 - - - - - 6.45 6.48
Fd,FdHc 0.332 0.83 0.1646 - 5.97 - - - - 2249
Ha,HaAs 0.0268 - 0.053 - - - - - - -
Ha,Hava 0.055 - 0.1646 - - 0.00861 ©.01465 - -
Hec,HcVVa 0.055 - 0.1646 - - 0.00861 0.01465 - - -
Mc,McEg 34.694 - 15,439 - - - - - - -
Mc,McAm - - - - - - - 0.0165 - -
Mc,McMa - - 0.0248 - - - - - -
Pd,PdPs 0.264 0.66 0.0576 - - - - - - ~
Pr,PrAb 0.338 - 7.86 - - - - - 6.45 6.48
Ps,PsAm 0.0289 - 0.0144 - - - - 0.0165 - -
Ps,PsMa 0.0224 - 0.0576 0.0248 - - - - - -
Ps,PsMc  0.0224 - 0.0576 0.0248 - - - - - -
Sd,SdHa 0.47¢ 1.04 0.2179 - - - - - - -
VI, VIAL 0.338 - 7.86 - - - - - 6.45 6.48

See Appendix for explanation of notation.
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Table 2. Yield, requirement and fraction pararmeters

Transaction Yi,jk Ri,jk fj'k or Transaction Yi‘jk Hi,ik fj'k or
fiik L
Ac,InAc Q.0167 - - Hf,HaAs - - 0.306
Am,InAm 0.0h88 - - Hf McMa - - 0.711
Am,McAm  0.0084 - - Hf,PsMa - - 0.711
Am,PsAm 1.267 - - Hf,PsMc - - 0.711
Am,UeAm 2.0 - - -, LcLe - - 2.250
As,HaAs 1125 - - Li, InLi 0.0015 - -
Bu,InBu 0.0114 - - Li,MaMd 0.00021 - -
Fd,InFd 0.0062 - - Ma,AmMa 118.91 - -
Fu,InFu 0.0062 - - Ma,McMa 149.48 - -
Ha,AmMa - 1.793 - Ma,PsMa 149.48 - -
Ha,LaHa 0.0025 - - Mc, AmMc 118.91 - -
Ha,MaMd 0.0062 - - Mc,PsMc 149,48 - -
Ha,McMa - 0.0086 - Pd,InPd 0.0091 - -
Ha,PsMa - 1.291 - Pr,inPr 0.0135 - -
Ha,SdHa 1.0 - - Ps.InPs 0.0091 - -
Ha,SrHa 0.0062 - - Ps,MaMd 0.0067 - -
Ha,WrHa 0.0062 - - Ps,McPs 0.0067 - -
He, AmMc - 1.793 - Ps,PdPs 1.0 - -
He,FdHe 1.0 - - Ps,SaPs 0.0010 - -
He,PsMc - 1.291 - Pu,InPu 0.0091 - -
Hf, AmMa - - 0.526 Sd,InSd 0.0062 - -
Hf, AmMc - - 0.526 VI, InVI 0.0098 - -

See Appendix for explanation of notation.

between feed components in availability for hydrolysis. The fractional outfiow rates
of both the fluid {kgg,) and solid phase (kg,g,) are specified in the model, and if no
suitable rates are available from experiments, these passage rates as well as rumen
volume can be estimated using the multiple regression equations given by Owens &
Goetsch {1986).

The fraction of protozoa in the amylolytic microbial pool (fp, o). an input
parameter to the model, is assumed to be 0.35, estimated from microbial outflow
from the rumen reported by Firkins et a/. {1987) and Siddons et &/. {1984, 1985) and
is held constant during each run, after correction according to the amount of lactate
in the feed and the expected pH of rumen fluid. Considering the substantial
contribution of protozoa to the ruminal catabolism of lactate {Chamberlain et al.
1983), fPo,Ma in presence of lactate in the feed is calculated as:

fpo,ma = [0.35lg n + fyyp 1o} + 0.9x0.4f 1lfg 10 + fwyrin + 0.41 410

where fSt Ine fWr.In and fLa In are the fractions of starch, water-soluble sugars and
lactate in the feed, respectively, the 0.9 term indicates the major contribution of
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protozoa to lactate metabolism and 0.4 is the corrected energy equivalent of lactate
compared with hexose. In view of the intolerance to low pH values {< 6.0) shown
by many rumen protozoa (Eadie et al. 1970), fp, \y, is decreased proportionally for
pH values less than 6.0, The pH value of the rumen fiuid and minimum pH reached
during the day are also parameters in the model, affecting the degradation rate of
fibre and absorption rates of ammonia and VFA,

Rate constants

Microbial pools, general

In view of specific substrate preference (Russell, 1984}, the microbial population is
represented by two pools, comprising amylolytic microbes (Ma), utilizing hexose
derived from nonstructural carbohydrates (Ha}, and fibrolytic microbes (Mc), utilizing
hexose derived from structural carbohydrates (Hc}. The necessity of such a
representation has been shown previously by Baldwin et a/. {1287). However, for the
present modelling exercise, this substrate preference is combined with other
characteristics such as recycling of microbial matter, differential autflow from the
rumen and variation in microbial composition.

Jouany et al. {1988) and others suggested that microbial recycling can significantly
affect both energy and protein utilization in the rumen and ultimately nutrient supply
to the ruminant. Recycling of microbial matter is mainly asscciated with protozoal
predation (Wallace & McPherson, 1987). The effect of engulfment of bacteria by
protozoa has been evaluated in the linear programming model of Reichl & Baldwin
(1976). On grounds of complexity, insufficient representation of hypotheses and
inability to parameterize the model, these authors concluded that additional concepts
regarding microbial interactions were required. Equally, Black ef a/. {1981} stated that
their representation of microbial recycling was in need of major reappraisal. In the
present model, protozoal characteristics such as selective retention and lysis of
protozoa {Jouany et a/. 1988) have been included. The major sources of carbon for
energy and growth for protozoa are starch and soluble sugars; thus, the protozoa are
included in the amylolytic microbial pool.

Severa! authors have reported markedly different microbial chemical compaositions
(review Storm & @rskov, 1983), with storage polysaccharides being the most variable
component. Such variation in microbial composition can significantly affect both the
amount and type of nutrients passing out of the rumen and equally has important
effects on the energy and nitrogen metabolism of the microbes {Hespell & Bryant,
1979). Thus, in contrast to the fixed chemical composition of microbial dry matter
{DM) assumed in previous rumen models, the carbohydrate content of the microbes
is allowed to vary with rumen availability of nitrogen and energy. The carbohydrate
content of microbial dry matter is low in the rumen of animals fed low quality
roughage diets, in which the majority of the microbes are expected to be of the
fibrolytic type (McAllan & Smith, 1977). Hence, in the present model starage
polysaccharides are linked to amylolytic microbes and are thus named amylolytic
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storage polysaccharides {As}). The polysaccharide-free microbial dry matter of hoth
amyloiytic and fibrotytic microbes is assumed to be constant and is given in Table 4
{Czerkawski, 1976; Hespell & Bryant, 1979; Merry & McAllan, 1983; Storm &
@rskov, 1983} along with the estimated amounts of hexose and either protein or
ammonia required for biosynthesis of microbial cells {Stouthamer, 1973; Hespell &
Bryant, 1979). Itis assumed that hexose fermentation vields 4.5 mol ATP/mol hexose
{Russell & Wallace, 1988}, that production of reduced cofactors during hexose
catabolism is sufficient to meet the demands of biosynthesis, that microbial lipid is
derived only from hexose and finally that all nucleic bases are synthesized in equal
amounts. As discussed by Hespell & Bryant (1979}, no correction for the amount of
energy required for transport processes has been made.

Amylolytic microbial pool, Ma

There are three inputs to the amytolytic microbial pool, related to the nitrogen source
used for growth: ammonia, soluble protein and protein from engulfed microbial matter
(Eq. 11.2 to 11.4). Micraobial yield per unit nitrogen source expended can be
calculated from the chemical composition shown in Table 4. Only fibrolytic microbes
are assumed to be engulfed by the protozoa (Eq. 11.4). This is a simplification related
to the level of aggregation adopted in the model and in light of the problems
encountered previously in developing models designed to examine interrelationships
among species (Dijkstra et a/. 1990). Engulfed micrabial protein can be incorporated
into protozoal cells, fermented ta VFA and ammonia or released into the rumen fluid
(Coleman & Sandford, 1979}, and is represented in a balance equation {Eq. 2.13).
This is achieved by calculating the amount of engulfed microbial protein released into
the rumen fluid as the difference between microbial protein engulfed and the amount
of engulfed protein incorporated in protozoal cells or fermented. It is assumed that the
amount of engulfed bacterial protein incorporated into protozoal cells depends on the
availability of energy (Ha), equivalent to the utilization of protein for microbial growth
(Eg. 2.7) explained in the soluble protein pool section.

The three outputs from the amylolytic microbial pool are retated to their spatial
distribution. Amylolytic bacteria are assumed to live free in rumen fluid and hence
outflow is with the fluid {Eq. 11.6). The selective retention of protozoa reported by
several authors (review Jouany et a/. 1988} suggests that, in steady state, removal
of protozoa to balance growth is mainly due to death and lysis of protozoa and only
a relative small proportion of the protozoa is washed out to the omasum. Based on
the data summarized by Faichney (1989}, fractional outflow of protozoa from the
rumen is assumed to be one half of the solid phase passage rate (Eg. 11.12), with the
fractional death rate of protozoa assumed to be the difference between the fracticonal
outflow rate of amylolytic bacteria and that of protozoa (Eq. 11.10).
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Table 3. Stoichiometric yield parameters for fermentation of carbohydrates and protein for
roughage diets {> 50% roughagej and concentrate diets (< 50% roughage)

Roughage Concentrate
Ac Pr Bu VI Ac Pr Bu Vi
Ce 1.32 017 ©.23 0.03 1.58 0.12 0.06 0.09
He 1.13 036 0.21 0.05 1.12 0.5t 011 0.07
Ps 040 013 008 0.33 036 016 0.08 0.33
St 1.189 0.28 6.20 0.08 0.80 0.60 0.20 0O.10
Wr 1.38 041 010 0.00 0.80 042 0.30 004

See Appendix for explanation of notation; parameters adopted from Murphy (1984},

Amylolytic storage polysaccharides pool, As
The only input to this pool is from the utifization of amylolytic hexose {Eq. 12.2}. The
calculation of the rate constants involved will be described in the hexose section.
Both amylolytic bacteria and protozoa are assumed to contain storage
polysaccharides, the content varying with the amount of nonstructural carbohydrates
available in relation to the nitrogen availability.

The three outputs from the amylolytic storage polysaccharide pool (Eq. 12.3 to
12.5) are equivalent to the outputs from the amylolytic microbial pool (Egq. 11.5 to
11.7).

Fibrolytic microbial pool, Mc

There are two inputs to the fibrolytic microbial pool, representing growth with hexose
and either ammonia (Eq. 13.2) or soluble protein {Eq. 13.3} as nitrogen source. Two
outputs from the fibrolytic microbial pool are represented; viz., engulfment by
protozoa {(Eq. 13.4) and washout from the rumen {Eq. 13.5). Fibrolytic microbes are
known to adhere closely to particles (Cheng & Costerton, 1980} and hence are
assumed to pass out of the rumen with the solid phase material. The equations for
engulfment rates were obtained by transformation to Michaelis-Menten form of data
presented in reciprocal plots of engulfment of mixed bacteria in vitro by Epidinium
ecaudatum and Entodinium spp. {Coleman & Sandford, 1979). An equation for total
engulfment rate {Eq. 13.4 and 13.7), corrected for the proportion of fibrolytic bacteria
in the total bacterial biomass, was formed from the individual ones using the
approach of Thornley (1976), taking the ratio of Entodinia ta Epidinia and bacterial
or protozoal numbers per gram of biomass reported by Warner {1962} and Eadie et
al. (1970).

Degradable protein pool, Pd
The degradable protein pool receives input from the feed only {Eq. 1.2}. Hydrolysis
of insoluble protein by the proteolytic enzymes produced by the rumen
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microorganisms is represented in Eq. 1.3, The maximum velocity of protein hydrolysis
(v;dps] is assumed to be equal te the maximum rate of incorporation of hydrolysed
protein inta microbial cells {v;w,a or V;sMc}' because protein fermentation rate is
inversely related to energy availability. Calculation of the parameters associated with
protein hydrolysis is considered in the next section. Degradable protein outflow from
the rumen is calculated using the fractional outflow rate of solid phase material {Eq.
1.4},

Sofuble protein pool, Ps

There are five inputs to the soluble protein pool: from the feed (Eq. 2.2), from saliva
{Eq. 2.3}, from hydrolysis of degradable protein (Eq. 2.4}, from death and lysis of
protozoa {Eq. 2.5} and from engulfed bacterial protein released into the rumen fluid
{Eq. 2.6}, The salivation rate (Dg,. |/d} is calculated from data for cattle fed a range
of diets {Bailey 1961; Cassida & Stokes, 1986). Ignoring the effects of feed dry
matter concentration and particle size, a linear regression of dry matter intake and
NDF content of the diet vs. salivation yields the equation:

Dg, = 4.6 + 9.54 DMI + 0.1357 NDF (r? = 0.79)

where DMI is the dry matter intake (kg/d) and NDF the neutral detergent fraction in
the feed {g/kg dry matter}. The salivary protein content is assumed to be completely
soluble and is calculated from the analysis of resting mixed saliva in non-lactating

Table 4. Composition of polysaccharide-free microbial matter and amount of nutrients
required for biosynthesis of microbial cell components: hexose for energy (HX 4 7o), hexose

incorporated (Hx,.), amino acids incorporated (Aa,,.}) and ammonia incorporated (Amy, .}

Microbial Palysaccharide Bigsynthesis from Bitosynthesis from
cell component free dry weight hexose and amino acids hexose and ammonia
Hxatp HXing Agding Hxatp HXing AMine
g/100 g mmol/g
Protein 53.0 5.35 - 4.81 572 4.08 6.07
DNA 3.4 0.16 0.15 0.37 0.57 0.23 0.46
RNA 12.3 0.45 051 1,22 1.48 0.77 1.64
Lipid 14,3 0.05 1.80 - .05 1.80 -
Cell wall 4.2 0.13 0.04 0.29 .11 0.27 0.34
Ash 12.9 - - - - - -
Total 100 6.14 250 6.69 7.93 7.15 8.4
Polysaccharide - 272 6.7 - 272 6.17 -

See Appendix for explanation of notation.
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cows as the difference between observed total nitrogen-content and urea nitrogen-
content (Altman & Dittmer, 1968). The amount of protein from engulfed microbial
matter released into the rumen fluid (Eq. 2.6} is assumed to be the difference
between total bacterial protein engulfed and the amount incorporated in protozoal
cells and fermented to ammonia {Eq. 2.13), as explained earlier.

There are five outputs from the pool: soluble protein incorporated in and fermented
by amylolytic and fibrolytic microbes (Eq. 2.7 to 2.10) and outflow of soluble protein
(Eq. 2.11}). Most bacterial species are able to grow with ammonia as the sole source
of nitrogen (Russell, 1984). Thus, ammonia uptake parameters were calculated from
microbial growth parameters in ruminants fed protein-free diets at 2-h intervals and
differing in urea content {Hume et a/. 1970}. At the highest urea content and hence
highest rumen ammonia levels, and on the assumption that the maintenance
requirement of microbes, containing 11.8% nitrogen in microbial dry matter, is 47 mg
hexose/(g microbial dry matter-h) (Isaacson et al. 1975), application of the Pirt {(1965)
double reciprocal equation of microbial growth vs. dilution (i.e., growth) rate yields
an estimate of maximum growth vield of 0,239 g microbial dry matter/g truly digested
organic matter (OM). It is assumed that carbohydrates are by far the most important
energy source for rumen microbes {Russell, 1984), and hence maximum uptake rate
of energy equals maximum uptake rate of hexose. This in turn is calculated from data
on soluble carbohydrate concentration in rumen fluid reported by Clapperton &
Czerkawski {1969) in sheep fed a diet of chopped hay once daily. The peak value of
soluble carbohydrate concentration in the rumen fluid at the end of the feeding time
minus the pre-feeding value reported indicates the inability of microbes to utilize the
offered amount of fermentable carbohydrates, i.e. maximum growth rate has been
achieved. Assuming that the amounts of Fd, Wr and St in the diet are 49, 12.5 and
0%, respectively, of feed dry matter with rumen volume and concentration of
microbial dry matter in the rumen of 5 L and 12.25 g/l, respectively {Siddons et a/.
1985), and T, equal to 0.69 d (Nocek & Grant, 1987), then maximum uptake rate
of hexose is 1.1 g hexose/{g microbial dry matter-h). Hence, maximum uptake rate of
ammonia (v;mMa and v;mMc) is 53 mmol ammonia/lg microbial dry matter-d).

Similarly, the uptake rate of ammonia by rumen microbes as influenced by
ammonia concentration has been calculated, based on the other three diets differing
in urea content reported by Hume et a/. (1970), using nonlinear regression (SAS,
19856). Actual microbial growth with ammonia as nitrogen source is determined by
the availability of hexose. in the absence of data on hexose concentration in rumen
fluid in the experiment of Hume et a/. {1970), an initial value of 2 mM is assumed for
both types of hexose, based on pre-feeding values of contents of soluble sugars in
rumen fluid reported by Clapperton & Czerkawski, {1969}). Thus, the affinity
constants My, amma aNd My amme Were estimated based on ammonia uptake rates
of and parameters and initial values described above using nonlinear regression.

Once ammonia rate constants were established, soluble protein rate constants
were calculated by applying a similar approach to data for animals consuming diets
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containing contrasting levels and forms of nitrogen (Siddons et a/. 1984 and 1985,
Firkins et a/. 1987). For each diet, the maximum growth vield was determined,
ignoring the energy yielded by fermentation of protein and correcting for the energy
yield of organic acids {Russell & Wallace, 1988). Next, the maximum growth with
amino acids or peptides was calculated as the total maximum growth minus growth
due to incorporation of ammonia. Maximum velocities of soluble protein incorporation
{V;sMa or v;sMc} are assigned the highest values in the range found. In calculating the
affinity constants Mpg popm, @and Mpg po . the amount of soluble protein in the rumen
was estimated from the feed non-ammonia nitrogen (NAN} outflow, the fractional
liquid outflow rate, the soluble fraction and the degradability of the inscluble fraction
of the feed protein {Nocek & Grant, 1987; Erdman ef a/. 1987). Hexose affinity
constants related to microbial growth on soluble protein were calculated as indicated
for microbial growth with ammonia. The reference digestion turnover times of
degradable fibre (T4), starch (Tgy) and protein (T;d) were assumed to be the average
digestion turncver times applicable to diets used to calculate parameters associated
with protein utilization; the affinity constants related to degradation of Fd, Sd and Pd
were set arbitrarily at values given in Table 2.

Rate constants for protein fermentation were estimated from in vitro data with
mixed rumen bacteria incubated with varying amounts of casein and carbohydrates
{Russell ef a/. 1983). These authors found that in the presence of an adequate energy
source, amino acids and peptides were incorporated into microbial cells, rather than
fermented to ammonia and VFA. Thus, the value obtained without addition of
carbohydrates, multiplied by 1.5 to correct for the difference in metabolism rate of
amino acids observed in vivo and in vitro (Tamminga, 1979), yields the maximum
velocity constant of protein fermentation (v,’_-s,s am!+ The inhibition constants (Jy; psam
and JHc,PsAm) were then calculated on the basis of actual microbial growth and
average ammonia concentration at different rates of carbohydrate addition reported
by Russell et a/. {1983), using nonlinear regression. Inhibition of protein fermentation
by high ammonia levels was ignored because this occurs only at very high ammonia
levels (Hespell, 1987). The affinity constant of soluble protein (MPS,PsAm) is
calculated from the experiments described before.

Undegradable protein pool, Pu

There is only ane input to the undegradable protein pooi, viz., from the feed (Eq. 3.2)
and the undegradable protein is assumed to pass out of the rumen at the same
relative rate as the solid matter {Eq. 3.3}.

Ammonia pool, Am

There are five inputs to, and four outputs from, the ammonia pool. The inputs are
from feed (Eq. 4.2), urea transfer to the rumen {Eq. 4.3), fermentation of soluble
protein in rumen fluid (Eq. 4.4 and 4.5) and protein from engulfed bacteria {Eg. 4.8).
Calculations of the rate constants associated with protein fermentation and ammonia
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incorporation have been explained earlier. The amount of ammonia produced by
fermentation of engulfed bacterial protein was assumed to be related to hexose
availability, i.e., a low level of amylolytic hexose will promote fermentation of
engulfed microbial protein at the expense of incorporation of engulfed bacterial
protein into protozoal cells. Owing to a lack of quantitative information, the value of
the inhibition constant (Jy, pmcam! is assumed to be the same as that for amylolytic
hexose inhibition of soluble protein fermentation, calculated earlier. Transfer of urea
to the rumen fluid both by saliva and via the rumen epithelium was considered, but
in the absence of quantitative data on both routes, these were represented in one
equation (Eq. 4.3}). Urea transfer has shown to be affected by ammonia concentration
in rumen fluid, plasma urea concentration and amount of organic matter digested in
the rumen, the latter giving rise to microbial growth (Kennedy, 1980). Plasma urea
concentration was assumed to be related to the nitrogen fraction of the feed. The
rate constants in Eq. 4.3 and 4.12 were calculated from data on urea transfer
reported by Kennedy (1980) for several diets fed to steers. Urea transferred to the
rumen is assumed to be immediately hydrolysed to ammonia {Houpt, 1970).

Outputs from the ammeonia pool are to amylolytic (Eq. 4.7) and fibrolytic bacteria
(Eq. 4.8), absorption through the rumen wall {Eq. 4.9) and outflow from the rumen
with the fluid {Eq. 4.10). Protozoa are not considered to incorporate ammonia for
growth (Jouany et a/. 1988). Absorption of ammeonia through the rumen wall to the
blocd is assumed to be by simple diffusion, related to absorptive surface and the
relative concentration of un-ionized ammonia {Hogan, 19261). Thus, ammonia
absarption was represented as a function of ammonia concentration modified
sigmoidally by pH of the rumen fluid {(Eq. 4.13). Rate constants have been estimated
using nonlinear regression, based on the ammonia absorption values reported by
Hogan (1961) and Siddons et a/. (1985).

Lipid poofl, Li

There are two inputs to the lipid pool: from the feed {Eg. 5.2} and from death and
lysis of pratozoa (Eq. 5.3}). The amount of lipid released by protozoal lysis (Y); pama!
can be calculated from the average chemical composition of microbial biomass (Table
4). The triglycerides in lipid are rapidly hydrolysed and outflow from the rumen is with
the fluid phase (Eq. 5.4}.

Degradable starch pool, Sd

Feed input to the degradable starch pool has been represented (Eq. 6.2). The
degradable starch is either hydrolysed to amylolytic hexose {Eqg. 6.3) or washed out
from the rumen with the solid material {Eq. 6.4). The rate of degradable starch
hydrolysis depends on the digestion turnover time of the starch in the diet (Tg,) and
the quantity of amylolytic microbes present. Because within-day patterns are not
considered in the model, engulfment of starch particles by protozoa followed by
digestion of these particles several hours later (Jouany et a/. 1388} has been ignored.
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Maximum velocity of starch hydrolysis (V;dHa) is calculated from the uptake rate of
hexose to achieve maximum microbial growth rates and formation of storage
polysaccharides, assuming that microbes will not attack more starch than they can
possibly utilize at maximum growth rate. The growth rate of polysaccharide-free
microbial matter has been explained in the soluble protein pool section. Based on
polysaccharide contents of microbial matter measured within 1 - 2 hours after feeding
a concentrate diet to ruminants {(McAllan & Smith, 1977} and the amount of hexose
required per gram of microbial matter formed, maximum velocity of starch hydrolysis
was calculated as 0.218 mol degradable starch/(g amylolytic biomass-d).

Degradable fibre pool, Fd

There is one input to the degradable fibre pool; from the feed (Eq. 7.2), and two
outputs; to fibrolytic hexose (Eq. 7.3) and outflow from the rumen with the solid
material (Eq. 7.4). Calculation of maximum rate of fibre hydralysis (V;dHc) was as
explained earlier; however, in the model it is assumed that fibrolytic microbes do not
contain storage polysaccharides. Hence, the value of v;dHc is lower than v;dHa. The
rate of fibre hydrolysis, which is dependent on digestion turnover time of fibre {Tg,)
and amount of fibrolytic microbes, was modified sigmoidally by pH of the rumen fluid
{Eq. 7.6). Except for the updated rumen model of Baldwin et a/. {1987}, described by
Argyle & Baldwin {1988), none of the previous rumen models included such a
modification. The rumen fluid pH value below which fibre digestion will be reduced
was set at 6.3 (Erdman, 1988). Both the time below this critical pH value during the
day {tf} and the minimum pH reached {pm) are input variables to the model. Based on
the actual depression of cellulose or NDF digestion at low pH values reported by Terry
et al. {1989), Stewart {1977}, Hoover et al. {1984} and Shriver et al. {1988},
Mo, FaHe @and Py pgn Were estimated using a nonlinear method. This representation
is akin to that used in Argyle & Baldwin (1988). However, these authors could not
chalienge their representation. The validity of the present representation is tested in
the companion paper (Neal et a/. 1992).

Undegradable fibre pool, Fu
Like undegradable protein, this pool receives input from the feed (Eq. 8.2), and
fractional outflow is equal to that of the solid matter (Eqg. 8.3).

Amylolytic hexose pool, Ha

There are five inputs to and six outputs from the amylolytic hexose pool. Three of the
inputs are directly from the feed, viz. water-soluble carbohydrates (Eq. 9.2), soluble
starch (Eq. 9.3) and lactate {Eq. 9.4}. The energy vield factor of hexose derived from
lactate (Y|, | aHa) is Calculated from the molecular weight of lactate {90 g) and on the
assumption that 1 mol of lactate fermented in the rumen yields 1 mol of ATP (Russell
& Wallace, 1988}. The other two inputs are from starch hydrolysis {Eq. 9.5) and from
death and lysis of amylolytic microbes {Eq. 9.6), both explained earlier.
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The six outputs from the amylolytic hexose pool are the requirements of hexose
far microbial growth with ammonia (Eq. 9.7), with soluble protein (Eq. 9.8) and with
engulfed bacterial protein {Eq. 9.9), hexose requirements for amylolytic storage
polysaccharides formation (Eq. 9.10), hexose utilization for functions not related to
growth {Eq. 9.11} and outflow with the fluid (Eq. 9.12), Requirement factors are
given in Table 4. In contrast to other rumen models, no explicit maintenance energy
requirement value has been used in the model. Rather, the total energy required for
functions not directly related to growth, which are dependent on energy and nitrogen
source availability, has been computed. This reprasentation was chosen considering
the highly variable maintenance energy requirement of individual bacterial species and
the variable degrees of energetic uncoupling that occurs in bacteria {review Russell,
1984). The necessity for this representation becomes evident in the rate of
degradation of energy-yielding substrates not having a relationship to the rate of
microbial growth when growth is limited by the availability of some other substrate
{Russell, 1984}. In case of a lack of available nitrogen relative to the supply of
available hexose, the potential of microbes to produce energy from catabolic
processes is in excess of their potential to utilize that energy for biosynthetic
purposes (Hespell & Bryant, 1979). Thus, the utilization rate {(Uy, 1y, €a. 9.11) of
energy not related to growth is assumed to be the total energy substrate catabolism
rate inhibited by the availability of ammonia and soluble protein. These inhibition
constants were estimated by nonlinear regression, assuming that the difference
between hexose uptake rate at theoretical maximum growth rate and hexose uptake
rate at actual maximum growth rate, calculated from data as described in the soluble
protein section, represents the hexose utilized for functions not related to growth.
The protozoal component of Ma was assumed not to be limited by Ps concentration,
because the concentration of protein within the protozoa is expected to be high due
to engulfment of bacterial protein. The maximum rate of amylclytic hexose catabolism
(VlriaVa’ was assumed to be the hexose uptake rate required to achieve maximum
microbial polysaccharide-free growth. The affinity constant (M, yav,! is set at 55
mM, based on the microbial growth vields in the experiments mentioned previously.
This representation will effectively increase the energy demand for non-growth related
functions in situations where availability of nitrogen relative to hexose is low,

Fibrolytic hexose pool, Hc

There is one input to the fibrolytic hexose pool, which is from fibre hydrolysis {Eq.
10.2). There are four outputs: the requirement of fibrolytic hexose for microbial
growth with ammonia {(Eq. 10.3) and with soluble protein (Eq. 10.4), the utilization
of fibrolytic hexose for microbial functions not related to growth (Eq. 10.5) and
outflow of fibrolytic hexose with the solid material {Eq. 10.8)}, since fibrolytic
microbes have been assumed to adhere closely to feed particles. Calculations of the
rate parameters for fibrolytic hexose catabolism are similar to those for amylolytic
hexose catabolism described in the previous section.
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Volatile fatty acid pools, Ac, Pr, Bu and V!

The inputs to and outputs from the acetic {Ac), propionic (Pr}, butyric {Bu} and valeric
{V1) acid pools differ only in stoichiometric yield factors applied and will be considered
together in this section. Twelve inputs to and two outputs from each of these pools
have been represented. Inputs are from the feed, from fermentation of amylolytic or
fibrolytic hexose related to growth with ammonia and soluble protein or to functions
not related to growth, from fermentation of amylolytic hexose related to microbial
growth with engulfed bacterial protein and related to biosynthesis of microbial storage
polysaccharides, from fermentation of protein by amylolytic and fibrolytic microbes
and from fermentation of engulfed bacterial protein. The hexose fermented as a
fraction of total hexose utilized in a reaction can be calculated from Table 4. The
amount produced from lactate fermentation was corrected for the carbon content
equivalent (f, . | o), because input of lactate to the amylolytic hexose pool was related
to the energy content. Stoichiometric yield parameters {Table 3} for fermentation of
individual substrates are given by Murphy (1284}, adapted from Murphy et a/. (1982}
for roughage and concentrate diets. The yield factor of each VFA produced by
amylolytic hexose fermentation is calculated from the ratio of amylolytic hexose
production from lactate, starch and water-soluble carbohydrates, each multiplied by
the corresponding stoichiometric vield parameter from Table 3, to the total amylolytic
hexose production. It is assumed that stoichiometric yield parameters for lactate
fermentation are equal to those for Wr fermentation. The yield factor of each VFA
produced by fibrolytic hexose fermentation is calculated on the assumption that
cellulose and hemicellulose behave as one nutritional entity.

The outputs from each VFA pool are outflow from the rumen with the fluids and
absorption of VFA by simple diffusion (Hogan, 1961) through the rumen wall,
represented by a function of individual VFA concentration and modified sigmoidally
by rumen fluid pH. Rate constants are estimated using nonlinear regression, based on
data on acetate absorption from the rumen reported by Hogan (1961) and Danielli et
al. (1945), Although it is recognized that rate of absorption of VFA increases with
chain length, this has been neglected because Murphy {1984) has taken the rate of
absorption as proportional to concentration.

Model summary

The model is completely defined by equations in the Appendix. The differential
equations of the seventeen state variables are integrated numerically for a given set
of initial conditions and parameter values. The computer program was written in the
simulation language ACSL (Advanced Continuous Simulation Language, Mitchell &
Gauthier, 1981} and run on a VAX computer. Integration interval of at = 0.001 and
0.0025 d were used, with a fourth-order fixed-step-length Runge-Kutta method. The
results presented were obtained by taking the predictions at 15 d. Solutions were not
sensitive to integration method or interval in the stable region.
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RESULTS AND DISCUSSION

This model has been used to study effects of dietary changes on nutrient supply to
ruminants. The exogenous inputs to the model are feed intake and the components
of these feeds. Hence a detailed description of the feed dry matter is required, but
only a few reports fully characterize the feed in terms used in the model. Where
information on some of the dietary constituents is lacking, the information can be
obtained from tables of feed composition. Classification of the feed constituents into
soluble and insoluble fractions, the latter separated into degradable and undegradable
fractions, as well as digestion turnover times were based on nylon-bag incubations.
Although qualitatively very similar, quantitative results reported in different papers on
similar feedstuffs are highly variable {Van Straalen & Tamminga, 1989} and this will
affect accuracy of model simulations, too. Clearly, future efforts to standardize these
techniques is urgently required.

The rmodel integrates current knowledge on factars affecting rumen function. From
previous rumen modelling exercises, it became clear that representation of the
metabolic activity of the rumen microbial population is of major importance in
conversion of ingested nutrients to microbial biomass and VFA and hence in
predicting the profile of available nutrients (Beever, 1984). In examining the profile
of nutrients available for absorption, variation in efficiency of microbial growth as
affected by dietary characteristics should be recognized. Thus, species differences
in substrate utilization (Russell, 1984) and outflow rate from the rumen with the fluid
or solid phase (Cheng & Costerton, 1980), recycling of microbial matter within the
rumen {Jouany ef a/. 1988) and the chemical composition of microbial dry matter
{Hespell & Bryant, 1979} will affect microbial growth efficiency, and these aspects
have received considerable emphasis during development of the model. Equally,
interactions between rumen function and host metabolism processes {e.g., urea
transfer) will affect the profile of nutrients available for absorption, as will be
discussed later. Although variations in microbial growth efficiency and hence nutrient
supply to the animal have been demonstrated in vive in numerous reports,
understanding of the mechanisms involved has often been achieved by experiments
performed in vitro. Complete sets of in vivo test data including detailed microbial
metabolism and efficiency parameters are not available. Thus, evaluation of the
madel, of which representation of microbial metabolism is central, presents a
problem. To a certain extent, model evaluation can be performed against data on
nutrients available for absorption {including nutrients of microbial origin), as their
prediction is an objective of the model, although this can give only indirect evidence
on certain aspects of microbial metabolism represented in the model.

Several types of model evaluation are in order. Results of sensitivity analyses and
comparisons of model estimates with experimental values on a wide range of diets,
not used in model development, will be presented in the companion paper {Neal et a/.
1992), In this paper, simulated values of nutrient supply at different intake and feed




28 Chapter 1

nitrogen levels are compared with observed values obtained by Firkins et a/. {1987),
used to parameterize fermentation and growth rates of microbes and affinity,
inhibition and velocity constants of protein, ammonia and hexose incorporation {Table
5). In the experiment steers were fed every 2 h diets containing 50% grass hay, 20%
dry distillers grains and 30% concentrate at two levels of DMI (4.8 or 7.2 kg dry
matter/d), and urea was infused continuously into the rumens of the steers at two
levels (0.4 or 1.2% of diet dry matter). Although a number of parameters were
derived from other sources, the model predictions closely match observations by
Firkins et al. {(1987}. The reduced NDF digestion at the higher DMI level was
simulated satisfactorily, as was the absolute amount of NDF escaping degradation in
the rumen. Also, both the experimental and simulated values showed a lack of
response in NDF digestion to urea level. No significant difference in microbial, non-
microbial or total NAN outflow to the ducdenum due to urea level was detected and
simulations agree with these experimental data. Similarly, the increased total and
microbial NAN outflow at the higher DMI level was simulated satisfactorily.

it is more difficult to evaluate the model predictions of VFA production in the
rumen, because Firkins ef al. (1987} neither determined VFA concentrations in rumen
fluid nor estimated VFA production rates. 1 is striking that simulated molar
proportions of individual VFA do not respond to DMI or urea levels. Likewise, in their
companion study (Firkins et a/. 1986), DMI level had no effect on malar proportions
of individual VFA measured in vivo on hay-based diets, probably due to the frequent
feeding system. Because the differences between treatments in digestion coefficients
of fibre and starch were low in magnitude and the stoichiometric yield parameters
associated with VFA production adopted from Murphy et a/. {1982} do not account
for a shift in type of VFA produced at decreased pH values other than providing
separate stoichiometric parameter sets for roughage and concentrate diets, significant
differences in simulated molar proportions of individual VFA were not expected.

The model overestimated the response in rumen ammonia concentration to the
lower urea level, but showed no response to the increased feeding level. However,
the response to DMI level was not significant in the experiment. Rumen ammonia
concentration is the net result of ammonia production from feed, fermentation of
protein or hydrolysis of urea, utilization by microbes, absorption through the rumen
wall and passage out of the rumen. The processes of urea transfer across the rumen
wall and in saliva and absorption of ammonia are influenced by the metabolism of
nitrogen in the tissues of the animal. These metabolic processes are not represented
within the model but stress the importance of recagnizing interrelationships between
ruminal processes and host tissue metabolism. Further, the parameters for the ruminal
processes related to ammonia metabolism were derived from a number of in vivo and
in vitro data sets. Thus, the apparently inaccurate quantitative simulation of rumen
ammonia concentration may reflect our incomplete knowledge of all the factors
affecting nitrogen transactions in the rumen.
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Table 5. Comparison of experimentally observed parameters {obs) and parameters predicted
by the model (pred) for steers fed diets at fow (4.8 kg dry matter/d) and high (7.2 kg dry
matter/d) intake levels and at two levels of urea infused (0.4% or 1.2% of diet dry matter)!

Low High 0.4% 1.2%
abs  pred obs pred obs  pred obs pred
Duodenal flow of OM
{g/d):
Starch and sol. sugars - 499 - 835 - 700 - 633
NDF 1203 1210 2009 2005 1591 1549 1588 1597
Total NAN 107 111 163 165 130 137 140 139
Microbial NAN 62 68 98 96 78 81 83 86
Non-microbial NAN 45 42 G4 70 53 56 57 54
Ruminal digestion (%)}
Starch and sol. sugars - 66.4 - 62.5 - 62.3 - 66,1
NDF 499 496 442 443 470 484 47.1 46.8
VFA production {mol/d} - 18.0 - 24.7 - 21.8 - 21.6
VFA concentration {mM} - 76.4 - 70.0 - 701 - 69.9
VFA molar proportions
{mol/100 mol}
Acetate - 69.8 - 70.0 - 70.1 - 69.9
Propionate - 15.3 - 15.4 - 15.3 - 15.3
Butyrate - 10.3 - 10.2 - 10.3 - 10.2
Valerate - 4.7 - 4.4 - 4.4 - 4.6
Ammonia concentration 4.8 4.0 5.3 3.8 3.6 2.2 6.6 6.2

{mM}

NAN, non-ammonia nitrogen; NDF, neutral detergent fibre; VFA, volatile fatty acid.
1 Observations from Firking et a/. (1987).

In conclusion, the model provides a mathematical representation of fermentation
processes in the rumen to predict nutrient supply to ruminants and addresses
limitations in representation of several processes occurring in previous models. The
combination of features unique in the model described here are as follows:
recognition of substrate preference of rumen microbes, linked to differential outflow
from the rumen, the inclusion of protozoa to accommaodate microbial recycling within
the rumen and variation in microbial composition related to source and availability of
hexose and nitrogen; the inclusion of functions representing energetic uncoupling
related to nitrogen availability and functions representing the depressing effect of pH
on fibre digestion; and the use of pH as a factor determining rate of absorption of
ammoenia and VFA. The model has been shown to simulate nutrient availability at
different nitrogen and DMI levels. However, a full comparison between predicted and
observed rumen fermentation parameters in data sets not used for model
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development has been made to assess the validity of the improvements in
representation of rumen processes made to predict the amount and type of nutrients
available for absorption. This comparison is described in the companion paper {Neal
et al. 1992).

One of the authors {J.D.) was in receipt of a bursary from the British Council, Amsterdam and
of financial assistance from the Stichting "Fonds Landbouw Export Bureau 1916/1918",
Wageningen. These funds are gratefully acknowledged. Part of this study was supported by
Ministry of Agriculture, Fisheries & Food commissioned research. Preliminary results were
presented in part at the 41st Annual Meeting of the European Association for Animal
Production, 8-121 July 1990, Toulouse, France (Dijkstra, J. & Neal, H.D.5t.C. {1990). A
rumen simulation model of nutrient digestion and outflow. Summaries Vol 1, pp. 206-207},
and at the 20" Meating of the AFRC Madsllers’ Group, 6P April 1990, Londan, United
Kingdom (Neal, H.D.5t.C. & Dijkstra, J. (1990). Representation of microbial metabolic activity
in a model of rumen fermentation. Journal of Agricultural Science (Cambridge) 115, 148).



Simulation of Rumen Fermemtation: Model Description 31

REFERENCES

Argyle, J.L. & Baldwin, R.L. {1988). Modeling of rumen water kinetics and effects of rumen pH
changes. Journal of Dairy Science 71, 1178-1188.

Altman, P.L. & Dittmer, D.S. (1968). Metabolism, pp. 237-244. Federation of Amaerican Societies
for Experimental Biolegy, Bethesda, MD.

Bailey, C.B. (1961). Saliva secretion and its relation to feeding in cattle. 3. The rate of secretion of
mixed saliva in the cow during eating, with an estimate of the magnitude of the total daily
secretion of mixed saliva. British Journal of Nutrition 15, 383-402.

Baldwin, R.L., Keong, L.J. & Ulyatt, M.J. {1977}). A dynamic model of ruminant digestion for
evaluation of factors affacting nutritive value. Agricuftural Systems 2, 2565-288.

Baldwin, R.L., Lucas, H.L. & Cabrera, R. {1970). Energetic relationships in the formation and
utilization of fermentation end-products. |n Physiology of Digestion and Metabolism in the
Ruminant, pp. 319-334 [A.T. Phillipson, E.F. Annisoen, D.G. Armstrong, C.C. Balch, R.S,
Comline, R.S. Hardy, P.N. Hobson, and R.D. Keynes, editors]. Newcastle-upon-Tyne: Oriel Press,

Baldwin, R.L., Tharnley, J.H.M. & Beever, D.E. {1987). Metabolism of the lactating cow. |l. Digestive
elements of a mechanistic model. Journal of Dairy Research 54, 107-131.

Beever, D.E. {1984). Some problems of representing nitrogen meatabolism in mathematical models
of rumen function. In Modeling Ruminant Digestion and Metabolism, Proceedings of the 2nd
Imternational Workshop, pp. 54-58 [R.L. Baldwin and A.C. Bywater, editors]. Davis: University
of California,

Beever, D.E., Black, J.L. & Faichney, G.J. (1981}. Simulation of the effects of rumen function on
the flow of nutrients from the stomach of sheep: part 2 - assessment of computer predictions.
Agricuitural Systems 6, 221-241,

Black, J.L., Beever, D.E., Faichney, G.J., Howarth, B.R. & Graham, N. McC. (1981). Simulation of
the effects of rumen functicn on the flow of nutrients from the stomach of sheep: part 1 -
description of a computer program. Agricuftural Systems 6, 195-218.

Cassida, K.A. & Stokes, M.R. {1986}. Eating and resting salivation in early lactation dairy cows.
Journal of Dairy Science 69, 1282-1292.

Chamberlain, D.G., Thomas, P.C. & Anderson, F.J, {1983). Volatile fatty acid proportions and lactic
acid metabalism in the rumen in sheap and cattle receiving silage diets. Journal of Agricuftural
Science (Cambridge) 101, 47-58,

Cheng, K.-J. & Caosterton, J.W. (1980}. Adherent rumen bacteria - their role in digestion of plant
material, urea and epithelial cells. In Digestive Physiology and Metabolism in Ruminants, pp.
227-250 Y. Ruckebusch, and P. Thivend, editors]. Lancaster: MTP Press.

Clapperton, J.L, & Czerkawski, J.W. {1969). Mathane production and soluble carbohydrates in the
rumen of sheep in relation to the time of feeding and the effects of short-term intraruminal
infusions of unsaturated fatty acids. British Journal of Nutrition 23, 813-826.

Coleman, G.S. & Sandford, D.C. {1979}, The engulfment and digestion of mixed rumen bacteria and
individual bacterial species by single and mixed species of rumen ciliate protozoa grown in vivo.
Journal of Agricultural Science (Cambridge) 92, 729-742,

Czerkawski, J.W,. (1978). Chemical composition of microbial matter in the rumen. Journal of the
Science of Food and Agricufture 27, 621-632.

Danielli, J.F., Hitchcock, M.W.S_, Marshall, R.A. & Phillipson, A.T. {1945). The mechanisms of
absorption from the rumen as exemplified by the behaviour of acetic, propionic and butyric
acids. Journal of Experimental Biology 22, 75-84.

Dijkstra, J., Neal, H.D.5t.C., Gill, M., Beever, D.E. & France, J. (1990}. Represantation of microbial
metabolism in a mathematical model of rumen fermentation. In Proceedings of the Third
International Workshop on Modeiling Digestion and Metabolism in Farm Animals, pp. 47-63 [A.B.
Robson and D.P. Poppi, editorsl. Lincoin: Lincoln University Press.

Eadie, J.M., Hyhlgaard-Jensen, J., Mann, S$.0., Reid, R.S. & Whitelaw, F.G. (1970}. Observations
on the microbiology and biochemistry of the rumen in cattle given different quantities of a
pelleted barley ration. British Journal of Nutrition 24, 1567-177.

Erdman, R.A, {1988). Dietary buffering requirements of the lactating dairy cow: a review. Journal
of Dairy Science 71, 3246-3266.




32 Chapter 7

Erdman, R.A., Vandersall, J.H., Russek-Cohen, E. & Switalski, G. {1987). Simultaneous measures
of rates of ruminal digestion and passage of feeds for prediction of ruminal nitrogen and dry
matter digestion in lactating dairy cows. Journal of Animal Science 64, 565-577.

Faichney, G.J. (1989). Mean retention time and intra-ruminal degradation of rumen protozoa.
Praceedings of the Nutrition Society of Australia 14, 135.

Firkins, J.L.. Berger, L.L., Merchen, N.R. & Fahey, G.C., Jr. {1986). Effects of forage particle size,
level of feed intake and supplemantal protein degradability on microbial protein synthesis and
site of nutrient digestion in steers. Journal of Animal Science 62, 1081-1094.

Firkins, J.L., Lewis, S.M., Montgomery, L., Bergar, L.L. Merchen, N.R. & Fahey, G.C., Jr. {1987},
Effects of feed intake and dietary urea concentration on ruminal dilution rate and efficiency of
bacterial growth in steers. Journaf of Dairy Science 70, 2312-2321.

France, J., Thornley, J.H.M. & Beever, D.E. {1982}. A mathematical model of the rumen. Journal
of Agricultural Science {Cambridge} 99, 343-353.

Gill, M., Beever, D.E. & France, J. {1989). Biochemical bases needed for the mathematical
representation of whole animal metabolism. Nutrition Research Reviews 2, 181-200.

Hespell, R.B. & Bryant, M.P. {1979). Efficiency of rumen microbial growth: influence of some
theoretical and experimental factors on Yayp. Journal of Animal Science 49, 1640-1659.
Hespell, R.B. {1987). Biotechnecloegy and modifications of the rumen microbial ecosystem.

FProceedings of the Nutrition Society 46, 407-413.

Hogan, J.P. (1961). The absorption of ammopnia through the rumen of sheep. Australian Journal of
Biological Science 14, 448-460,

Hoover, W.H., Kincaid, C.R., Varga, G.A., Thayne, W.V. & Junkins, L.L., Jr. {1984). Effacts of solid
and liquid flows on fermentation in continuous cultures. IV. pH and dilution rate. Journal of
Animal Science 58, 692-639.

Houpt, T.R. (1970). Transfer of urea and ammonia to the rumen. In Physiology of Digestion and
Metabolism in the Ruminant, pp. 119-131 [A.T. Phillipson, A.T., E.F. Annison, E.F., D.G.
Armstrong, D.G., C.C. Balch, C.C., R.S. Comline, R.5., R.N. Hardy, R.N., P.N, Hobson, P.N. &
R.D. Keynes, R.D., editors]. Newcastle-upon-Tynea: Oriel Press.

Hume, I.D., Moir, R.J. & Somers, M. {1970). Synthesis of microbial protein in the rumen. I. Influence
of the level of N intake. Austrafian Journal of Agricultural Research 21, 283-296,

Isaacson, H.R., Hinds, F.C., Bryant, M.P. & Owens, F.N. {1975). Efficiency of energy utilization by
mixed rumen bacteria in continuous culture. Journal of Dairy Science 58, 1645-1659.

Jouany, J.P., Demeyer, D.I. & Grain, J. {1988). Effect of defaunating the rumen. Animal Feed
Science and Technolagy 21, 229-265.

Kennedy, P.M. {1980}. The effects of dietary sucrose and the concentrations of plasma urea and
rumen ammania on the degradation of urea in the gastrointestinal tract of cattle. British Journs!
of Nutrition 43, 125-140.

McAllan, A.B. & Smith, R.H. {1877}. Some effects of variation in carbahydrate and nitrogen intakes
on the chemical cemposition of mixed rumen bacteria from young steers. British Joumnal of
Nutrition 37, 55-65.

Merry, R.J. & McAllan, A.B. (1983}. A comparison of the chemical composition of mixed bacteria
harvested from the liquid and solid fractions of rumen digesta. British Journal of Nutrition 50,
701-709.

Mitchell, E.L. & Gauthier, J, {1981). Advanced Continuous Simulation Language. User
Guide/Reference Manual, 3rd edition, Mitchell and Gauthier Ass., Concord, MA.

Murphy, M.R. [1984}. Modeling production of volatile fatty acids in ruminants. In Modeling Ruminant
Digestion snd Metabolism, Proceedings of the 2nd International Workshop, pp. 59-62 [R.L.
Baldwin and A.C. Bywater, A.C., editors]. Davis: University of California.

Murphy, M.R., Baldwin, R.L. & Koong, L.J. (1982}). Estimation of stoichiometric parameters for
rumen fermentation of roughage and concentrate diets. Journal of Animal Science 55, 411-421.

Neal, H.D.St.C., Dijkstra, J. & Gill, M. {1992). Simulation of nutrient digestion, absorption and
outflow in the ruman: model evaluation. Journal of Nutrition 122, 2257-2272,

Nocek, J.E. & Grant, A.L. {1987). Characterization of in situ nitrogen and fiber digestion and
bacterial nitrogen contamination of hay crop forages preserved at different dry matter
percentages. Journal of Animal Science 64, 552-564.



Simulation of Rumen Ferrentation: Model Description 33

Owens, F.N. & Goetsch, A.L. (1986). Digesta passage and microbial protein synthesis. In Contro/
of Digestion and Metabolism in Ruminants, pp. 196-223 [L.P. Milligan, W.L. Grovum & A.
Dobson, editors]. Englewood Cliffs: Prentice-Hall.

Pirt, $.J. {1965}). The maintenance energy of bacteria in growing cultures. Proceedings of the Royal
Society London, Series B 163, 224-231.

Reichl, J.R. & Baldwin, R.L. {(1976). A rumen linear programming model for evaluation of concepts
of rumen microbial function. Journal of Dairy Science 59, 439-454,

Russell, J.B. (1984). Factors influencing competition and composition of the rumen bacterial flora.
In Proceedings of the International Symposium on Herbivore Nutrition in the Subtropics and
Tropics, pp. 313-345 [F.C.M. Gilchrist and R.). Mackie, editors]. Craighall: The Science Press.

Russell, J.B., Sniffen, C.J. & Van Soest, P.J. (1983). Effect of carbohydrate limitation on
degradation and utilization of casein by mixed rumen bacteria. Journal of Dairy Science 66, 763-
775,

Russell, J.B. & Wallace, R.J. (1988}, Energy vielding and consuming reactions. In The Rumen
Microbisl! Ecosystem, pp. 185-215 [P.N. Hobson, editer]. London: Elsevier Science Publishers.

SAS Institute Incorporation (1985). SAS User’s Guide: Statistics, version 5 Edition. SAS Institute
Inc., Cary, NC.

Shriver, B.J., Hoover, W.H., Sargent, J.P., Crawfard, R.J. Jr. & Thayne, W.V. (1986), Fermentation
of a high concentrate diet as affected by ruminal pH and digesta flow. Journal of Dairy Science
€69, 413-419.

Siddons, R.C., Arricastres, C., Gale, D.L. & Beever, D.E. {1984}, The effect of formaldehyde or
glutaraldehyde application te lucerne before ensiling on silage fermentation and silage N
digestion in sheep. British Journal of Nutrition 62, 391-401.

Siddons, R.C., Nolan, J.V., Beever, D.E. & MacRae, J.C. (1985}. Nitrogen digestion and metabolism
in sheep consuming diets containing contrasting forms and levels of N. British Journal of
Nutrition 54, 175-187.

Stewart, C.5. (1977). Factors affecting the cellulolytic activity of rumen contents. Applied and
Environmental Microbiology 33, 497-502.

Storm, E. & @rskov, E.R, (1983}. The nutritive value of rumen micro-organisms in ruminants. [.
Large-scale isolation and chemical composition of rumen micro-organisms. British Journal of
Nutrition 50, 463-470.

Stouthamer, A.H. (1973). A theoretical study on the amount of ATP required for synthesis of
microbial cell material, Antonie van Leeuwenhoek 3%, 545-565.

Tamminga, S. (1979). Protein degradation in the forestomachs of ruminants. Journal of Animal
Science 49, 1615-18630.

Tamminga, S., Van Vuuren, A.M., Van der Koelen, C.J., Ketalaar, R.S. & Van dar Togt, P.L. {1990).
Ruminal behaviour of structurat carbohydrates, non-structural carbohydrates and crude protein
from concentrate ingredients in dairy cows. Netherlands Journal of Agricultural Science 38, 513-
526.

Terry, R.A,, Tilley, JJM.A. & Quten, G.E. {1969). Effect of pH on cellulose digestion under in vivo
conditions. Journal of the Science of Food and Agriculture 20, 317-320.

Thornley, J.H.M. (1976). Mathematical Models in Piant Physiology. Academic Press, London.

Van Straalen, W.M. & Tamminga, S. (1989). Protein degradability in ruminant diets. In Feed
Evaluation, pp. 55-72 [J. Wiseman, editor]. London: Butterworths.

Wallace, R.J. & McPherson, C.A. {1987}, Factors affecting the rate of breakdown of bacterial
protein in rumen fluid. British Journal of Nutrition 58, 313-323.

Warner, A.C.I. (1962). Enumeration of rumen micro-organisms. Journal of General Microbiclogy 28,
119-128.




Chapter 1

MATHEMATICAL APPENDIX

Table A1. Symbois for entities and processes used in the mode!

Symbol Entity Symbel Entity

Ab Absorption from rumen Li Lipids

Ac Acetic acid Ma Amvyiolytic microbial mass
Am Ammonia Mc Fibrolytic microbial mass
As Amylolytic microbial storage peolysaccharides Md Microbial death

Bu Butyric acid Ni Nitrogen

Ce Cellulase Pd Rumen-degradable protein
Eg Engulfment of bacteria by protozoa Po Protozoa

Ex Exit from rumen into lower tract Pr Propionic acid

Fd Rumen-degradable neutral detergant fibre Ps Rumen fluid-soluble protein
Fe Feed Pu Rumen-undegradableprotein
FI Rumen fluids Ru Rumen

Fu Rumen-undegradable neutral detergent fibre Sa Saliva

Ha Hexose available to amylolytic microbes Sd Rumen degradable starch
Hec Hexose available to fibrolytic microbes So Rumen solids

He Hemicetlulose Sr Rumen fluid soluble starch
Hf Proportion of hexose fermented for energy St Starch

In Intake Ue Urea

La Lactic acid Va Volatile fatty acids

Lc Lactic acid carbohydrate equivalents Vi Valeric acid

Le Lactic acid energy equivalents Wr Water-soluble carbohydrates
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Table A2. General notation used in model

Notation Translation Units
C; Concentration of / {mol or g 7 )/l
D; Driving variable with respect to / {gorlild
f; Fraction of /in j gikg/ or -
f,-' ¥ Fraction of /in j-k transaction -
e Inhibition constant for j-k transaction with respect to/ mol /l or -
kif Mass action rate constant for /- transaction /d
Mf‘,jk'M;,fk Michaelis-Menten constants for j-k transaction with {mol or g i)/l or -
respect to /
P; P Rate of production of / by j-k transaction {mol or g i)/d
P, P Rate of production of / by j-k transaction g #d
due to m microbes
Q; Quantity of 7 mol or g/
Rr’,jk Requirement for / in j-k transaction mal i/{mol or g §)
®; ik Steepness parameter associated with / for -
f-k transaction
t Time d
T; Digestion turnover time of feed component / d
T; Reference digestion turnover time of feed d
component §
Ul., & Rate of utiliza!tion of i/ by j-k transaction (mol or g i}/d
Upi. & Rate of utilization of / by j-k transaction mol j/d
due to m microbes
Vi Volume of § |
v;k Maximum velocity for j-k transaction (mol or g ji/{gorli-d
Vi Velocity for j-k transaction {mol or g s1/d
Vi ik Velocity for j-k transaction with respect to 7 mol jid
Y,k Yield of { for j-k transaction {mol or g /Mimol, g or /)

i, . k and rn take values from Table A1.
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Table A3. Principal transactions occurring within the rumen

Transaction Substrate: Products:
principal; principal;
auxiliary auxiliary

AmMa Am: Ha Ma; Ag, Pr, Bu, VI
AmMc Am; He Me¢; Ac, Pr, Bu, VI
AsHa As Ha

FdHe Fd He

HaAs Ha As; Ac, Pr, Bu, VI
HaVa Ha Ac, Pr, Bu, VI
Hcva He Ac, Pr, Bu, VI
MaPs Ma Ps

McPs Mc Ps

McAm Mc; Ha Am; Ac, Pr, Bu, VI
McMa Mc; Ha Ma; Ac, Pr, Bu, VI
PdPs Pd Ps

PsAm Ps; Ha, He Am; Ac, Pr, Bu, VI
PsMa Ps; Ha Ma; Ac, Pr, Bu, VI
PsMc Ps; He Mc; Ac, Pr, Bu, VI
SaPs Sa Ps

SdHa Sd Ha

UeAm Ue; Am Am

See Tables A1 and A2 for explanation of notation,

Table Ad. Mathematical staterment of model

FProtein and non-protein N digestion

Degradable protein pool, Qpy (mol)

Concentration: Cpy = Qpy/Vp, (1.1}
Input: Ppd,inPd = Ypd,InPdCrd 1.2)
Outputs: UPﬁ,PdPS = VPdPs’,“ + MPd,PdPS/CPd] {1.3)
Upd,pdex = KpdexOpd 1.4
Differential eq: dQpg/dt = Ppg 1npy - Upg,pdps - Ypd,pdEx (1.5)
Auxiliary eq:  Kpgp, = Kgopx (1.6)
Med,paps = Mpd,pdpsTra/Tpg 1.2
VpdPs = VPdrs(Oma *+ Qmc) (1.8

Soluble protein pool, Qp, (Mol)

Concentration: Cpg, = Qp,/Vp,, {2.1)

Inputs: Pes,inPs = Yps,inpsDps (2.2}
feontinued)
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Table Ad fcontinued]. Mathematical staternent of madel
Pps,saPs = Yps,sapsPsa (2.3)
Pes,pdrs = Yps,pdrsUpd,paps (2.4)
Pps,MaMd = Yps,MeMdYMa,Mamd (2.5)
Pps,mcps = Yps,MoPsUMe,McPs (2.6)
Outputs: UmMaPs,psam = YMa,Psam/l! + Mpg psam/Cps + Cha/lha,psam 27
Umcps,psam = YMc,Psam/1 + Mpg psam/Cps + Che/Vhc psaml (2.8)
Ups,psMa = Vpsma/l1 + Mpg psma/Ces + Mya psma/Chal (2.9)
Ups psmc = Vpsme/lT + Mpg psmc/Cps + Mic,peme/CHel (2.10)
Ups,PsEx = kpsExQps (2.1
Differential eq: dQpg/dt = Ppy jnps + Pps,paps + Pps,mama + Pps,saps + Pps,Mcps
- Umaps,Psam - Umcps,Psam - Ups Psma - Ups,PsMc
- Upg,psEx {2.12)
Auxitiary eq: U Mcps = UMc,McEg“ -1+ Chaldya Meam!
11 + My mema/Chal (2.13)
VMa,Psam = Vl:f’sAmOMa (2.14)
YMc,PsAm % VPsamOMc {2.15)
VpsMa = VBsMaQMa {2.16)
Vpsmc = VPsmcOme 12.17)
kpsex = KFiEx {2.18)
Undegradable protein pool, Qp, imol)
Concentration; Cp, = Qp,/Vg, (3.1}
Input: PhuinPu = YeuinPuPru 3.2}
Output: Upy puex = KpuexQpu {3.3)
Differential eq: dQp,/dt = Ppy oy - Upy, pukx (3.4}
Auxiliary eq:  Kpygx = Kggpx {3.5})
Ammonia pool, Q,,, (moll
Concentration: Cprp, = Qam/VRy (4.1}
Inputs: Pam.inam = Yam,mamPam 14.2)
Pam,ueam = Yam,ueamYue,Am {4.3}
F‘r\.'laAm,F's.r)\m = YAm,PsAmUMaPs,PsAm {4.4)
Pmcam,Psam = YAm PsamUMcps Psam (4.5)
PamMcam = YamMcamYMe,McAm (4.6)
Outputs: Uam,amMa = Yamma'l! + Mam amma/Cam © Mua, amita’Cral (4.7)
Usm.ammc = YamMl! + Mam amme/Cam *+ Muc ammc/Chel (4.8)
Uam,amab = Vamab/[! + Mam amat/Cam! (4.9)
Uam.amex = KamexQam (4.10}

fecontinued)
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Table A4 {continued). Mathematical statement of model

Differential eq: dQap/dt = Par jnam + PMaAm,PsAm + Prmcam.Psam + PAam,UeAm

+ Pam,mcam - Yam,amas - Yam,AmMa

- UAm AmEx

Auxiliary ea:  Vyeam = VUeamVaulni Fe/“ + Cam™am,Ueam
)mpH,AmAb]

VAmAb = VAmAbVRuo M+ Moy, Aman/PH
VAmMa = "AmMaQMa” fpo,ma)

VamMe = VAmMcQuie

YUne,Mcam = UM.::,M::Eg"[‘I + CHa"JHa,McAm]
kKamex = KriEx

Lipid Digestion
Lipid pool, Q;; fmol)
Concentration: C;; = Q;/Vg,
Inputs: Piiinti = Yii,muiPu
PLiMamd = YLi,MamaYMa,MaMd
Output: UpiLiex = kiiexQu

Differential eq. dol.l"dt = PLi,|I‘ILi + PLi,MBMd - ULi,LiEX
Auxiliarv eq: kLIEX = kFlEX

Carbohydrate digestion

Degradable starch pool, Qgy mol)

Concentration: Cgy = Qgy/VR,

Input: Psd,insd = Ysd,nsdPsq

Outputs: Usd,sdHa = VsdHall + Msq,5dHa/Csdl

Usd,sdex = KsdexCsd
Differential eq: dQgy/dt = Psg insg - Usd,sdHa - Vsd,sdex

Auxiliary eq:  vggya = VSdHaQMa
Msg.5dHa = Msd,sdHaTsd/Tsd
ksgex = KsoEx

Degradabie fibre pool, Qgy (mol

Concentration: Cpy = Qpy/Vg,

Input: Prd,inFd = Yrd,inFaDFq

Outputs: Ued,FaHe = YFdHe/[1 + Mg FaHe/Crdl

Yrd,Fdex = KraexCrd
Differential eq: dQFdldt = PFd InFd ~ UFd FdHec = UFd FdEx
Auxiliary eq:  vpqye = VFdHcQMcm - tf/24) + {tf/24)
/1 + My pape/pm) PPHFaHey

411
4.12)
4.13)
4.14)
(4.15)
(4.16)
4.17)

(6.1}
{5.2}
{6.3}
{5.4}
{5.5}
(5.6}

(6.1)
(6.2)
{6.3)
{6.4)
{6.5)
{6.6}
{6.7}
{6.8}

(7.1}
7.2
{7.3}
7.4)
(7.8)

(7.6)
fcontinued)
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Table A4 (continued). Mathematical statement of mode!

Med FaHe = MEd,FdHcTrd/Trd 7.7
kedex = Ksoex {7.8)

Undegradable fibre pool, O,_-u fmol}

Concentration:
Input:

Qutput:
Differential eq:
Auxiliary eq:

Cry = Qry/VRy (8.1)
PruinFu = YFu,InFuDFu (8.2)
Uryruex = keuexQru (8.3)
dQg, /dt = F’Fu,InFu - UFu,FuEx (8.4)
kpuex = Kgobx (8.5)

Hexose available to amylofytic microbes, Qp, fmolf

Concentration:
Inputs:

Qutputs:

Differential eq:

Auxiliary eq:

CHa = Qna/VRu {9.1)
Pha,wrta = YHa,wriHaDwr (9.2)
PHa,srHa = YHa,SrHalsr (8.3
F'Ha,LaHa = YHa,LaHaDLa 9.4}
Pha,sdHa = YHa,5dHaYsd,SdHa {9.5)
PHa,Mamd = YHaMamaYas,Mamd {9.8)
UHa,AmMa = I:‘Ha,AmMaUAm,AmMa 9.7
Ua,psma = RHa,Psmalps,psMa {9.8)
UHa,McMa = RHa,McMaUMc,McMa {2.9)
Uha,Haas = VYHaas/l1 + Mua Haas/Chal {9.10)

UHa,HaVa = “"Ha\."a(‘l'ch:s,Ma)'I“‘I * IVIHa,Ha\.Fa”CHa”1 + CAm"‘JAm,HaVa

+ Cpg/Jps Havall + VHavafpo,ma/ll + Mua Hava/Cral  (8:11)
UHa,HaEx = KpaexQHa 9.12)
dQpa/dt = Phgwira + Pra,srHa + PHa,sdHa T PHaMamd * PHaLaHa

- UHa,AmMa - UHa,PsMa - UHa,McMa - UHa,HaAs

. " YHaHave - YHa,Hakx (8.13)
VYHaAs ~ VI;IaASQMa {9.14)
VHava = YHavaQMa {9.15)
kpaex = KpiEx (9.16)

Hexose available to fibrolytic microbes, Q. fmol)

Concentration:
Input:
Qutputs:

Differential eg:

Che = Quc'VRru (10.1)
Phc,FaHe = YHe,FaHcUFd, FaHe (10.2)
Unc,amMe = Bre.amMcUam.amme (10.3}
Une,psme = BHe,PsMcUPs PsMe (10.4)
UHc,HcVa = "'Hc:\.v'a"[(1 + MHc,HcVa'{CHc’“ + CAm/JAm,HcVa

+ Cpg/Ips Hovall (10.5)
Une,Heex = KHoExQHe {(10.6)

dQuafdt = Pyg FaHe - YHe,AmMe - YHe PsMe - YHe Heva - UHe HeEx (107}
fcontinued)
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Table A4 {continued). Mathematical statement of model

Auxiliary 8g:  Vyoye = v;cVaQMc
Khcex = Kriex

Microbial growth, passage and death

Amylolytic microbes pool, Qu,. (g)
Concentration: Cyy, = Qpa/Viy
Inputs: Prma,amma = YMa aAmmalam, AmMa
PMa,Psma = Yma,psmalps,PsMa
PMa,McMa = YMa,McMaYMc. McMa
Outputs: Upa,Mamd = KnamdQmafro,Ma
UMa,MaEx = kl’«'raEat.'Q'l\rla[‘I - fPo,Ma]
Uma,poex = KpoExCMafpo,Ma
Differential eq: dQp,/dt = Pya amma + PMapsma + PmaMcMa = UnMa,Mamd
- UMa,MaEx " Ma,PoEx
Auxiliary eq:  Upe Mema = UM-::,M::EQJ"[‘I + Mya,meMa’CHal
Kmamd = ¥makx ~ Kpotx
Knmaex = Kriex
kpoex = 1/2 kggex

Microbial storage polysaccharides pool, Q4 (g}
Concentration: Cpo = Qpag/VR,
Input: PAs,HaAS = YAs,HaAsUHa,HaAS
Outputs: Uas,Mavd = kasmd@asfro,ma
Uas,asex = KasexQaslt - fro,mal
UAs,PnEx = kpoexQasfpo,Ma
Differential eq: dQx4/dt = Pag yaps - Yas,Mamd - Yas,asex - Yas,Pox
Auxiliary eq:  Kagex = Krlex
kasma = KmaEx = KpoEx

Fibrofytic microbes pool, Qu,. (q)

Concentration: Cpye = Qu/Vp,

Inputs: PMc,AmMc = YMc,AmMcUAm,AmMc
PMc,PsMc = YMC,PSMCUPS,PSMC
Outputs: UMC,MCEQ = VMGEQ”" + MMC,MCEQ“CMC + CMa{'l-fPD‘MaH]

Ume,McEx = KmeexQivie
Differential eq: dQ,,. /dt =“pMc,AmMc + PMe,psMc * UMc,McEg “ Upte,McEx
Auxiliary 89:  Vpeeg = Vmceg@mafroMaCme/ICme T Cmal1-Tpo,mall
knmcex = Ksokx

{10.8}
{(10.9

{11. 1)
(11.2)
(11.3}
(11.4)
{11.5)
{11.6}
(11.7}

{11.8)
{(11.9)
(11.104
{11.11)
(11.12}

(12.1}
(12.2)
(12.3}
{12.4)
{12.5}
(12.6)
(12.7}
{12.8)

{13.1)
(13.2)
(13.3)
{13.4)
(13.5)
(13.6)
{13.7
(13.8}

fcontinued)
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Table A4 [continued). Mathematical statement of mode/
Volatile fatty acids
Acetic acid pool, Q,,. (mol)
Concentration: C,, = Qo /My, {14.1)
Inputs: Pacinac = Yac.inacPac {14.2)
Pac,AmMa = Yﬁ\-::,ﬁ\mMaUHf,AmMa {14.3)
Pac.amMc = Yac,amMcUHt,amMe {14.4)
Pac,psma = Yac,Psmari,psma {14.5)
Pac,psme = Yac,PsmcYHt,PsMc {14.86)
PacHaAs = Yac,HaasUHT Haas 14.7)
PacHava = YJ'\c,Ha\."aUHa,H.aVa {14.8)
PacHeva = Yac.HevaYHe Heva {14.9)
Pmaac,psam = Yac,PsamUMaPs,Psam (14.10)
Pmcac,psam = Yac,psamUmcps Psam (14.11)
PacMcMa = YacMcMalHi,McMa (14.12)
Pac.mecam = YacMcamYmMe,Mcam (14.13)
Outputs: Upc.acab = Vacab 1 + Mac acan/Cacl (14.14}
Uac,acex = KacexQac (14.15)
Differential eq: dQuc/dt = Pag nac + Pac,amma + Pac,amme + Pac,Psma
+ Pac.psme + PacHaas + PacHava * PacHeva
+ PMaAc,PsAm + PMcAc,PsAm + PAc,McMa
+ Pac,Mcam ~ Yac,acab - Yac,acex {(14.186)
Auxiliary eq: Uy amma = fo_AmMaUHa'AmMa {(14.17)
Unt,amMe = THi, AmmcUHe, AmMe {14.18)
Unt.psma = fht,PsmalHa,Psma (14.19)
Ubit,psmc = Tht,psmcUHe,psMc (14.20)
UHf,HaAs = fo,HaAsUHa,HaAs {14.21)
Ut mema = frt memalia,Mema (14.22)
Yaclasc = floleYacwrac (14.23)
Yac,Hava = Y ac,wracPHa,wiHa Y.‘!!uc:,Lai-\cPHa,LaHa
+ Yac,staclPHa,scHa + PHa,sdHa + PHa,mamal!?
](PHa,WrHa + PHa,LaHa + PHa,SrHa + PHa,SdHa
+ PHa,MaMd’ {14.24)
YAc,HcVa = fCe,Fn:IYAt:,CeA:: + (1 fCe,Fd)YAc,HeAc {14.285)
Yac.psva = Yac,Psac {14.26)
Yac,amMa = YacHava {14.27)
Yac.amMe = Yac,Hova {14.28)
Yac,psMa = Yac,Hava {14.29)
YAc:,PsMr: = YAc,HcVa (14.30)
(14.31}

Yac,Haas = Yac Hava

{continued)
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Table A4 (continued). Mathematical statement of model

YAc,McMa = YA:;.Hn::\fa (14.32}
Yacpsam = YacPsva (14.33)
Y.ﬁu:,McAm = YAc,!’s\la (14.34)
Vacab = YacabVRuwD 1 + (PHA y acant PPATAD] (14.25)
kacex = Kpiex (14.36}

Propicnic acid pool, Qp, mol}

Equations for this pool as for acetic acid poal but with Pr replacing Ac throughout

Butyric acid pool, Qg,, {mol}

Equations for this pool as for acetic acid pool but with Bu replacing Ac throughout

Valeric acid pool, Q, (mol)

Equations for this pool as for acetic acid pool but with VI replacing Ac throughout

See Tables A1 and A2 for explanation of notation.
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SIMULATION OF NUTRIENT DIGESTION, ABSORPTION
AND OUTFLOW IN THE RUMEN: MODEL EVALUATION

HEATHER D.ST.C. NEAL, JAN DIJKSTRA AND MARGARET GILL

A mathematical mode! of the rumen fermentation processes constructed to predict
nutrient supply to the host animal was evaluated. Sensitivity analysis on high fibre,
starch and protein diets indicated that the mode! responds appropriately to these
types of diets and to changes in parameter values, and revealed that the model is
sensitive to the availability of hexose for non-growth microbial processes and to the
maximurn storage rate of polysaccharides in amylolytic microbes, although sensitivity
varied with diet compaosition. Of the parameters whose values were dependent on
diet, the fraction of protozoa in the amylolytic microbial pool and the fluid and solid
passage rates needed the most careful estimation. When model predictions of nutrient
supply weare compared with the experimental observations, those for duodenal flows
of neutral detergent fibre and total non-ammonia nitrogen (NAN) and total volatile
fatty acid rumen concentration were satisfactory for several feeding strategies. The
partition of NAN flow into microbial and non-microbial NAN flow and the molar
proportions of volatile fatty acid production and concentration were not predicted
well. The representation of the complex interactions between rumen microbial
populations and of their effects on the production of specific VFA merits further study
for an improvement in the prediction of nutrient supply.

Rumen: Mathematical model: Ruminants: Microbial metabolism: Digestion

A number of mathematical representations of rumen metabolism have been developed
with the aim of predicting the nutrients available for absorption from different diets
{eg France et al. 1982, Baldwin et a/. 1987). However, none of these representations
can be considered to adequately predict nutrient availability in all dietary situations,
including forage-based diets. In our companion paper (Dijkstra et a/. 1992), we
developed a model to predict the profile of nutrients available for absorption in diets
containing forage. The model is depicted in the figures of the companion paper
({Dijkstra et al. 1992} and a complete description of the model appears in the appendix
of that paper. Preliminary evaluation of the model against some of the data used in
its construction, to reproduce the results from an experiment in which grass hay-
based diets were fed to steers at different nitrogen and intake levels, was adequate.
This paper describes further evaluation of the model’s behaviour and its simulations
for other types of forages and supplements to assess the accuracy of model
predictions and the adequacy of basic model concepts.
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METHODS

Two kinds of evaluation are in order: first, sensitivity analysis to ensure that model
outputs are appropriately sensitive to the given parameter values, and second,
comparisons of the model predictions of the supply of nutrients to the host animal
with the results from published experiments to examine the response of the model
over a wider variety of diets than those used to parameterize the model.

Sensitivity and behaviourial analyses

The adequacy of some of the concepts and the quantitative information incorporated
into the model and its overall stability were tested with the following sensitivity and
behaviourial analyses. In line with the objective of the model, the sensitivity of the
medel was tested on silage-based diets, which are typical of cattle diets but also
provide contrasting levels of the three major components of those diets, viz. fibre,
amylolytic carbohydrate {starch and sugars} and protein. The chosen diets (intake 12
kg dry matter {DM)/d) were a high fibre diet (Diet S), consisting of grass silage (22.1
g nitrogen/kg DM, 546 g neutral detergent fibre (NDFl/kg DM and 20 g sugars/kg
DM), a high starch diet (Diet SB}, consisting of the same silage with 80% replaced
by barley (18.8 g nitrogen/kg DM, 296 g NDF/kg DM and 454 g starch and sugars/kg
DM) and a high protein diet (Diet SS), consisting of the same silage with 20%
replaced by soya bean meal {33.9 g nitrogen/kg DM, 468 g NDF/kg DM and 40 g
starch and sugars/kg DM). In simulations for these three diets fed to a 660 kg dairy
cow, the selected parameters were set at +/- 50% and + /- 25% of the model value
unless otherwise stated. For each parameter and diet combination, five steady-state
solutions to the model equations were derived using the model value and the four
sensitivity values.

The following parameters were selected for the sensitivity analyses either because
there were insufficient data from the literature for an accurate estimation or because
they were considered likely to have the greatest effect on some or all of the rumen
processes,

Internal parameters

Because the Michaelis-Menten affinity parameters of energy utilization not related to
growth (MHa Hava’ MHc Hove: See Dilkstra et af. {1992) for coding conventlons), and
for hydrolysis of fibre, starch and protein {MFd FdHe MSd SdHa and MPd pdps} were
estimated to tune the simulation outputs for those experiments, which were drawn
upon to develop the model, it is important to examine the behaviour of the mode!
over a range of values for these parameters. The maximum storage rate of
polysaccharides in microbes {v;aAs) and the maximum rate of absorption of ammonia
(v ;\mAb} waere selected because of the possible effects on rumen digestion of
nutrients and entry of endogenous urea into the rumen.
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Input parameters

Input parameters included those that define the feed and the rumen characteristics
particular to that diet. Changes in the fraction of protozoa in the amylolytic microbial
pool {fp, \a) Would affect the amount of recycled microbial matter and provided an
opportunity to examine the behaviour of the model with referance to defaunated
animals. Fluid and solid passage rates (kgg, and kgqg,) and pH and rumen volume
(Vg,} were selected because they could have profound effects on rumen fermentation
characteristics.

Comparison of model predictions with experimental results
Data on nutrient supply from several experiments, other than those drawn upon to
develop the medel, were used for validation. The choice of experiments to challenge
the model was based on adequate information to allow simulation and on amount of
data on nutrient supply reported, where these had either been measured in animals
offered feed at frequent intervals or were average values obtained from data on
discontinuously fed animals, to correspond with the steady-state solutions of the
model. The choice was restricted to forage-based diets with a wide variation in intake
level, roughage to concentrate ratio, and fibre, starch, sugars, nitrogen and lipid
levels, in line with the model. However, although outflow of these components and
rumen concentrations have been measured in several experiments, it should be noted
that, to date, data sets on cattle providing a complete profile of nutrients for
absorption have not been reported; hence a full comparison of predicted and observed
values cannot be made. Where digestion turnover time had not been measured,
analysis of the feed was insufficient or other parameters required for input to the
model were missing, the guidelines and sources of data recommended in the
companion paper (Dijkstra et a/. 1992) or values from similar experiments were used.
Where NDF faecal flow or total tract NDF digestibility was given but not rumen NDF
duodenal flow or digestibility, the NDF duodenal flow was estimated as the NDF
faecal flow divided by 0.85, based on studies of Tamminga (1981). The NDF
ducdenal flow was estimated in this manner for the experiments reported by
Robinson et al. {1987} and Horner et al. {1988).

The assessment of error of predicted values relative to experimental values was
made on the calculation of the mean square prediction error {(MSPE):

MSPE = X(0; - P)2/n

where i = 1, 2, ... n; nis the number of experimental observations; and O; and P, are
the observed and predicted values (Bibby & Toutenburg, 1977). The root MSPE is a
measure in the same units as the output and is presented in the tables as a
percentage of the observed mean. The MSPE was decomposed into the overall bias
of prediction, deviation of the regression slope from one, and the disturbance
proportion (Bibby & Toutenburg, 1977). The experiments used for comparison fall into
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Table 1. intake analysis of diets used for model validation

Study Treatment Intake
DM NDF Starch N
and
sugars
kg/d g/d
Raobinson et al. {1987) low intake 5.3 2268 1227 138
low medium intake 9.2 3785 2147 249
medium intake 13.1 5276 3066 348
high medium intake 17.1 6774 3986 449
high intake 21.0 8295 4906 550
B% starch 13.1 6313 1943 339
14% starch 13.1 5683 2507 344
20% starch 13.1 5211 3071 344
26% starch 13.1 4817 3609 350
32% starch 13.1 4383 4174 357
Rohinson et a/. {1985) low intake 6.4 2746 1608 164

low medium intake 11.3 4826 2826 283
high madium intake 15.5 6650 3894 2377

high intake 18.5 7937 4648 448

Horner et a/. {1988) 0% cottonseed 8.1 2937 3228 196
15% cottonseed 8.4 3256 2886 204

McCarthy et al. (1989)‘I CF 23.3 8015 109281 B41
Cs 24.2 7308 11788 581

BF 20.5 7298 2061 480

BS 20.9 6793 9526 497

Robinson & Kennelly {(1980)2 RDP 19.4 7868 4457 568
ubpP 18.3 7700 4061 540

Beever et al. (1990) control 4.1 2233 B2 a0
low fishmeal substitution 4.1 2132 78 108

high fishmeal substitution 4.2 1926 71 143

Firkins et a/. {1984)3 ) 5.8 3140 2955 144
WwDG 6.8 3899 1831 163

DDG 6.8 3876 1831 170

WCGF 6.8 3447 2033 165

DCGF 6.8 3433 2033 181

Rogers & Davis {1982a) medium concentrate 5.2 1433 2266 9
Rogers & Davis {1982b) high concentrate 7.7 1771 4161 139
low concentrate 9.0 3807 1530 200

Lebzien (1980} low roughage 12.0 4168 4322 346
high roughage 14.2 7076 2934 327

DM, dry matter; N, nitrogen; NDF, neutral detergent fibre.
1 Forage diets supplemented with corn and fish meal {CF), corn and soya bean meal {CS), barley
and fish meal (BF) or barley and soya bean meal (BS).
Concentrate containing rapidly {RDP) or stowly (UDP} degradable protein source.
3 Basal diet supplemented with urea (U), wet (WDG) or dry (DDG) distillers grains, or wet (WCGF)
or dry {DCGF) corn gluten feed.
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three groups: experiments with high energy supplements, experiments with
nitrogenous supplements and experiments where volatile fatty acid (VFA} production
was measured. The animals involved included dry cows, lactating cows and fast
growing steers. Description of the experiments follow and intake analyses are listed
in Table 1.

Experiments with high energy supplements

The effect of feed intake level and of starch concentration was reported by Robinson
et al. (1986 and 1987). They fed Dutch Friesian lactating dairy cows diets of 1/3 hay
and 2/3 pelleted concentrates, containing five graded levels of starch between 8 to
32%, and at five intake levels between 5.3 to 21.0 kg DM/d (Table 1).

Robinson et af. {1985) reported the effect of intake levels (6.4 to 18.5 kg DM/d)
on digestion and bacterial vield for Holstein dairy cows fed a 65% hay, 35%
concentrate {corn-soya bean meal mix} diet. The diet was offered two, four or eight
times daily. Diaminopimelic acid (DAPA} was used as microbial marker. Because
DAPA is generally assumed to measure bacterial biomass only, model predictions of
"microbial” non-ammonia nitrogen {NAN) outflow for this experiment excluded the
predicted protozoal flow.

When whole cottonseed was used as a source of dietary fat to supplement a 40%
corn-soya bean meal, 60% hay diet offered to non-lactating Holstein heifers (Horner
et al. 1988), the effect on ruminal digestion was minimal (treatments: 0% and 15%
whole cottonseed, Table 1).

To investigate the effect of source of carbohydrate and protein on ruminal
fermentation and flow of nutrients to the small intestine, four lactating Holstein dairy
cows were offered ad libitum access to complete diets containing shelled corn or
barley and fish meal or soya bean meal (McCarthy et a/. 1989) (treatments: CF, corn
and fish meal; CS, corn and soya bean meal; BF, barley and fish meal; BS, barley and
soya bean meal; Table 1}.

Experiments with nitrogenous supplements

Robinson & Kennelly (1980} investigated the effect of including a rapidly or slowly
degradable protein source in the concentrate on duodenal digesta flow and rumen
fermentation in lactating dairy cows fed B0% forage, 50% concentrate diets. The
forage consisted of whole crop oat silage, second cut aifaifa silage and hay. The
concentrate provided protein from a rapidly degradable source {canola meal:
treatment RDP} or from a slowly degradable source (distiliers grains and fish meal:
treatment UDP, Table 1}. As with the Robinson et a/. (1985) experiment, DAPA was
used as microbial marker.

The effects of supplementation of grass silage diets with fish meal on rumen
digestion of organic matter and nitrogen was investigated by Beever et af. (1990).
Young growing cattle were fed a good quality lactic acid perennial ryegrass silage in
three diets: C: silage only; FM1, silage + fish meal at 50 g/kg total DM; and FM2,
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silage + fish meal at 150 g/kg total DM. The mean intake was 4.1 kg DM/d with a
hitrogen intake ranging from 90 to 143 g nitrogen/d over the three diets.

The effects of urea, wet and dry distillers grains and corn gluten feed on
fermentation and digesta flows in Angus-Hereford steers fed a basal diet of hay, corn
and corn cobs were examined by Firkins et a/. (1984). Intake was 6.8 kg DM/d for
all treatments, with urea supplement: U, with wet distillers grains: WDG, with dry
distillers grains: DDG; with wet corn gluten feed: WCGF and with dry corn gluten
feed: DCGF (Table 1).

Experiments with measured VFA production

The agreement between VFA molar proportions in rumen fluid and VFA proportions
produced have been questioned (Sutton, 1985)., Thus, experiments in which the
production of the major VFA {acetic, propionic, and butyric acids} were measured in
the rumen by isotope-dilution techniques are considered to be of interest for
validation. In an experiment of Rogers & Davis {1982a), young steers were fed 5.2
kg DM/d of a comn silage-based 50% concentrate, 50% roughage diet (MC). In
another experiment reported by these authors {Rogers & Davis, 1982b), heavier
steers were fed either 7.7 kg DM/d of a 75% concentrate, 25% roughage diet (HC)
or 9.0 kg DM/d of an 18% concentrate, 82% roughage diet {LC}.

Another experiment concerned with the measurement of VFA production was
conducted by Lebzien (1980}, in which two diets, a 55% concentrate, 45 % roughage
diet {LR) and a 13% concentrate, 87 % roughage diet (HR}, were fed to lactating
btack and white dairy cattle (Table 1).

RESULTS AND DISCUSSION

Sensitivity and behaviourial analyses
The model predictions of ammonia concentration and the duodenal flows of nitrogen,
NDF, and starch and sugars for the three sensitivity diets and the responses to the
extreme points of the sensitivity ranges of the five parameters to which the model
proved most sensitive are shown in Table 2. The response to the other selected
parameters is described in the text.

The behaviour of the model for the 3 sensitivity diets was as expected. The high
nitrogen diet {S3) had the highest ammonia concentration, and the high starch and
low nitrogen diet {SB) the lowest ammonia concentration, which is as would be
expected from the availabie nitrogen to energy ratios of the three diets. The ducdenal
NAN flow increased with the nitrogen content of the diet, whereas the microbial NAN
decreased {Table 2). In general, increasing the concentrate {starch) proportion of the
diet will decrease the digestion of NDF in the rumen {Erdman, 1988). The simulations
agreed with this. The NDF digestion with Diet SB (59.7 %) was much lower than with
the unsupplemented diet (74.8%). The duodenal flow of polysaccharides was 2% of
total microbial mass for Diet S and 26 % for Diet SB. This is in line with the literature
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{McAllan & Smith, 1977) and in contrast to previous models in which the microbial
composition was held constant. The properties of the diets were also reflected in the
simulated production and molar proportions of VFA, Diet SB showed the highest VFA
production rate {Diet SB, 52.1 mol/d, Diet S, 52.1 mol/d; and Diet SS, 50.6 mol/d).
As a result of the stoichiometric parameters applied, molar proportions of propionic
acid of Diet SB as compared with Diet S were greater (27.1 vs. 13.0%) and those
of acetic acid were less (55.9 vs. 72.6%), which is generally accepted from results
of experiments with roughage diets supplemented with energy-rich ingredients
{Sutton, 1985). Because valeric acid is a major end product of amino acid
fermentation, Diet SS showed a higher molar proportion of this acid compared with
Diet S (8.8 vs. 6.1%). These simulations indicate that the supply of glucogenic
precursars (starch and sugars escaping fermentation, microbial pelysaccharides and
glucogenic amino acids washed out and propionic acid absorbed or washed out) is
much higher with Diet SB than with Diet S. This could give rise to differences in
efficiency of energy utilization in ruminants observed orin various simulated diets (Gill
et al. 1984}. In conclusion, results from changes in diet composition are in line with
literature, and properties of each diet are reflected in the simulated nutrients available
for absorption.

Internal parameters

An increase in MHa,HaVa and MHc,HcVa means that less hexose is utilized for
processes not related to growth, and hence microbial production and flow into
duodenum are increased. This leads to lower ammonia concentrations, especially with
Diet SB, because more ammonia is used for growth. As the availability of hexose for
growth functions was increased, more hexose was utilized to form microbial storage
polysaccharides, in line with experimental findings (Mulder, 1988). Although these
internal productions were greatly affected, the effect on the duodenal flows of fibre
(1% of model response for Diet $S, 4% for Diet SB}, total NAN (1%, 10%) and
starches and sugars {6%, 20%) and VFA production (4%, 8%} was much less and
decreased with increasing nitrogen content of the diet (Table 2).

Increase of M;d,F‘dFs decreased hydrolysis of protein in rumen. This decreased the
concentration of both ammonia {15, 22 and 17% of model response for Diets S, SB
and S8, respectively) and soluble protein and hence microbial growth (0.6, 0.7 and
0.3%). With decreasing availability of nitrogen, particularly with Diet SB, microbial
growth was more depressed than fibre or starch digestion as a result of energetic
uncoupling {decrease in microbial growth without concomitant decrease in organic
matter digestion, Hespell & Bryant, 1979}, Also, the slight increase in microbial
storage polysaccharides (0.7% of model response on Diet SB) simulated when
increasing M;d,PdPs agrees with Hespell & Bryant (1979}, who stated that nutrient
limitations (usually nitrogen limitation) will give rise to a relatively higher rate of
formation of microbial polysaccharides.

The duodenal flow af potentially degradable fibre was very sensitive to an increase
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in M;d,FdHc' There was over all diets a mean increase of 100% of the mean model
response of 439 g/d over the sensitivity range of 0.166 to 0.498 mol/l. However, the
decrease in growth of fibrolytic microbes {maximum 22% of model respanse for Diet
SB). microbial NAN duodenal flow (maximum 9% for Diet §S) and VFA production
{maximum 8% for Diet SB) was less marked.

Increasing M;d,SdHa weuld only affect the outputs for diets containing insoluble
starch, but even with Diet SB, there was only a slight increase in the duodenal flow
of total starch and sugars {5% model response of 784 g/d for Diet SB over sensitivity
range for M;d,SdHa of 0.208 to 0.624 mol/l). Because more than 60% of barley
starch is soluble and the insoluble part has a low digestion turnaver time (0.17 d),
changes of the value of M;d,SdHa would not have a large effect. In simulations in
which corn starch replaced barley starch (results not shown), there was a
considerably greater response, because the proportion of soluble starch and the
degradation rate of the insoluble part of corn starch are lower.

As with the previous parameter, the effect of changes in the maximum storage rate
of polysaccharides in microbes (v,:aAs) depended to a great extent on the diet
composition (Table 2). With any diet the amount of amylolytic hexose directed
towards formation of storage polysaccharides was increased, but the greater the
energy concentration of the diet, the greater the sensitivity to this parameter. In Diet
SB, less of the amylolytic hexose was available for microbial polysaccharide-free
growth, and amylolytic microbial production was decreased. The glucogenic supply
to the duodenum increased substantially however, due to the increased storage
polysaccharide flow. The VFA production was reduced (5% of model response for
Diet SB, 1% for Diets S and SS), because the formation of amylolytic storage
polysaccharides does not require much energy (Hespell & Bryant, 1979).

Increasing the maximum rate of absorption of ammonia {V;mAb) greatly decreased
the concentration of ammonia {a maximum of 62% of model response of 24 mM for
Diet SS) through an increase in absorption rate {maximum 79% of model response
of 5.04 mol/d), but the ammonia concentration was still too high to affect microbial
growth to a significant extent {Hespell & Bryant, 1979). However, the fibrolytic
microbes were slightly more sensitive to a decrease in ammonia concentration {on
average 1.9 vs. 1.2% of the model responsel}.

Input parameters

An increase in the fraction of protozoa in the amylolytic microbial pool (fPo'Ma) and
consequently an increase in the amount of recycled microbial matter had a profound
effect on the type of bacteria present {(Figure 1; Table 2}). The number of fibrolytic
bacteria decreased as a result of protozoal predation, and this change was
accompanied by a nonlinear increase in number of amylolytic microbes with Diet SB.
These changes resulted in an overall decrease of total microbial mass in the rumen.
Both total NAN and microbiai NAN outflow decreased, whereas ammonia
concentration and absorption increased, relatively more so with low nitrogen diets.
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As the ratio of fibrolytic to amylolytic microbes decreased, the amount of microbial
storage polysaccharides per unit microbial matter present increased.

Variation in fp, 34, provides an opportunity to examine the behaviour of the model
with reference to defaunated animals {Table 2). In a review, Jouany et a/. (1988)
discussed the complex interactions between protozoa and amylolytic and fibrolytic
bacteria in relation to dietary and rumen fluid properties. Defaunation was stated to
lower fibrolytic activity with a diet rich in cell wall carbohydrates, but with an easily
fermentable carbohydrate diet, fed in restricted amounts, the opposite was observed.
in contrast, the model predicted that as a result of defaunation with every diet,
fibrolytic bacterial numbers increased, since the direct engulfment effect is higher
than an effect of changes in ammonia concentration. Only when pH values are
decreased are reduced fibrolytic numbers and reduced fibre digestion predicted. Such
a reduction might be expected with defaunated animals in the absence of the
moderation of the post prandial drop in pH by protozoal enguifment of starch particles
and their subsequent slower metabolism. The predicted increase in total NAN and
microbial NAN outflow and marked decrease in ammonia concentration is in line with
observations on defaunated animais. However, both the increased feed protein and
NDF degradation predicted are in contrast with most observations and suggest that
metabolism of protozoa differs in more respects from metabaolism of bacteria than has
been modeled. The simulated changes on VFA molar proportions varied with the diet,
in line with the review of Jouany et a/. (1988). With each diet, malar proportions of
acetic acid increased and those valeric acid decreased. With Diet SB, both propionic
acid and butyric acid decreased, but on diet S and S8, propionic acid decreased and
butyric acid increased as fp, py, decreased. These results clearly indicate that the
supply of nutrients available for absorption varies with the diet fed, and this might
affect the resultant animal performance to a different extent. Considering the
importance of fp, 1., this parameter should be accurately estimated for a range of
diets. Unfortunately, the restricted data available do nat allow such an estimation.
Equally, although major aspects of protozoal metabolism have been modeled
satisfactorily, the results indicate the need for a more detailed representation of
protozoal metabolism. However, both the level of organization of predictive rumen
models and the lack of knowledge and data of complex microbial interactions hamper
a more detailed representation (Dijkstra et af. 1890}.

Changes in the fluid passage rate (kgg,) had profound effects on rumen
fermentation characteristics and were generally in line with literature {review Owens
& Goetsch, 19886). A range of 0.9 to 2.7/d was chosen for the test (Table 2}. An
increase in kg, did particularly affect the production rate of amylolytic microbes
(with a maximum range of 80% model prediction for Diet $), and this change was
accompanied by a marked increase in outflow of starch and sugars. Total NAN
ducdenal flow was increased except with Diet SB, for which the outflow of fibrolytic
bacteria increased but the amylolytic bacterial outflow decreased. The more rapid
flow of liquid decreased the ammeonia and VFA concentrations {with maximum ranges
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Figure 1. The sensitivity of the total microbial { &), amylalytic microbial (L1}, fibrolytic microbial
{®} and protozoal {ll} pools to the fraction of protozoa in the amylolytic microbial pool (foo, Mai
steady-state solutions derived for values of fp 1y, of 0, 0.25, 0.5, 0.75 and 1} for high starch
diet {diet SB; graph A) and high protein diet {diet SS; graph B).

of 186 and 54% model prediction for Diet S) and absorption rates {47%). The
microbial growth efficiency increased, as can he seen from the minor changes in
micrebial NAN outflow in relation to changes in ruminal digestion of the main energy-
yielding components {fibre, starch and sugars), in line with increases in microbial
efficiency generally observed (Owens & Goetsch, 1986).

[n contrast with changes in kgg,. an increase in the solid passage rate (kgogy)
particularly affected fibrolytic microbes and fibre digestion. The effect on the
microbial NAN outflow was nonlinear as the amylolytic bacteria ducdenal flow was
increased, but at a slower rate than the fibrolytic bacteria outflow, which was directly
affected by the change in solid passage rate (Table 2). Ammonia concentration was
decreased because less feed protein was degraded (total NAN was increased while
microbial NAN was decreased). The VFA concentration decreased because less fibre
was digested and a higher portion of the digested fibre was directed towards the
growth of microbial cells than towards VFA. Again, the model is very sensitive to this
parameter, but the behaviour of the model to changes are in accordance with the
literature {Owens & Goetsch, 1986).

Over the pH range chosen (5.6 to 7.8) to keep the other related parameters
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realistic {(viz. time below critical pH and minimum pH, Dijkstra et a/. 1992}, only the
increase in the absorption of ammonia {average 106% of model response) and hence
the decrease in concentration of ammonia (67-105%) with increasing pH were
sensitive outputs. As in the test on v;mAb, ammonia concentration has to be reduced
to rather low levels before other ruminal processes are affected. The absorption of
VFA was less affected (40% on average), but because most VFA not absorbed in the
rumen will be available for postruminal absorption, the effect on total supply of
energy to the animal will not be greatly affected. The hydrolysis of fibre was not
affected because the inhibition period of fibre digestion, even with Diet 8B, is short.

Increase in Vp, directly affected the concentrations of VFA {at + 50% of model
value, decreases of 146, 134 and 145% of model response for Diets S, SB and S5,
respectively) and ammonia (74, 45 and 55%]). Fibre digestion decreased (8, 15 and
9%) and the duodenal flow of starch and sugars increased {123, 41 and 85%]}. There
was an increase in total {15, 11 and 21%), microbial and non-microbiai NAN
outflows. Because the effect of increasing rumen volume has not been investigated,
no comparison can be made with results from literature.

From these tests, the model is shown to respond accurately to differences in diet
compaosition and to be sensitive to the availability of hexose for microbial non-growth
processes, and to the maximum storage rate of amylolytic polysaccharides. For diet-
dependent parameters, the fraction of protozoa in the amylalytic microbial pool and
the solid and fluid passage rates need the most careful estimation.

Comparison of model predictions with experimental observations

The comparisons of model predictions of rumen outflows with observed experimental
values are examined under the main topics of fibre digestion, digestion and absorption
of nitrogen, lipid representation and VFA concentration and production, on the overall
data {Figures 2-4) and within experiments (Tables 3-5}. Generally, differences
between simulated and observed values should not be considered entirely due to
inadequacy of the model, because inadequacies of input data describing the diets or
errors in experimental measurements could also contribute to these differences.

Fibre digestibility

Predicted NDF outflows were in general quite close to observed values within and
among experiments {Figure 2} with a root MSPE of 367 g, i.e., 13% of observed
mean. The contribution of the random variation about the regression line component
towards the MSPE was 849%. Although the amount of NDF washed aut from the
rumen generally is not a major contributor to the total available nutrient supply, since
post ruminal NDF digestibility is low {Robinson et a/. 1887), correct predictions of
NDF outflow indicate that the fibrolytic microbial mechanism has been represented
well. In this experiment, the prediction of the effect of increasing intake on rumen
NDF outflow was closer to the observed value {13% of observed mean) than the
prediction of the effect of increasing starch level {18%). Although observed NDF
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NDF duodenal tlow {kg/d)

Predicted

Observed

Figure 2. Comparison of observed and predicted values of neutral detergent fibre {NDF} rumen
outflow. Code for experiments: [J Firkins et a/. (1984); O Robinson et a/. {1985); ® Horner et
al. (1988); Robinson et a/. {1987} - A intake level and A starch level, V McCarthy et a/.
(1989); ¥ Robinsen & Kennelly (1990); ¢ Rogers & Davis (1982a and 1982b); ¢ Lebzien
{1980); + Beever et al. (1990). The line of unit slope represents the line of accurate prediction.

outflows decreased with an increasing starch content of the diet, there was little
change in model predictions. In line with results of the sensitivity analysis, this
suggests that recycling of micrabial matter, which in the present model is included
by engulfment of fibrolytic microbes and death of protozoa only, needs to be
represented in more detail for diets differing widely in starch or fibre content. A
reduction in NDF digestibility with an increase in intake level was observed by
Robinson et a/. (1285} as well, and this reduction was simulated satisfactorily.
Both model predictions and observed values indicated jess NDF digestion (43 and
34 %) with the added urea treatment (Firkins et a/. 1984). However, the observed
values showed that NDF digestion was greatest with the added distillers grains
treatment (distillers grains: 61 and 63%; corn gluten feed 47 and 54%), whereas the
model predictions indicated little difference between the effects of distillers grains and
corn gluten feed on NDF digestion {57, 56, 58 and 55%). This may be due to
unknown differences in the feeds. In the experiment conducted by Horner et al.
(1988), observed NDF digestion was reduced by supplementation with whole
cottonseed {44% with 0% whole cottonseed and 41% on 15% whole cottonseed),
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rumen outflow (graph A), microbial NAN rumen outflow {B) and rumen ammonia concentration
{C). See footnote to Figure 2 for key to experiment symbols.
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and model predictions were close to observed values. Based on several experiments
examining the effects of lipid supplementation on rumen fermentation characteristics
(survey by Van Nevel & Demeyer, 1988}, a depressive effect on NDF digestion was
expected. However, this effect was not included in the model and might account for
these small differences. It should be noted that duodenal NDF flow was estimated
from faecal NDF flow {see Methods), which could contribute to differences between
observed and predicted values. The observed NDF digestion for the barley and soya
bean meal diet reported by McCarthy et a/. {1989) was considered extremely low
{11% with BS vs. 32, 28 and 24% with CF, CS and BF, respectively). The value
predicted by the model {28%) might be considered more likely. Predicted NDF rumen
digestion coefficients were close to values observed by Robinson & Kennelly (1990}.
Both experiments had low rumen pH values (mean pH of 5.8). A reduction in plant
cell wall digestion due to low pH values has been reported in vitro and in vivo
{Erdman, 1988). These model simulations indicate that the depressing effect of pH
on fibre digestion, simulated by a critical pH value and time below this value, has
been represented adequately.

Digestibifity and absorption of nitrogen

Predicted NAN outflow from the rumen is plotted against observed NAN cutflow in
Figure 3. The model seemed to predict total NAN outflow well for diets supplemented
with energy or protein at several intake levels {root MSPE of 34 g, i.e., 13% of
observed mean and 94 % of MSPE attributed to the disturbance proportion}, but when
partitioned into microbial and non-microbial fractions the predictions were not so
close {37 and 58%, respectively). The contribution of the deviation of the slope to
unity proportion was 69% for microbial NAN-outflow, indicating proportional bias due
to inadequate representation of relationships. However, the coefficient of variation

Table 3. Comparison of experimental observations (abs) with madel predictions (pred] of
rumen bacterial nitrogen [N} for cows fed diets at different intake levels and containing
different levels of starch

Intake level Rumen bacterial N Starch level Rumen bacterial N
(kg dry matter/d)
obs pred obs pred
g g
5.3 87 85 8% 134 193
9.2 128 113 14% 142 179
13.1 157 162 20% 127 145
171 168 172 26% 169 147
21.0 183 241 32% 151 121
% %
Error % 18.6 Error % 25.0

QObservations from Robinson et al. {1986 and 1987).
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of observed microbial and non-microbial NAN outflow from the rumen is generally
much larger than the coefficients of variation of total NAN flow (Oldham &
Tamminga, 1980). Differences in microbial markers used, techniques of isolating
rumen microbial DM and differences in times of sampling all contribute to the larger
coefficient associated with microbial NAN flow and indirectly to that of the non-
microbial NAN flow, because it is calculated as the difference between the other two
flows. Thus, evaluation of the major determinant of rumen fermentation (the microbial
metabolic activity) is limited and will be restricted to qualitative evaluation only. in the
experiment of Robinson et a/. {1987}, the increase in rumen concentration of bacterial
nitrogen was well predicted at the four lower levels of intake, but there was an
overprediction at the highest level, with an overall error of 19% of the observed mean
(Table 3). The steadily decreasing bacterial nitrogen content predicted with increasing
starch levels, with an overprediction of 25% of the observed mean, was in
contradiction to experimental values, in which there was no such pattern, Again, this
might be related to an insufficient representation of microbial turnover as explained
before.

In the study of Robinson & Kennelly {1990), the duodenal flows of NAN and starch
were averpredicted (Figure 3). This might be related to the fact that the marker used
was chromium, which is a particulate marker. Using CoEDTA, DM flow was 49%
higher, as stated by Robinson & Kennelly {?990). Because 76 and 73% of feed starch
and 49 and 43% of feed nitrogen is soluble for RDP and UDP respectively, the
duodenal flows of these two moieties could be up to 150% higher. The predicted
values were roughly 125% higher. Feed NAN was underestimated by the model and
microbial flow overestimated for ail treatments in the experiment of McCarthy et af.
{1989) experiment. The authors commented that a larger propartion of dietary NAN
passed to the duodenum than in other trials. Their conclusion, that microbial NAN
was increased when barley replaced corn and that corn nitrogen is less degradable
than barley nitrogen, was supported qualitatively if not quantitatively by the model
results.

The prediction for microbial NAN outflow for urea treatment in Firkins et a/. (1984)
was markedly lower than the underprediction for the other four treatments (Table 4).
The authors remarked that because the observed microbial NAN duodenal flow
equalled that of the high protein diet and NDF digestion was only moderate {34 %),
this result seemed unlikely. The overall underprediction of microbial NAN in this
experiment and in that of Horner ef a/. (1988} may be related to the fact that nucleic
acids were used as the microbial marker, because results obtained with nucleic acids
are generally higher than for other markers (Harrison & McAllan, 1980). Both in the
experiment of Firkins et a/. {1984) and that of McCarthy et al. (1989), observed
duodenal nitrogen flow was higher than nitrogen intake with the feed {12 and 19%
higher, respectively). Because predicted total NAN outflow was satisfactory, these
results indicate that recycling of protein and urea by saliva and absorption through the
rumen wall has been represented satisfactorily for the level of aggregation adopted.
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Table 4. Comparison of experimental observations {olsj with model predictions (pred} of
non-ammonia nitrogen (NAN) duodenal flow and ammonia concentration for steers fed diets
supplemented with different protein sources

Treatment! Duodenal flow Ammonia concentration
Total NAN Microbial NAN
obs pred obs pred obs pred
g/'d mM
U 169 108 148 91 - 13.2
WwDG 192 176 127 106 - 5.3
DDG 200 178 125 106 - 6.2
WCGF 157 164 115 111 - 7.2
DCGF 184 157 151 109 - 7.8
% %
Error % 17.9 25.6

Observations from Firkins et a/. {1984},
! Basal diet supplemented with urea (U], wet (WDG) or dry (DDG} distillers grains, or wet
{WCGF) or dry {BECGF) corn gluten feed.

The prediction of ammonia concentration was compared with observed values in
Figure 3C. Generally, the concentration was seen to be overpredicted with an error
of 81% of the observed mean, with 27% and 55% of MSPE contributed by overall
bias of predictions and deviation of the regrassion slope from one, respectively. This
error was inflated by the high overprediction for the experiment of Robinson &
Kennelly {1990). Ammonia concentration was not reported in the experiment of
Firkins et a/. (1984}, but predicted ammonia concentration {high for urea treatment,
moderate for the corn gluten treatments and samewhat lower for the distilters grain
treatments) reflected the properties of the supplements used in terms of nitrogen
solubility and degradability (Table 4}). In the experiment of Beever et a/. (1990}
ammonia concentration was underpredicted for Diets C and FM1, so that the model
predicted an increasing response to an increasing level of fish meal, whereas
experimental results showed a response only to the higher level. The concentration
of ammonia is the net result of ammonia production from feed, fermentation of
protein or hydrolysis of urea, absorption through the rumen wall and passage out of
the rumen and utilization by microbes. However, the processes of urea transfer across
the rumen wall and in saliva and of ammonia absorption are also influenced by
nitrogen metabolism in the tissues of the host animal. Being outside the model, these
metabolism processes are only represented indirectly by a function of dietary nitrogen
that is assumed to have a correlation with plasma nitrogen concentration {equation
4.12, Mathematical appendix, Dijkstra et a/. 1992). This indicates the importance of
the interrelationships between ruminal processes and tissue metabolism in the
determination of nitrogen flows and levels in the rumen.
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Evaluation of lipid representation

None of the experiments used to challenge the model included measurements of
duodenal lipid flow. In the model, the assumption is made that fatty acids arising from
dietary lipids are not incorporated into microbial lipids. However, it has been shown
that rumen microorganisms utilize preformed long chain fatty acids to synthesize
lipids {Hespell & Bryant 1979). Bauchart et a/. (1985} indicated that in general, the
amount of lipids flowing into the small intestine exceeds the amount ingested with
the feed by 10 to 80%. On the data sets used for validation, the excess of lipid
outflow ranged from 26 to 88% except for urea treatment (165.7%) in Firkins et a/.
{1984). These values indicate that the level of representation of lipid dynamics in the
model is sufficient for the objective. Also, the results suggest that microbial lipid
formation from preformed fatty acids is not of major importance in the rumen in most
diets. As discussed before, predictions for diets with high lipid-contents diets might
not be adequate because they would not reflect the depressing effect of large
amounts of fatty acids on fibre digestion and microbial growth.

Volatile fatty acid production and concentration

The prediction of total VFA concentration (excluding valerate and higher acids) and
the molar proportions of acetic, propionic, and butyric acids are shown in Figure 4.
Overall the prediction of VFA concentration was satisfactory {Figure 4A; error 11%
of the observed mean; 82% of MSPE attributed to the random variation about the
regression line}, but not so for the molar proportions: acetate was overpredicted
(Figure 4B; error 9%:; overall bias made the highast contribution {(68%) to the MSPE),
propionate showed high prediction error {Figure 4C; MSPE was 25%, the disturbance
proportion {80%)} dominating the decomposition), butyrate predictions have a
restricted range of values and butyrate was usually underpredicted (Figure 4D; MSPE
of 39%; overall bias and deviation of the regression slope from one contributing 53
and 28%, respectively}, and valerate was always greatly overestimated (178%).
Thus, although qualitative simulated behaviour of VFA molar proportions within
experiments is satisfactory, quantitatively predictions need to be improved. The
representation of VFA production does not allow for the many possible alternative
populations of microbes and biochemical pathways involved in VFA production. The
incorrect predictions of molar VFA proportions can be explained by this in all but a
few of the diets, because the digestion of feed components is generally well
predicted.

In the experiments of Rogers & Davis (1982a and 1282b) in which VFA production
was measured by isotope-dilution techniques, predicted molar proportions of
individual VFA concentrations were good for Diets HC and LC, but less so for Diet
MC. Valerate was severely overestimated by the model {365%). Because the
praduction of 1 mol of valeric acid requires twice as much hexose as the production
of 1 mol of acetic or propionic acid, this overestimation will reduce the predicted total
amount of VFA produced. If valerate is not taken into account the results are far
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Figure 4. Comparison of observed and predicted values of total volatile fatty acid (VFA)
concentration {graph A) and molar proportions of acetate {B), propionate (C) and butyrate (D).
See footnote to Figure 2 for key to experiment symbols.
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very well for propionate but not so well for acetate and butyrate (Table 5). The
differences increased with increasing roughage content in these diets, which is not
in agreement with the claims of Sutton {1985) for diets fed to sheep. Prediction of
total VFA production was overestimated by 169% for Diet MC and underestimated by
34% and 15% for Diets HC and LC, respectively, which is in agreement with Sutton
(1986}, who stated in his review that VFA production results for concentrate diets
are more variable than results for roughage diets.

in the experiment by Lebzien (1980Q), valerate molar proportion of VFA
concentration was overestimated with an error 2.31 times the observed mean. Hf
valerate was not taken into account, only butyrate on diet LR was underestimated
{Table 5). For abserved results, the molar proportions of VFA produced were strongly
related with molar proportions in concentration on both diets, partially because
butyrate production was calculated, rather than measured, from acetate and
propionate measured production corrected for interconversion of acetate and
propionate to other VFA, by an average amount and molar percentage in
concentrations. The model underpredicted total VFA production by 20 and 18%. In
evaluating the agreement between model predictions and cbserved values, it should
be noted that in a review of VFA production, measured by isotope-dilution
techniques, and using a range of diets, production of acetic acid {1.5-8.3 mol/kg
digestible DM} and propionic acid (0.8-3.8 mol/kg digestible DM} varied widely, and
Sutton (1985} indicated that some of this variation was due to measurement errors.
Equally, Lebzien (1980} found that the method of sampling {by hand or automatic
sampling ventral rumen sac) had a pronounced effect on VFA production rates, which
were on average B0% higher when the automatic sampling method was used.
Observed values for VFA production rates in Table 5 were obtained by the automatic
sampling method, and this could add an explanation of model underprediction. The
results given in Table 5 are well within the experimental range reported by Sutton
{1985); yet VFA molar proportions for other diets used to validate the model {Figure
4} are generally not predicted satisfactorily.

In analyzing the problems encountered with prediction of VFA molar proportions,
it should be noted that simulation of ruminal digestion of ingested substrates and
microbial metabolism was in general satisfactory at the level of aggregation adopted.
Thus, it is not likely that discrepancies in predicted VFA molar proportions can be
explained by discrepancies in predicted ruminal digestion of substrates. Another
possible error arises from assumed stoichiometric coefficients for lactate
fermentation. However, lactate is absent in most of the diets used to challenge the
meodel or present in small quantities only. These considerations indicate that the
stoichiometric coefficients derived by Murphy et a/. {1982) by statistical analysis of
a large data set are not applicable to the diets used for evaluation in combination with
the concepts of the model. Several reasons might be put forward to explain this.
First, the comparison experiments are mainly on dairy cattle, whereas the data set
used by Murphy et a/. {1982) almost completely concerned experiments with sheep
or beef cattle. Second, the considerable amount of VFA produced from engulfment
of microbes or derived from recycled nutrients within the rumen was not taken into
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account. Third, both pH and type of VFA can significantly affect absorption rates of
VFA from the rumen {Thorlacius & Lodge, 1973}, which might invalidate the
assumption in Murphy et a/. (1882) that rumen VFA concentrations reflect their
relative production rates. Finally, although Murphy et a/. (1982) accounted for
differences in rumen fluid characteristics by developing coefficients for roughage and
for concentrate diets, the shift in fermentation pathways at low pH values within
concentrate diets {Strobel & Russell, 19886) was not accounted for. Argyle & Baldwin
(1988} did adjust stoichiometric coefficients for fermentation of sugars and starch at
pH values lower than 6.2 and showed effects on VFA molar proportions.
Unfartunately, these authors reported that insufficient data prevented challenge of
the adjustments. For the diets used to validate the model and with an average pH
below 6.2, the suggested adjustments would yield variable results. With the high
intake level diet of Robinson et al. (1986}, application of these adjustments might
decrease acetate overprediction and butyrate underprediction, but would inflate
propionate overprediction. In the experiment of McCarthy et a/. (1989) experiment,
prediction of molar proportions of acetate and propionate might improve, but that of
butyrate would deteriorate. In the experiment of Robinson & Kennelly (1990)
experiment, predictions of molar proportions of all VFA would improve. Finally,
butyrate underprediction would be decreased and acetate and propionate prediction
error would be inflated for the high concentrate diet of Rogers & Davis {1982b).
Thus, the prediction of molar proportions of VFA merits further study.

In conclusion, the objective of the model to examine the profile of nutrients
available for absorption from diets containing forage has mainty been achieved. The
prediction of NDF and total NAN outflow and VFA concentrations are satistactory at
the level of aggregation of the model, for a wide range of diets. The incorporation of
the composition of microbes with varying polysaccharide content has responded well
to the different feeding regimens. Detailed evaluation of the model and indeed
confidence in some of the model parameters are limited by the problems of measuring
duodenal flows and VFA production. This problem is particularly evident with the
predictions of microbial protein flow and VFA molar proportions and is not surprising
in view of the large number of microbial species present in the rumen. This finding is
in agreement with earlier rumen models and again demonstrates the need for more
quantitative work on this aspect of ruminant nutrition before improvements in the
prediction of nutrient supply can be achieved.
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ABSORPTION OF VOLATILE FATTY ACIDS FROM THE RUMEN
OF LACTATING DAIRY COWS AS INFLUENCED BY VOLATILE FATTY
ACID CONCENTRATION, pH, AND RUMEN LIQUID VOLUME

JAN DIUKSTRA, HUUG BOER, JAAP VAN BRUCHEM, MARIANNE BRUINING
AND SEERP TAMMINGA

The effect of rumen liquid volume, pH and concentration of volatile fatty acids (VFA)
on the rates of absorption of acetic, propionic and butyric acids from the rumen was
examined in lactating dairy cows. Experimental solutions introduced into the emptied,
washed rumen comprised two different volumes (10 or 30 1), four levels of pH (4.5,
5.4, 6.3, 7.2) and three levels of individual VFA concentrations {20, 50 or 100 mM-
acetic, prapionic or butyric acid}. All solutions contained a total of 170 mM-VFA and
an osmotic value of 400 mOsmol/l. Absorption rates were calculated from the
disappearance of VFA from the rumen corrected for passage with liquid phase to the
omasum. An increase in initial fluid pH caused a reduction in fractional absorption
rates of propionic and butyric acids. Increasing the initial pH from 4.5 to 7.2 reduced
fractional absorption rates of acetic, propionic and butyric acid from 0.35, 0.67 and
0.85 to 0.21, 0.35 and 0.28 /h respectively. The fractional absorption rates of all
VFA were reduced {P < 0.05) by an increase in initial rumen volume. The fractional
absorption rate of acetic acid was lower (P < 0.05} at an initial concentration of 20
mM than of 50 mM. The fractional absorption rate of propicnic acid tended (P <
0.10}) to decrease as the level of concentration increased while fractional absorption
rate of butyric acid was not affected by butyric acid concentration. These resuits
indicate that relative concentrations of VFA in rumen fluid might not represent relative
production rates and that attempts to estimate individual VFA production from
substrate digestion must take account of pH and VFA concentration.

Volatile fatty acids: Dairy cows

In the rumen of dairy cows, volatile fatty acids (VFA} are produced by microbial
fermentation of carbohydrates and protein. Acetic, propionic and butyric acids are the
predominant VFA occurring in the rumen fluid, their concentration and relative
proportions related to the level of feed intake (Sutton, 1985) and the composition of
the diet (Murphy et a/. 1982). In ruminants, VFA constitute the major source of
energy, providing at least 50% of total amount of digested energy (Sutton, 1985).
Both the yield of total VFA and the type of VFA formed can significantly affect the
utilization of absorbed nutrients in dairy cows and, thus, can affect milk volume and
composition to a considerable extent (Thomas & Martin, 1988).

Various methods have been applied to estimate or predict the amount of individual
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VFA available from rumen fermentation. Production rates of VFA as measured by
isotope-dilution techniques showed a wide variability and errors of measurement have
been discussed (Sutton, 1985). Due to metabolism of VFA by the rumen mucosa,
estimates of VFA availability by measurement of the amounts of VFA appearing in the
portal system are considerably lower than those measured by the previous method,
and the applicability of the results has been questioned {Bergman, 1980}. A third
approach is to estimate the amount of available VFA by prediction from the amount
of substrate fermented in the rumen, multiplied by stoichiometric fermentation
variables for these substrates {Koong er a/. 1975; Black er a/. 1981; Murphy et a/.
1982). The accuracy of this approach depends, amongst other aspects, on the
relationship between VFA production and VFA concentration in the rumen fluid, so
gquantitative information on the rate of absorption of individual VFA from the rumen
is required. Several experiments have been performed to study this rate of VFA
absorption. The effects of chain length, pH, effective absorptive surface area,
osmolality and concentration on individual VFA absorption rates have been reported
(for reviews, see Bugaut, 1987; Bergman, 1990). However, results are conflicting,
probably because of differences in experimental methods applied {Carter & Grovum,
1990}, In particular, in vitro studies give qualitative rather than quantitative results
and resuits are often not applicable to the normal functioning animal {Bergman,
1980). Also, the vast majority of these experiments have been performed with sheep
and between-species differences in rates of absorption might exist (Bugaut, 1987},

The objective of this study was to quantify the effects of rumen liguid volume, pH
and concentration of VFA on the fractional rates of absorption of acetic, propionic
and butyric acids from the rumen of lactating dairy cows.

MATERIAL AND METHODS

Animals and diets
Two 7-year old lactating Black and White cows (crosshred Friesian/Holstein-Friesian)
fitted with large ruminal cannulas {Bar Diamond, Idaho, USA) were used. The cows
were 2-3 months in lactation at the start of the experiment. The average milk
production of the cows during the experimental period (2 months) was 16.5 kg/d.
Cows grazed together with the other cows in the herd, and in addition received 2 kg
of commercial concentrate during the experimental periced.

Experimental design and procedures
A total of twelve experimental solutions were prepared containing three levels of
individual VFA concentration {20, 50 or 100 mM-acetic, propicnic or butyric acid) and
four levels of pH (4.5, 5.4, 6.3 or 7.2} which were introduced to the rumen at two
different volumes (10 or 30 I}. The solutions were based on McDougalls buffer
(McDougall, 1948} and the composition of the solutions is given in Table 1. All
solutions contained 170 mM-VFA. The pH of the solutions was set at the desired
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level by addition of NaOH or HCI and if necessary NaCl was added to give an
osmolality of approximately 400 mOsmol/l. Fractional outflow rate of rumen fluid was
estimated utilizing cobalt ethylenediaminstetraacetic acid (CoOEDTA) as a marker {70
mg CoEDTA (140 g/kg)/l; Uden et af. 1980 .

During the experimental period (2 months}, the cows were confined in a stall after
the moarning milking every Monday, Wednesday and Friday. Rumen ingesta were
removed and stored in an insulated container before return. Once the rumen had baen
washed four times with warm water, it was washed twice more with five litres of the
experimental solution at body temperature. Next, either 10 or 30 litres of the solution
were introduced to the rumen and left for 60 min. Samples were taken immediately
and every 10 min after introduction of the solution for determination of pH, osmolality
and concentration of Co and VFA of rumen fluid. After 80 min, the fluid was removed
and the withdrawn volume measured. Each combination of pH (h=4), VFA
concentration (n=3) and volume {n = 2) of the solution was assigned randomly to one
of the days. However, in the pre-experimental period it was shown that the pH of the
solutions increased rapidly after introduction to the rumen. Hence in the experimental
design, six of the twelve solutions with a pH of 6.3 or 7.2 were replaced by solutions
with a pH of 4.5 or 5.4.

in all samples pH was measured immediately after collection. Fluid osmolality was
determined within three hours after collection by freezing-point depression (Knauer
half micro-osmometer) in a portion of the samples taken at 0 and 60 min after
introduction of the solution. Co concentration was determined in another portion of
these samples using an atomic absorption spectrophotometer (Varian Spectra-300).
A portion (10 ml) of the samples was acidified with 0.5 ml phosphoric acid (850 ml/)

Table 1. Composition of the experimental solutions

Concentration {mM} in solution with initial pH of:

4.5 5.4 6.3 7.2
Na,HPO, 39 39 39 39
NaHCO, 70 70 70 70
NaCl 63 39 14 5
KCl 4.6 4.6 4.6 4.6
CaCl, 0.9 0.9 0.9 0.9
MgCl, 0.7 0.7 0.7 0.7
HCI 14 - - -
NaOH - 8 10 14
VFA 170 170 170 170

Concentration of acetic, propionic and butyric acids in solution 1, 2 and 3 respectively: 100,
50, 20 mM; 20, 100, 50 mM; B0, 20, 100 mM; VFA, volatile fatty acid.
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and frozen at -15° until analyzed for VFA concentrations by gas-liquid
chromatography (Packard Becker, model 419, glass column filled with chromosorb
101, carrier gas (N,) saturated with formic acid at approximately 190°C, isovaleric
acid was used as the internal standard).

Calculation of results and statistical analysis
The water inflow, fractional outflow rate of fluid, and fractional absorption rates of
acetic, propionic and butyric acids, were calculated using the differential equations:

dColdt = -kCo (1}
dvidt = -kV + / (2}
dVFA/dt = -k + kJVFA (3)

where Co is the amount of cobalt in the rumen {g}; V is rumen fluid volume (I); f is
constant inflow of water to the rumen (I/h); VFA is amount of acetic, propionic or
butyric acid in the rumen (mmol); & is fractional liquid passage rate (/h); &, is
fractional absorption rate of VFA {/h); t is time {(h}). The analytical solutions to
equations 1-3 are as fallows:

Co = Co(Olexpi-kt} {4)
V = {(VIO) - llkjexpl-kit} + Ik {5}
VEA = VFA{Olexpl-(k| + k1] ()

where Co{0), V{0} and VFA(Q) denote the amount of Co, and the volume and the
amount of VFA, respectively, immediately after introduction of the solution to the
rumen. Since the initial and the end values of Co, V and VFA have been determined,
the inflow of water, fractional passage and absorption rates can be calculated.

Data were subjected to least squares analysis of variance by the general linear
model procedure (SAS Institute Inc., 1985), with results expressed as least square
means, using the general model:

where i is the overall mean, A;, £, V| and S, are the animal, pH, volume and solution
composition effect respectively, and ey is the residual term. Effect of day of
introduction of experimental solutions was detected {P < Q.05} only for the initial and
end osmolality of rumen fluid using the procedures as described by Gill & Hafs
{1971), and after examination of uniformity of correlations between data for any two
d, was dropped for all the other variables. Of all possible interaction terms amongst
treatments, a volume x pH interaction was detected (P < 0.05) only for the end pH
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of rumen fluid and, hence, for all other variables, interactions were not included in the
analysis. Means were separated using the Tukey test.

Finally, a non-linear equation was fitted by the non-linear regression procedure
{SAS, 1985} to the data corrected for dilution and outflow of VFA with the fluid, to
estimate the amount of sach VFA absorbed in reiation to the pH, concentration and
volume:

7 = v VOB + (KIC,e )P + (pH/AN®)) (8)

where T is the amount of each VFA absorbed per unit of time (mmol/h); v, is
maximum absorption rate {mmol/{l-h)); v 975 is metabolic volume of the rumen,
representing the absorptive surface (l); K is affinity constant for absorption of VFA
(mM); Cypp is concentration of VFA in rumen fluid imM); J is inhibition constant for
absorption of VFA related to pH of rumen fluid; ©, ¢ are sigmoidal steepness
variables. This equation was formulated based on two assumptions. First, at high
rumen concentrations, absorption can be limited as the VFA accumulate within the
receiving cell or if the availability of ions for co- or countertransport is limiting, while
low concentrations will limit absorption as the concentration gradient decreases. Both
can be represented simultaneously sigmoidally in the first part of the denominator
{Thornley & Johnson, 1990). Second, since the absorption of dissociated VFA is
negligible, pH will affect absorption rates by affecting the dissociated:undissociated
VFA ratio according to the Henderson-Hasselbalch equation. This is represented in the
second part of the denominator.

RESULTS

Values in Table 2 refer to the rumen fluid indices as affected by initial pH,
composition and volume of the experimental solution. The fractional fluid passage rate
was not affected by pH nor volume, but the composition of the solution had a
tendency {P < 0.10) to affect the outflow rate. For all treatments there was a net
inflow of water to the rumen. With increasing levels of initial pH the net fluid inflow
tended to increase. Similarly, the net fluid inflow was significantly higher (P < Q.05)
with the higher initial volume. The fluid end volume is a result of the initial volume,
passage rate and inflow of water. Thus, both initial volume (P < 0.01) and pH (P <
0.05) significantly affected the fluid end volume. After one hour, rumen fluid pH
reached an end value of 8.0 - 8.2, except for the solutions with an initial value of pH
4.5. The end pH was significantly lower (P < 0.05) for the higher initial liquid
volume. Average initial fluid osmolality was 392 mQOsmol/l and was not related (P >
0.10} to either initial pH, volume or compaosition of the solution. After 60 min, fluid
osmolality was decreased to an average 288 mQOsmol/l. Low levels of both initial pH
and volume resulted in low osmolality values. Again, there was no effect (P > 0.10)
of composition of the solution.
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Table 2. The effect of inftial pH, composition and volume of experimental solution on rumen
fluid indices in lactating dairy cows

Statistical

1 Volume {I}  significance of:

pH Solution

45 54 63 7.2 1 2 3 10 30 pH s Vv RsD?

Fractional fluid

passage rate (/h) 0-21 0.26 0.26 0.25 0.31 0.22 0.21 0.28 0.22 NS * NS 0.13

Net fluid 9.1 11.8 13.1 134 13.1 11.7 107 10.4°13.3° =+ NS *+ 3.7
inflow (1/h}
Fluid end 245 26.4 27.0 27.4 26.1 26.7 26.3 16.6°36.1° *+ NS »e+ 23
volume {l)
Fluid end pH 7.13° 8.01° 8.22° 8.23* 7.57 7.81 7.53 B.20° 7.38" +**+ NS *»» 0.19

Fluid end osmo-

lali 278 293 291 208 293 283 294 283" 297° * NS ** 16.6
ality (mQOsmol/l)

pH, effect of initial pH of solution; S, effect of volatile fatty acid compaosition of solution;
V, effect of volume of solution; RSD, residual standard deviation; NS, not significant (P > 0.10).

&b Means within rows and treatments with different superscript letters were significantly
different (P < 0.05}.

*P < 010; ** P < 0.05; *** P < 0.01.

T Concentrations of acetic, propionic and butyric acid in salution 1, 2 and 3 respectively: 100,
50, 20 mM; 20, 100, 50 mM; 50, 20, 100 mM.

2 40 df, except fluid end pH (37 df} and fluid end osmolality {34 df).

Fractional absorption rates of acetic, propionic and butyric acids, as influenced by
initial pH, composition and volume of the experimental solution, are given in Table 3.
Fractional absorption rates of propionic and butyric acid were significantly (P < 0.05)
higher with low initial pH levels, but the fractional absorption rate of acetic acid was
not significantly (P > 0.10) affected by initial pH, aithough the estimated absorption
rate tended to decrease with an increase in pH. Fractional absorption rates of acetic,
propionic and butyric acids were compared {Tukey test) within initial pH levels using
the pooled average standard deviation (Snedecor & Cochran, 1968). Fractional
absorption rates of the VFA with an initial pH of 4.5 were, in order (P < 0.05):
butyric acid > propionic acid > acetic acid; with an initial pH of 5.4, this order was:
butyric acid = propionic acid > acetic acid; and with initial pH values of 6.3 and 7.2
no significant (P > 0.05) differences between absorption rates of the VFA were
detected. The composition of the solution had a significant (P < 0.01) effect on the
fractional absorption rate of acetic acid, the intermediate level of concentration {50
mM) being significantly higher than the low level of concentration (20 mM). Fractional
absorption rate of propionic acid tended {P < 0.10} to increase with decreasing
concentrations of propionic acid in the solution, but fractional absorption rate of
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butyric acid was not significantly (P > 0.10) affected by the concentration of the
acid. For all VFA, fractional absorption rates were significantly (P < 0.05) higher with
the 10 litre solution than the 30 litre solution.

The effects of concentration and pH on the amount of each VFA absorbed are
illustrated in Figs. 1 and 2. In Fig. 1 the amount of VFA absorbed as estimated by
equation 8 at pH 6.0 is presented: in Fig. 2 the estimated amount of VFA absorbed
at concentration 50 mM is presented. The estimates of the variables suggest a higher
potential maximum absorption rate for butyric acid than the other acids, and a higher
potential maximum absorption rate for propionic acid than acetic acid. The individual
pH values for half-maximum speed (J in equation 8} were very close to each other
and a constraint on the estimation of this variable was added to ensure the same
value far each VFA. The estimate of this variable was 8.0. The sigmoidal steepness
variable for the concentration effect {@) significantly reduced the residual variation
for acetic acid only, indicating a weak sigmoid behaviour for this acid. The absorption
of VFA showed a more pronounced sigmoidal behaviour in response to changes of
the rumen fluid pH, the steepness variable {@} being highest for butyric and lowest
for acetic acid. Hence, with a decrease in pH, absorption of butyric acid will increase
more than the other acids and absorption of propionic acid more than acetic acid.

Table 3. The effect of initial pH, composition and volume of experimental solution on fractional
absorption rates of volatile fatty scids in lactating dsiry cows

Statistical
pH Concentration (mM)  Volume {l) significance of:

45 b4 63 7.2 100 200 300 10 30 pH § Vv RSD!

Fractional absorption
rate of {/h}:

Acetic acid 0.35 0.35 0.33 0.21 0.32:20.43" 0.18> 0.37° 0.25° NS =+» *+ 0,20
Propionic acid  0.672 0.54%00.51%°0,35% 0.44 0.51 0.80 0.62° 0.41% *» =+ =+2 (020
Butyric acid 0.852 0.53" 0.46 0.28" 0.54 0.45 0.60 0.60° 0.45" +**+ NS ++ 0.24

pH, effect of initial pH of solution; §, effect of volatile fatty acid composition of solution;
V, effect of volume of solution; RSD, residual standard deviation; N3, not significant (P > 0.10).
ab Means within rows angd treatments with diffarent superscript letters were significantly
different (P < 0.05}.
*P < 0.10; ** P < 0.05; *** P < 0.01.

1 40 df.

DISCUSSION

In previous studies VFA absorption rates have been examined i vitro or using animals
in which the reticulo-rumen has been isclated by ligatures, using rumen pouches or
resorption chambers. Though allowing precise control and accurate measurements to
elucidate mechanisms of absorption, results of these studies are not directly
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Figure 1. Influence of concentration of acetic, propionic or butyric acid on the ahsorption of
acetic {——— ), propionic {------------------ yand butyric {(— - — . — } acids at pH 6.0 for
lactating dairy cows calculated from equation 8:

T = v VOS5 + (K/Cypa)®HT + (pHIA®Y
where T is the amount of each VFA absorbed per unit of time (mmoi/h); v, is maximum
absorption rate (mmol/{lI'-h}}; v%-75 is metabolic volume of the rumen, representing the absorptive

surface {l); K is affinity constant for absorption of VFA (mM}; Cy, is concentration of VFA in
rumen fluid {mM); Jis inhibition constant for absorption of VFA related to pH of rumen fluid; 8,

¢ are sigmoidal steepness variables.,

VFA v, K J  ® e R? RSD
Acetic acid 172.0 791 6.02 117 3.91 0.74 18.9
Propionic acid 356.2 112.0 6.02 095 461 0.82 20.3
Butyric acid 1391.2 493.4 68.02 0,99 5.13 0.89 18.2

where A2 is coefficient of determination and RSD is residual standard deviation. For details of
equation 8, see p. 75.

applicable to the normal lactating dairy cow (Stevens, 1970; Bergman, 1990). The
present study used intact, lactating dairy cows to allow estimations of VFA
absorption rates which would be generally applicable to dairy cattle.
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Figure 2. Influence of pH of rumen fluid on absorption of acetic { ——————), propionic
{-mmmmm e ) and butyric {(— - — + — } acids at a concentration of each acid of 50 mM for

lactating dairy cows calculated from equation 8 of which variables are given in Figure 1.

Fluid dynamics and osmolality of fluid
Clearance of VFA from the rumen is either by passage with the fluid to the omasum,
or by absorption through the rumen wall. For this reason it is important to quantify
the rumen fluid dynamics related to the pH, compaosition and volume of sclutions
introduced to the rumen. In a recent review Carter & Grovum {1990) suggested that
the mechanisms governing the movements of water to and from the rumen operate
to minimize insults to the osmotic balance between rumen and body fluids, with a
significant amount of water inflow determined at osmolality values higher than 370
mQOsmol/l. Indeed, in the present study the net water inflow appeared to be related
to the osmotic pressure of the rumen fluid, giving rise to differences in end volume
of the rumen fluid since the fractional liquid passage rate was not affected by pH,
composition or volume of the experimental solution. The VFA are major determinants
of rumen fluid osmotic pressure, both directly and by co- or countertransport of other
ions. Absorption of VFA has been shown to be linked to HCO3; secretion into the
rumen fluid in the ratio 2:1 (Masson & Phillipson, 1951; Ash & Dobson, 1963; Gibel
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et al. 1989). Hence, increments in fractional absorption rates of VFA due to
decreases in pH or in rumen volume (Table 3} will result in a decrease of the rumen
fluid osmotic pressure (Table 2). Both the absorption of VFA into rumen epithelial
cells and the concomitant secretion of HCO7 will contribute to the increase in pH and
explain the observed lower end pH at the higher volume level. From a summary of
several studies Warner & Stacy (1972) showed that a zero net flux of water across
the rumen wall occurred at osmolality values in the range of 295-360 mOsmol/l.
Considering the relation between osmotic pressure and fluid dynamics it might be
suggested that the relative net water flux decreased with time after introduction of
the solution, since the osmotic pressure decreased from an initial value of
approximately 400 mOsmol/l to an end value of 290 mOsmol/l. Before one h was
over water inflow may have become negative. However, in the calculations a
constant inflow of water during the hour was assumed. Hence, VFA absorption rates
may have been overestimated in the first period after introduction and underestimated
in the later period. However, saliva also contributes to water inflow and it was
observed that animals were salivating from the moment of intreduction until removal
of the solution. Equally, high osmotic values of rumen fluid have been shown to
decrease VFA fractional absorption rates (Oshio & Tahata, 1984} and, conceivably,
this effect of osmotic pressure might balance to some extent the effect of assuming
a constant water inflow on absorption rates.

VFA absorption
In a number of studies the effects of pH and osmolality of fluid, effective surface
area, type and concentration of VFA on absorption of VFA have been reported {for
reviews, see Bugaut, 1987; Bergman, 1990). Based on these results several models
of VFA absorption have been proposed {Ash & Dobson, 1963; Stevens, 1970;
Argenzio, 1988; Gibel, 1990). In these models VFA absorption is explained to a large
extent by diffusion, the rate affected by pH of the fluid at the lumen side, cell
contents and intracellular metabolism of VFA. Except for the Stevens (1970) model,
all models assume transport systems across the rumen epithelium supplying protons
for the conversion of a VFA anion to the acid form. The present study gives
considerable support to the model of VFA-coupled exchange of protons. lonized
components do not diffuse passively across the rumen cell membrane {Bugaut, 1987;
Gabel, 1990). Yet even at pH levels above neutral {pH 7.0} and, hence, according to
the Henderson-Hasselbalch equation, more than 99% of each VFA present is in the
dissociated form, substantial VFA fractional absorption rates were calculated (Table
3). Moreover, the estimated pH value for half-maximum rate of VFA absorption was
6.0 (Fig. 1) and at this pH value only 6% of each VFA is present in the dissociated
form. It is obvious that protons have been supplied to the dissociated VFA to
establish such relatively high fractional absorption rates, probably in an acid
microclimate near the rumen wall (Bugaut, 1987}. Both the present study and the
work reparted by Danielli et a/. (1945), Tsuda (1956}, Aafjes {1967), Weigand et a/.
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{1972}, Thorlacius & Lodge {1973) and MacLeod & @rskov (1984) found decreasing
pH levels to increase fractional absorption rates. Furthermore, the present study
showed that increased fractional absorption rates were significantly affected by the
type of VFA absorbed (Table 3}. Similar pH x type of VFA interactions on clearance
of VFA have been reported by a number of authors {Danielli et a/. 1945; Pfander &
Phillipson, 1953; Tsuda, 1956; Hogan, 1961; Aafjes, 1967;: Weigand ef al. 1972;
Thorlacius & Lodge, 1973; Oshic & Tahata, 1984}, indicating that at alkaline pH
levels relative rates of absorption of the three VFA do not differ to such a great
extent as at acid pH levels.

Several authors reported the absorption of the major VFA as a direct relationship
to their rumen concentration (Masson & Phillipson, 1951; Tsuda, 1956; Hogan,
1961; Thorlacius & Lodge, 1973; Weigand et al/. 1972; Oshio & Tahata, 1984),
although the absorption of valeric acid decreased as rumen fluid concentration of
valeric acid increased (Oshio & Tahata, 1984)}. In contrast, in the present study the
fractional absorption rate of acetic acid was decreased at the lowest concentration
level (20 mM} and also tended to decrease at the highest concentration level (100
mM). The fractional absorption rate of propionic acid tended to decrease with an
increase in the concentration. In attempting to reconcile this result one must
remember first, that absorption of VFA is a diffusion process and the rate is
dependent upon, amongst others, the concentration gradient, and second, that
propionic and butyric acid are extensively metabolized by the rumen epithelial tissue.
The latter mechanism is reflected in the relatively low levels of propionic and butyric
acid in the portal blood of ruminants (Bergman, 1990). Thus, the low rumen acetic
acid concentration achieved with an initial concentration of 20 mM (the minimum
values observed were 6 mM) and the relatively high concentration of acetic acid in
the blood will result in a rather low concentration gradient and, hence, decrease the
fractional absorption rate. As the capacity of the epithelial cell for VFA can be
saturated (Bergman, 1990}, at high levels of propionic acid in the rumen fluid the
metabolism of this acid in the cell might contribute less to the clearance of propionic
acid from the rumen, decreasing the fractional absorption rate. However, the reason
for butyric acid fractional absorption rate not being affected by the concentration is
not apparent. It should be noted also that both the lowest acetic acid concentration
and the highest propionic and butyric acid concentrations are outside the normal
physiological range measured in rumen fluid of dairy cattle.

As well as the previously mentioned factors, the gquantity of VFA absorbed from
the rumen depends on the effective surface area (Dobson, 1984; Bugaut, 1987).
However, none of the reports on VFA absorption from the rumen studied the effect
of the liquid volume on clearance rates. In the present study absorption rates were
significantly affected by the volume of the experimental solution introduced. Since
an increase in liguid volume is expected to increase the average distance of a solute
from the rumen mucosa and hence decrease the diffusion rate, the influence of the
absorptive epithelium can be inferred from these findings. The present results indicate
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that the effect of volume and surface area could be represented by metabolic volume
{volume®-7%). This was confirmed by analysis of the experimental data using equation
8, in which the 0.75 term was replaced by an independent variable. The estimation
of this independent variable was 0.68. The absorptive surface in relation to the liquid
volume will have an effect on the pathway (absorption across the rumen wall or
passage to the omasum) of VFA disappearance from the rumen as well. In sheep
{Sutherland, 1963; Von Engelhardt & Hauffe, 1975) and calves (Edrise & Smith,
1977), the estimated contribution of passage was 10-20% of the total disappearance
from the rumen. In cattle this figure was estimated to be 30% at maintenance level
and 40% at four times maintenance (Tarmminga & Van Vuuren, 1988). Although
differences in pH and fractional passage rates could explain some of these species
and intake level differences on the contribution of passage to VFA clearance, it is
clear that the generally higher liquid volume in cattie contributes substantially to an
explanation of these differences, since unlike absorption, passage of VFA to the
omasum is assumed to increase linearly with an increase in the total amount of VFA
present in the rumen. In turn, at a higher rumen liquid volume, this relatively reduced
clearance rate of VFA per unit volume might reduce rumen capacity and ad /ib. feed
intake (Tamminga & Van Vuuren, 1988). By extrapolation from the volumes used in
the present experiment (10 or 30 1), using equation 8, to the volumes in the
previously described report {(565-80 |, Tamminga & Van Vuuren, 1988}, the estimated
contribution of passage to VFA disappearance was in the range of 20-35%, slightly
less than estimated by Tamminga & Van Vuuren {1988).

The quantitative results of the present study are not readily comparable to other
studies of VFA absorption. First, results reported in the literature show a wide range
of variation due to differences in the experimental methods applied (Carter & Grovum,
1990; Bergman, 1990). Second, the present study found significant effects of pH,
concentration, volume and type of VFA on rate of absorption from the rumen.
Previous studies, however, have seldom reported the volume of the fluid in the
experiment, or have reported absorption rates using individual VFA concentrations
which are often within the range usually found in rumen fluid, or have used solutions
with interrelated pH and VFA concentration levels. Clearly, the present study
indicates that mathematical models of rumen fermentation which are developed to
predict nutrient supply to the animal should consider the volume, concentration, pH
and type of VFA in order to predict accurately the dynamics of VFA absorption.
Equally, results of the present study suggest that the often reported relative
concentrations of VFA in the rumen fluid might not represent the relative production
rates, particularly at acid pH levels. From a summary of published values Sutton
{1985) concluded that the agreement between molar proportions of VFA produced,
as measured by isotope dilution methods, and molar proportions found in the rumen
fluid was less variable for high-roughage diets than high-concentrate diets and less
variable for sheep than cattle. The different effects of pH on the absorption of VFA
in the present study add to an explanation of this variation, as high concentrate diets
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support relatively low pH values of rumen fluid and, generally, the pH of rumen fluid
in cattle is lower than in sheep. In this regard, unlike recent studies (Koong et al.
1975; Black et a/. 1981, Murphy et a/. 1982), pH of the rumen fluid and the
concentration of each VFA have to be included if predictions of VFA production from
substrate digestion in the rumen and VFA molar proportions are to be accurate.

The authors gratefully acknowledge Miss Monique Daniels and Miss Susan Van den Hoven
who contributed as undergraduate students to the experiment described in the present paper
and Mrs Toos Lammers-Wienhoven and Mr Theo Viets for skilled analytical assistance.
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SIMULATION OF THE DYNAMICS OF PROTOZOA IN THE RUMEN

JAN DIJKSTRA

A mathematical model is described that simulates the dynamics of rumen micro-
organisms, with specific emphasis on the rumen protozoa. The model is driven by
continuous inputs of nutrients and consists of 19 state variables, which represent the
nitrogen, carbohydrate, fatty acid and microbial pools in the rumen. Several protozoal
characteristics were represented in the model, including preference for utilization of
starch and sugars compared with fibre and of inscluble compared with soluble
protein; engulfment and storage of starch; no utilization of ammonia to synthesize
amino acids; engulfment and digestion of bacteria and protozoa; selective retention
within the rumen; death and lysis related to nuirient availability. Parameters were
assigned values based on results of appropriate experiments, where available, or
alternatively were assigned values on a priority basis, given relevant experimental
observations. Sensitivity analyses on diets with a high roughage (R} or a high
concentrate {(C) proportion indicated that the model is sensitive to bacterial
engulfment rate, maintenance requirements of protozoa and death rate of pratozoa,
Comparisons between model predictions and experimental observations showed
reasonable agreement for protozoal biomass in the rumen, but protozoal turnover time
was not predicted well, Simulations in which dietary components were independently
varied, indicated a rapidly increased protozoal biomass in response to increases in
dietary starch content, but further increases in starch content of Diet C caused
protozoal mass to decline. Increasing the sugar content decreased protozoa on Diet
C, while moderate elevations of the sugar content on Diet R increased protozoal
biomass. Simulated protozoal hiomass did not change in response to variations in
dietary NDF content. Reductions in dietary nitrogen decreased bacterial growth
efficiency and total bacterial biomass, and this resulted in an increased protozoal
biomass. Depending on the basal intake level and dietary composition, protozoal
concentration in the rumen was either increased or decreased by changes in feed
intake level. Such changes in relative amounts of protozoal and bacterial biomass
markedly affected the supply of nutrients available for absorption. The integration of
protozoal, bacterial and dietary characteristics through mathematical representation
provided a quantitative understanding of mechanisms of protozoal responses to
changes in dietary inputs.

Rumen: Computer simulation: Mathematical model: Protozoa: Ruminants

In ruminants, the quantity and quality of nutrients absorbed from the digestive tract
are generally quite different from that ingested because of the activity of the rumen
microbial population. The significance of the rumen microorganisms in the rumen
digestion processes and consequently in animal production has been elaborated by
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many research workers {Hungate, 1986). The role of rumen protozoa in these
processes has been subject of much debate and our knowledge of rumen protozoa
and their function is far less than knowledge of rumen bacteria. The contribution of
protozoa to total rumen microbial biomass may equal that of bacteria (Hungate,
1966), suggesting a possibly important role of protozoa in ruminal fermentation
pracesses. Yet, in numerous experiments, their presence has been demonstrated to
be non-essential for the ruminant (e.g. Veira, 19886). Studies on the effects of
elimination of protozeoa from the rumen have been performed to increase knowledge
of the overali effect of protozoa in rumen fermentation, but the modifications brought
about as a result of defaunation are not systematic. Since bacterial and protozoal
metabolism differs in many aspects, establishment of the role of protozoa in rumen
digestion processes and of the effects of defaunation on these processes should
include the complex relationships between protozoa, bacteria, animal and dietary
factars (Jouany et al. 1988). At present, such an integrative approach, with the aim
to increase understanding of interactions between several components of a biological
system, is possible anly through mathematical representation of the processes
involved as a series of nonlinear differential equations (Thornley & Johnson, 1990).
The explicit representation of protozeoal metabolism within mathematical models of
rumen fermentation has received only limited attention (Dijkstra et a/. 1990},

The present paper describes a mathematical model which simulates the dynamics
of ingested nutrients and of microbes within the rumen of cattle, with specific
emphasis on the role of the rumen protozoa. The model is a development of the
rumen model of Dijkstra et af. (1992), such that in addition to bacteria, the protozoa
have been included as a state variable. This explicit representation allows evaluation
of the interactions of protozoa with bacteria and dietary characteristics. The principal
objective of the model is to evaluate concepts and data in order to provide a
quantitative understanding of the protozoal dynamics and of the integration of
protozoal functioning with other microorganisms and diet composition.

THE MODEL

Principal fluxes for grouped nutrients in the model are shown in Figure 1. The
equations that constitute the model, as well as the nomenclature associated with the
equations, are listed in the Appendix and generally, notation will follow the lines
described by Gill er a/. {1989).

The model is madified from the dynamic, deterministic rumen model described by
Dijkstra et a/. (1992). Neal et a/. (1992) evaluated this model and concluded from
results of sensitivity analyses and of evaluation against a wide range of dietary
inputs, that microbial recycling through the activities of the rumen protozoa had to
be represented more accurately. In that model, protozoa are represented as a fixed
part of the amylolytic microbial pool, consisting of both bacteria and protozoa, and
many rate constants in equations describing protozoal activities are assigned the



Simulation of the Dynamics of Protozoa in the Rumen a1

A Pu Pd Ps Am Li
k| death Po P death Po
| | Lx
I [Pu] [Pg Y S Lp
| [
RUMEN
Fo Po Am| Po
l Ha
He —
| absorption
Ba,Be prowth
I ' Ba,Bc
]
Pu Pd Ps Am Li
B .
Sd Sr Wr La Li Fd Fu

. i

athl_ VJ

o]

s\ Fa] [Fu]
Li
RUMEN Ha He Pa
| Sp p—- AM—o
: Pa P \
! synth d——l—- vall :
: ¥
: Sp, Sa "ﬂ— growth grawth
1 Vp < Ba Bc
r
Sd Ha He Fd Fu
C Va
|
L TP Sd Fd H
Ps —  Ha— |[™—p &
| Mo —am— fetion ] |1 [0 Ha Sp
| — — |—
! o
[|]| 8a Ba Be LP_o Sp |
[}
RUMVEN = P
| —= UL =
| Va
Acipr{Bul i
| absorption L
Sa Ba Be Va Po Sp
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same values as for bacteria. In view of the objective of the present model, a lower
degree of aggregation is appropriate {Gill ef a/. 1989). Thus, bacteria and protozoa
were represented in separate pools and the parameters in equations related to
protozoal metabolic activity were assigned values derived from relevant literature,
where available. General protozoal characteristics, which differ from bacterial
characteristics, and have been represented in the present modal are: utilization of
starch and sociluble sugars as well as fibre as major sources of carbon, with preference
for the former; engulfment of starch to form storage polysaccharides; no utilization
of amrmonia to synthesize amino acids de nove; direct incorporation of dietary or
microbial fatty acids to meet lipid formation requirements; preference for insoluble to
soluble protein as nitrogen source; engulfment and digestion of bacteria and protozoa;
relatively low maximum growth rates; selective retention within the rumen; death and
subsequent lysis related to nutrient availability. Justification for the various
assumptions associated with this representation of protozoal characteristics is
presented in the relevant sections below.

The model comprises nineteen state variables, each representing a pool size in the
rumen. Five state variables relate to carbohydrate entities in the rumen: rumen
degradable {Fd) and undegradable neutral detergent fibre {Fu}, rumen degradable,
insoluble starch (Sd), and hexose derived from structural (He) and non-structural
carbohydrates (Ha). Four state variables relate to nitrogen {Ni) containing entities:
rumen undegradable protein (Pu), rumen degradable, insoluble {Pd} and soluble protein
(Ps), and ammonia (Am). Five state variabies relate to fatty acid containing entities:
lipid {Li), and acetic {Ac), propionic {Pr), butyric {Bu}, and valeric acid {VI). Finally, five
state variables relate to microbial entities: amylolytic {Ba) and cellulolytic bacteria
{Bc), protozoa (Po}, amylolytic bacterial {Sa) and protozoal {Sp) storage
polysaccharides. In the model, Ha and Hc are the products {mono- or disaccharides}
from hydrolysis of non-structural carbohydrates {starch and soluble sugars), lactic
acid and glycerol from lipid hydrolysis, and from hydrolysis of structural
carbohydrates {cellulose and hemicellulose), respectively. Within the objective of the
model, nutrients other than carbon or nitrogen substrates are assurmed to be present
in non-limiting amounts and consequently these nutrients have not been represented,
All pools are expressed in moles except for the microbial pools, which are in grams
{g). Relative molecular masses of monomers of protein and carbohydrates and of lipid
are assumed to be 110, 162 and 675 g. Volume is expressed in litres {l) and time in
days {d}. The majority of the transaction kinetics is described using standard
expressions from enzyme kinetics (Michaelis-Menten equations); the remainder are
described by mass-action forms. Parameters of the Michaelis-Menten equations are
given in Table 1; yield, requirement and fraction parameters in Table 2 and micrabial
growth requirements in Table 3. Michaelis-Menten parameters were often assigned
values on a priority basis, given relevant experimental observations. Justification for
the various assumptions on parameter values is given in the sections below,
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PARAMETERIZATION

Input parameters

The nutrient inputs to the model from the feed are derived from the amount of feed
fed to the animal and the chemical composition of the diet. These inputs did not
change with progress of time, thus simulating rumen fermentation processes during
the day in a frequently fed animal. Estimates of solubility, degradability and digestion
turnover times can be determined by the nylon-bag technique, using sources as
described by Dijkstra et a/. (1992). Fractional outflow rates of fluid {kgg,) and solid
phase (kg,py} are input parameters and are derived from the relevant experiments or
multiple regression equations {Owens & Goetsch, 1986). Finally, the pH value of the
fluid, time below critical pH and minimum pH reached have to be specified.

Rate constants

Microbial pools, general

As described previously (Dijkstra et a/. 1892), amylolytic bacteria {Ba) and cellulolytic
bacteria (Bc) utilize hexose derived from non-structural carbohydrates and structural
carbohydrates, respectively. Protozoa (Po) are assumed to utilize both sources of
carbon hexose. Microbial storage polysaccharides are represented in separate pools
to accommeodate for variation in microbial compasition and are linked to utilization of
non-structural carbohydrates {Dijkstra et al. 1990}. On a range of diets, Czerkawski
{1976} concluded that the compasition of polysaccharide-free DM did not differ to a
great extent between bacteria and protozoa. Hence, the polysaccharide-free microbial
matter of all groups is assumed to be equal and is given in Table 3 {taken from
Dijkstra et al. 1992). For simplicity, the predictable difference in cell wall content
between bacteria and protozoa was ignored. The estimated amounts of hexose,
protein and ammonia required for biosynthesis of bacterial cells were adopted from
Dijkstra et a/, (1992), based on Forrest & Walker {197 1) and Stouthamer (1973). The
required amounts for biosynthesis of protozoal cells (Table 3) were calculated using
the same sources and on the assumptions that, firstly, lipid requirements are met by
direct incorporation of dietary and/or microbial long chain fatty acids {Demevyer et al.
1978; Williams, 1986), and secondly, that the rate of protozoal amino acid formation
from sources other than preformed amino acids is quantitatively unimportant
{Coleman, 1986).

Degradable, insoluble protein pool, Pd

There is one input to this pool, from the feed {Eq. 1.2). Three outputs have been
represented; hydrolysis of Pd by bacterial proteclytic enzymes (Eq. 1.3}, uptake of Pd
by protozoa (Eq. 1.4}, and outflow from the rumen with the solid phase (Eq. 1.5).
Parameters used to calculate Pd hydrolysis {(Eq. 1.7 and 1.8} are adopted from
Dijkstra ef al. (1992). In contrast with protozoal uptake of soluble material, which
does not seem to be inhibited in presence of storage material within the pratozoal ceil



Simulation of the Dynamics of Protozoa in the Rumen

95

{Coleman, 1967; Williams, 1989), protozoal uptake of insoluble material in presence
of Sp is assumed to be inhibited to the same extent as uptake of bacteria, explained
in the Ba pool section. The maximum uptake rates of protein (V;dPo and VI;sPo) are
calculated using the approach described by Dijkstra ef a/. {1982}). The maximum
utilization of protein for growth can be calculated from the requirement of protein per
unit protozoal growth and the maximum growth rate (4.1 /d, described in the Sd
section). The maximum fermentation rate of protein by protozoa was assumed to be
equal to that of bacteria, since on the one hand, extracts of protozoa were more

Table 2. Yield, requiremnent and fraction parameters

Transaction Yl,ik Rl,jk f].k ar Tl'ansa(‘:tion Yi,jk Hi,]k fj,k or
fiik fiik

Ac,InAc 0.0167 - - Li InLi 0.0013 - -
Am,InAm 0.0588 - - Li,PoDe 0.C0018 - -
Am.PsAm 1.267 - - Lx, XxPo - 0.00018 -
Am, PxAm 1.257 - - Lx,BaPo 0.00018 - -
Am,UeAm 2.0 - - Lx,BcPo 0.00018 - -
Ba,AmBa 118.91 - - Lx,PoPo 0.00018 - -
Ba,PsBa 149.48 - - Pd,inPd 0.0081 - -
Bc,AmBc 118.91 - - Po,XxPo 142.05 - -
Bec,PsBc 149.48 - - Pr,InPr 0.0135 - -
Bu,InBu 0.0114 - - Ps,inPs 0.0091 - -
Fd,inFd 0.0062 - - Ps,PdPs 1.0 - -
Fu,InFu 0.0062 - - Ps,PoDe 0.0067 - -
Ha,AmBa - 1.793 - Ps,SIPs 0.0010 - -
Ha,InLi 0.00074 - - Px,BaPo 0.0067 - -
Ha,taHa 0.0025 - - Px,BcPo 0.0067 - -
Ha,PoDe ©.00011 - - Px,PoPo 0.00867 - -
Ha,PsBa - 1.291 - Px, XxPo - 0.0067 -
Ha,SdHa 1.0 - - Pu,InPu 0.0091 - -
Ha,SpDe 0.0062 - - Sa,HaSa 112,56 - -
Ha,SrHa  0.00862 - - Sd,InSd 0.0062 - -
Ha,WrHa 0.0062 - - Sf,5dSp - - 0.306
He, AmBe - 1.793 - Sp.HaSp 112.5 - -
He,FdHe 1.0 - - Sp,.5dSp 112.5 - -
Hc,PsBe - 1.291 - Vi, InVi 0.0098 - -
Hf,AmBa - - 0.526 Xf,XxPo - - 0.885
Hf,AmBc - - 0.626 Xx,BaPo 0.00011 - -
Hf,HaSa - - 0.306 Xx,BcPo 0.00011 - -
Hf,HaSp - - 0.306 Xx,PoPo 0.00011 - -
Hf,PsBa - - 0.711 Xx,SaPo 0.0062 - -
Hf,PsBc - - 0.711 Xx,SpPo 0.0062 - -
-,LcLe - - 2.260 Xox, XxPm - 0.0085 -

See Appendix for explanation of notation.
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active than extracts from bacteria in deaminating amino acids {(Hino & Russell, 1985),
but on the other hand, intact protozoa were less active than bacteria in producing
ammonia from a range of proteins (Hino & Russell, 1987). In view of preference of
protozoa for insoluble compared with seluble protein and the higher activity against
the former (Forsberg ef a/. 1984; Wallace & Cotta, 1988), the high protozoal activity
against insoluble protein compared with bacterial activity {Nolan, 1989), and in
absence of adequate quantitative data, MI;d,PdPo was set arbitrarily at 1/6 of bacterial
affinity constants for protein hydrolysis, while MPs,PsFo was set arbitrarily at nearly
twice the average value of bacterial affinity constants for uptake of Ps for growth and
for fermentation to Am.

Soluble protein pool, Ps

There are five inputs to the Ps pool; from the feed {(Eq. 2.2}, from saliva (Eq. 2.3),
from hydrolysis of Pd (Eq. 2.4), from engulfed microhial and feed protein released into
rumen fluid (Eg. 2.5}, and from death and lysis of protozoa (Eq. 2.8). Salivation rate
is assumed to be related to DM intake and NDF content of the diet {Dijkstra et a/.
1992). It is assumed that all protein taken up by protozoa (bacterial, protozoal,
insoluble degradable, and soluble protein, Eq. 2.15) can be incorporated inte protozoal
protein. As rationalized by Coleman {19886), protozoa will not utilize the protein from
the various sources for growth unless sufficient energy to support growth is available.
Thus, a part of engulfed protein (Px) is incorporated into protozoal protein, and the
remainder is then partitioned between fermentation and release into rumen fluid (Eq.
2.5}, represented in a balance equation. It is assumed that all reteased protein is
soluble. Michaelis-Menten parameters for fermentation of engulfed protein are given
in the Am pool section.

Six outputs from the Ps pool are represented; fermentation of Ps by bacterial
activity (Eq. 2.7 and 2.8}, incorporation of Ps in bacterial biomass (Eq. 2.9 and 2.10),
uptake of Ps by protozoa (Eq. 2.11) and outflow of Ps with the fluid (Eq. 2.12}).
Michaelis-Menten constants for bacterial activity against Ps (Eq. 2.7t0 2.10and 2.16
to 2.19) are adopted from Dijkstra et al. {1292}); those for uptake of Ps by protozoa
have been explained in the previous section.

Undegradable protein pool, Fu
The Pu pool receives input from the feed only (Eq. 3.2) and outflow from the rumen
is with the saolid phase (Eq. 3.3).

Ammonia pool, Am

There are five inputs to this pool; from the feed (Eq. 4.2), urea transfer to the rumen
{Eq. 4.3: Eq. 4.12 adopted from Dijkstra et a/. 1992), fermentation of Ps (Eq. 4.4 and
4.5), and fermentation of engulfed protein (Eq. 4.6). As explained in one of the
previous sections, the maximum rate of fermentation of protein by protozoa is
assumed to be the same as for bacteria. The affinity constant MperxAm {Eg. 4.14)
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was calculated at the reference diet (Firkins et a/. 1987}, used to parameterize several
aspects of the model. MPx,PxAm was set at 0.02 mol Px/g Po, to partition
approximately 50% of the protein, remaining after protozoal growth requirements
have been met, to ammonia, and to release the other 50% into rumen fluid. The
reference turnover time of engulfed protein was set arbitrarily at 1.0 /d.

There are four outputs from the Am pool; utilization of Am by bacteria (Eq. 4.7 and
4.8), absorption through the rumen wall (Eq. 4.9; adopted from Dijkstra et al. 1992},
and outflow with the fluid (Eq. 4.10}. In contrast with bacteria, most protozoa cannot
use urea or ammonia to synthesize amino acids {Coleman, 1986; Jouany et &/. 1988).

Lipid pool, Li

There are three equations representing inputs to this pool; from the feed {Eq. 5.2},
lysis of protozoa (Eq. 5.3), and release of engulfed lipid {Lx} not utilized for protozoal
growth (Eq. 5.4). The vield of Li from the feed (Y 1ni?» from lysis of protozoa
(YL, pope! and from engulfed micrabial matter (Y| gapo. Y1iBoPo @Nd Y| popo! 18
calculated on the assumption that lipid is completely hydrolysed to long chain fatty
acids and glycerol {molecular weight glycerol = 92 g}. The amount of engulfed Li
released into rumen fluid is represented in a balance equation, assuming that all
engulfed Li not utilized for growth is released again. There are two outputs from the
pool; uptake of Li by protozoa (Eq. 5.5} and cutflow with the solid phase {Eq. 5.6).
The maximum rate of lipid uptake inPO {= 0.00075 mol Li/{g Po-d}} was calculated
from maximum rate of protozoal growth and the chemical composition {Table 3). The
affinity constant My, Lipo {= 0-01 mol/l} was calculated to partition sufficient lipid to
meet protozoal growth requirements at low lipid contents of the diet. It should be
noted that high lipid concentrations in the diet are toxic to protozoa and cause a
reduction ar elimination of protozoa in the rumen {Jouany et a/. 1988}. In absence of
guantitative data, this aspect has been ignored and it is assumed that the lipid
concentration in simulated diets is at a level too low to affect protozoa deleteriously.

Degradabie starch pool, Sd

There is one input to the Sd pool; from the feed (Eq. 6.2), and four outputs:
hydrolysis to amylolytic hexose (Eq. 6.3; with parameters adopted from Dijkstra et
al. 1992), engulfment of starch for protozoal maintenance and growth (Eq. 6.4} and
storage polysaccharide formation (Eq. 6.5}, and outflow from the rumen with the
solid material (Eq. 6.6). Maximum velocity of starch engulfment is calculated from
uptake rates of carbohydrates to achieve maximum protozoal growth rate and Sp
formation. Values of maximum growth rates reported in literature for smaller
protozoa, which primarily utilize starch and sugars but no fibre, and larger protozoa,
which utilize both fibre and starch and sugars, are 4.1 and 1.7 /d, respectively
{review Williams & Coleman, 1988). Application of the Pirt double reciprocal equation
of growth yield vs. dilution rate (Pirt, 1965) and protozoal maintenance requirement
{described in the Po pool section} yields a maximum uptake rate of starch or sugars
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and of fibre for maintenance and growth of 0.036 and 0.020 mol/{g Poa<d),
respectively. On the assumption that maximum content of storage polysaccharides
in protozoal DM equals 40% (Czerkawski, 1976), maximum uptake rates of starch
and sugars V;dSp and V:IaSp to form storage polysaccharides are 0.022 mol/{g Po-d).
In absence of quantitative information to estimate protozoal affinity constants of Sd
and Ha, these were arbitrarily assigned values given in Tahle 1. Some justification for
these values are the observations that firstly, several protozoal species do not
synthesize Sp from soluble sugars (review Coleman, 1986) and consequently,
MHa,HaPo has been set at a lower value than MHa,HaSp; and secondly, starch can be
stored within the protozoal cell and fermented several hours later, and consequently,
MSd,SdPo has been set at a higher value than MSd,SdSp' The utilization of Sd and Ha
for Sp synthesis is inhibited sigmoidally by Sp content of the protozoal biomass (Eq.
6.12 and 9.20), since starch is engulfed rapidly when protozoa have been starved for
a certain period, but starch uptake declines when protozoa are completely filled with
starch particles (Coleman, 19886), and since on soluble sugar substrates, Sp content
is not increased above a certain maximum level even if soluble sugar concentration
in the fluid is increased further (Van Hoven & Prins, 1977). Thus, at Sp contents
higher than 40% of total protozeoal biomass, synthesis of Sp from Sd and Ha is
assumed to be completely inhibited and a sigmoidal respaonse equation, giving a sharp
switch-off characteristic (Gill et a/. 1989) is required, with inhibition constants
JSp,HaSp and Jg, g4gp, set at 0.4 g Sp/lg (Sp + Pol) and steepness parameters
eSp,HaSp and eSp,SdSp set at 10.

Degradable fibre pool, Fd

Feed input to the Fd pool has been represented (Eq. 7.2). There are three outputs
from the pool: ta cellulolytic hexose (Eq. 7.3; hydrolysis parameters from Dijkstra et
al. 1992), to protozoa (Eq. 7.4} and outflow from the rumen with the solid material
{Eq. 7.5). The maximum uptake rate of Fd by protozoa and inhibition related to
relative amounts of Sp (Eq. 7.9) has been explained in previous sections. The affinity
constant M;d,FdPo was set arbitrarily. In contrast with bacteria, Fd utilization by
protozoa is not assumed to be inhibited directly by low pH values, Rather, an indirect
effect as a result of high availability of {rapidly degradable) substrates, resulting in
high protozoal death rates (Eq. 14.10 and 14.11; see protozoa pool section}, has
been included.

Undegradable fibre pool, Fu
This pool receives input from the feed (Eq. 8.2) and outflow is with the solid phase
{Eq. 8.3).

Amylolytic hexose pool, Ha
There are seven inputs to the pool; four of these inputs are directly from the feed, viz.
water soluble carbohydrates (Eq. 9.2}, soluble starch (Eq. 9.3), lactic acid {(Eq. 9.4}
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and glycerol, arising from hydrolysis of dietary lipid (Eq. 9.5). Other inputs are from
starch hydrolysis (Eq. 9.6} and hydrolysis of protozoal Li (Eq. 9.7) and Sp (Eq. 9.8}
released by death and lysis of protozoa, with parameters described before and in the
Po pool section. The yield factors of hexose derived from lipid are calculated on the
assumption that 1 mol of lipid yields 0.5 mol hexose (from the glycerol part of lipid).
There are seven outputs from the pool; utilization of Ha for bacterial growth with
Am (Eq. 9.9) or Ps (Eq. 9.10), utilization for Sa formation (Eq. 9.11), utilization for
bacterial functions not related to growth (Eq. 9.12), uptake for protozoal maintenance
- and growth (Eq. 9.13) and Sp formation {Eq. 9.14}, and washout from the rumen {Eq.
9.15). Parameters in equations related to bacterial activity were taken from Dijkstra
et al. (1992). Protozoal cells do not control soluble sugar uptake rate {Williams, 1979)
and the Sp content of protozoal cells does not inhibit glucose uptake rate (Williams,
1989). Thus, the utilization of Ha by protozoa {Eq. 9.13) has been represented as an
overall uptake rate, of which the amount utilized for Sp synthesis is subtracted while
the remainder is utilized for maintenance and growth. This representation will rapidly
increase death rate of protozoa at Ha concentration levels above the level supporting
maximum Sp formation, thus simulating the observed lysis of holotrich protozoa in
presence of excess substrate {review Williams & Coleman, 1988). Calculation of the
rate constants in Eq. 9.13 and 9.14 has been described in the Sd pool section.

Cellulolytic hexose pool, He

There is one input to this pool; from Fd hydrolysis (Eq. 10.2), and four outputs,
representing growth with Am {Eg. 10.3} and Ps as nitrogen source (Eq. 10.4),
utilization for bacterial non-growth related functions (Eq. 10.5} and washout form the
rumen {Eg. 10.6). As before, parameters have been calculated by Dijkstra et al.
(1992}.

Amylolytic bacterial pool, Ba

There are two inputs to the amylolytic bacterial pool, related to the nitrogen sources
used for growth: Am (Eq. 11.2) or Ps {Eg. 11.3}, with the yield factors calculated
from the chemical composition. Two outputs from the Ba pool are represented:
engulfment of bacteria by protozoa {Eq. 11.4), and washout from the rumen with the
fluid {Eq. 11.5), since amylolytic bacteria are assumed to live free in rumen fluid.
Although selective engulfment of bacteria has been reported, there is no consistent
pattern between protozoal species {review Coleman, 1989]. Thus, in the model it is
assumed that bacteria (the pools Ba, Bc and Sa) are engulfed in the proportion in
which they are present {Eq. 11.7). Two of the parameters representing engulfment
(v;xpo and Mg, p,po} have been calculated by Dijkstra et a/. {1992}, based on
engulfment rate data presented by Coleman & Sandford (1979). In addition, the
inhibitory effect of protozoal storage polysaccharides on engulfment of bacteria
{Coleman, 1975) has been included. Observations made by Coleman (1975) with
Entodinium caudatum indicate that this inhibition can be modelled in a sigmoidal way:
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firstly, in protozoa filled with relative small amounts of starch, bacterial uptake rate
was not limited; secondly, engulfment of bacteria was never completely inhibited,
even if protozoa appeared to be completely filled with starch. The inhibition constant
‘JSp,BxPo {= 0.2 g Sp/(g Sp+Po}} and steepness parameter GSp,BxF‘o {= 1.b) were
set arbitrarily to give weak sigmoidal response and half-maximum rate achieved at
assumed half-maximum amount of Sp.

Amylolytic bacterial storage polysaccharides pool, Sa

There is only one input to this pool; from the utilization of Ha leq. 12.2), with rate
constants as described in the Ha section. The two outputs fram the Sa pool (Eq. 12.3
and 12.4} are equivalent to the outputs from the Ba pool (Eq. 11.4 and 11.5}.

Cellufolytic bacterial pool, Bc

As with Ba, there are two inputs to this pool, representing growth with hexose and
either Am {Eq. 13.2} or Ps (Eq. 12.3} as nitrogen source, and two outputs from the
pool, representing engulfment by protozoa (Eq. 13.4) and washout from the rumen
(Eg. 13.5). In contrast with Ba, Bc pass out of the rumen at a rate equal to the solid
phase outflow rate {kg,g,) (Cheng & Costerton, 1980).

Protozoal pool, Po

There is one input to this pool, from the utilization of carbohydrates taken up and not
utilized for protozoal maintenance (Eq. 14.2). In contrast with bacteria, the
maintenance requirement of protozoa {Rxx’xxpnﬁ is assumed not to change with
nitrogen availability, in view of the generally high availability of nitrogen sources for
protein synthesis. However, if the availahility of engulfed protein (Px} to support
protozoal growth is lower than the corresponding availability of energy, the
production of protozoa is calculated according to the Px availability (Eq. 14.2} and the
remaining carbohydrates are fermented completely (Eq. 16.42}. In absence of data
on maintenance requirements of protozoa, this value has been set arbitrarily at
0.0085 mol/ig Pod). General hexose entities taken up are: degradable fibre and
starch, amylolytic hexose, engulfed microbial polysaccharides and hexose arising from
the glycerol moiety of engulfed microbial lipid (Eq. 14.7). The utilization rates of the
hexose entities have been described in the relevant sections. There are three outputs
from the pool; engulfment by other protozoa (Eq. 14.3), death of protozoa {Eq. 14.4)
and washout of protozoa from the rumen (Eq. 14.5). Uptake of small protozoa by
larger ones has been reported (e.g. review Coleman, 1986); however, in absence of
guantitative data, rate constants in Eq. 14.3 and 14.9 were assumed to be the same
as for engulfment of bacteria. Protozoa have been ocbserved to degenerate and burst,
particularty on diets rich in easily degradable carbohydrates {review Williams &
Coleman, 1988). The cause of protozoal lysis is probably the inability of protozoa to
control soluble substrate entry (Williams, 1879) and the subsequent intracellular
buildup of acidic fermentation products {Prins & Van Hoven, 1977). Thus, in the




102 Chapter 4

model, the amount of VFA produced from fermentation of hexose entities per unit of
time and protozoal biomass {Eq. 14.10 - 14.12) will determine the death rate of
protozoa. A sigmoidal response was assumed to obtain low death rates at low
nutrient availabilities with a rapid increase when hexose entities taken up are
increased. The value of maximum death rate was assumed to be the same as the
maximum growth rate of protozoa (see Sd section), while the affinity and steepness
parameter were set arbitrarily, Protozoa are selectively retained within the rumen
(review Jouany et af. 1988) and outflow rate of protozoa is set at 45% of kg, (Eq.
14.13) {(data summarized by Faichney, 1989},

Protozoal storage polysaccharides pool, Sp

There are two inputs to this pool, representing synthesis from Ha {Eq. 15.2) and Sd
(Eq. 15.3), with utilization rates as explained in the relevant sections. The three
outputs from this pool (Eq. 15.4 to 15.6} are equivalent to the outputs of the
protozoal pool (Eq. 14.3 to 14.5).

Volatile fatty acid pools, Ac, Pr, Bu and Vi
The inputs to and outputs from the Va pools {Ac, Pr, Bu and VI) only differ in
stoichiometric yield factors applied and are considered together in this section. There
are fourteen inputs to and two outputs from each of these pools. Inputs are from the
feed, from fermentation of Ha and Hc related to bacterial growth with Am and Ps or
related to bacterial non-growth related functions, from fermentation of Ha related to
Sd formation, from fermentation of Ps by bacteria and Px by protozoa, from
fermentation of Fd, Sp and Ha related to protozoal maintenance and growth, and from
fermentation of Ha and Sd related to Sp formation. The hexose fermented as a
fraction of total hexose spend in a reaction can be calculated from Table 3.
Stoichiometric yield parameters are given by Murphy et a/. (1982) for roughage and
concentrate diets, and intermediate values are used in the model for diets of which
the DM roughage content is 40 to 609%. In absence of quantitative data,
stoichiometric yield parameters for lactic acid and glycerol fermentation are equal to
those for water soluble carbohydrate ferrnentation, and cellulose and hemicellulose
are assumed to behave as one nutritional entity. Although it is recognized that rumen
protozoa hardly produce propionic acid, hut rather acetic and butyric acid (review
Jouany et al. 1988), stoichiometric parameters as calculated by Murphy et af. (1982)
do not account for differences in microbial populations in production of Va. Besides,
it is assumed that the type of Va formed does not affect other rumen fermentation
characteristics or the interactions between protozoa, bacteria and dietary factors and
thus, the differences in endproducts produced by different microbial species on the
same substrate has been ignored.

The outputs from each Va pool are absorption through the rumen wall, with
parameters adopted from Dijkstra et a/. {1992}, and outflow with the rumen fluid.
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Model summary

The model is completely defined by Eq. 1.1 to 19.35 in the Appendix. The differential
equations of the nineteen state variables are integrated numerically for given initial
conditions and parameter values in Tables 1 and 2. The computer program was
written in the simulation language ACSL (Advanced Continuous Simulation Language,
Mitchell & Gauthier, 1881) and run on a VAX computer. Integration interval of at =
0.01 was used, with a fourth-order fixed-step-length Runga-Kutta method and the
results presented in the next section were obtained by taking the predictions at 30
d.

RESULTS

The results of model evaluation are presented in 3 parts. Firstly, sensitivity of
protozoal dynamics to changes in selected parameter values associated with protozoa
was examined. Secondly, published experiments were simulated and results of these
simulations were compared with reported values. Finally, response of the model to
changes in input variables {diet composition, feed intake level, fluid and solid passage
rates} was examined.

Sensitivity analysis

The sensitivity of the model to changes in selected parameters was examined on a
high roughage diet (Diet R; 70% grass silage, 20% maize silage and 10%
concentrates) and a high concentrate diet (Diet C; 23% grass silage, 7% maize silage
and 70% concentrates) at a simulated continuous feed intake of 18 kg DM/d for a
dairy cow. The contents of the grass silage were {in g/kg OM): NDF, 525; starch and
sugars, 50; N, 28; of the maize silage: NDF, 425; starch and sugars, 300; N, 15; and
of the concentrate: NDF, 200; starch and sugars, 420; N, 25. For both diets, fluid
passage rate (kgg,), solid passage rate (kg,g,), and rumen volume (Vg ) were set at
2.7/d, 1.0/d and 90 |, respectively. The pH of rumen fluid for Diet R and C was set
at 6.3 and 6.1, respectively. The simulated pattern of nutrients available for
absorption is presented in Table 4. In view of the large number of parameters in the
model, only a few parameters associated with protozeal dynamics were selected for
presentation, either because of limited information to derive the parameter value or
- a likely large effect on protozoal biomass in the rumen. Selected parameters were set
at +/- 50% and +/- 25% of model values.

A decrease in the affinity parameter related to engulfment of bacteria (Mg, g,p,)
increased the amount of bacterial matter engulfed and decreased the bacterial organic
matter in the rumen {Figure 2). The protozoal biomass in the rumen was hardly
affected however, because in the model, it is assumed that a large part of the
engulfed microbial matter, which consists mainly of protein and nucleic acids {Table
3), will be excreted in rumen fluid. The lower bacterial biomass in the rumen due to
an increase in Mg, g.p, resulted in decreased degradation of NDF and starch and
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Table 4. Simulated nutrient profile and microbial popuiations with diets used in sensitivity
analyses

Diet R Diet C

Duodenal flow of OM {g/d):

Starch and soluble sugars 763 1183

NDF 3316 2824

Total NAN 411 428

Microbial NAN 281 205

Protozoal NAN 14 21

Non-microbial NAN 150 223
VFA production {mol/d) €4.9 59.7
VFA maolar proportions (mol/100 mol}:

Acetate 69.2 56.4

Propionate 14.4 26.0

Butyrate 10.3 2.1

Valerate 6.1 g4
In rumen {g}:

Bacterial N 209.5 104.7

Protozoal N 30.0 48,2

Diet R, 90% grass/maize silage, 10% concentrate; Diet C, 30% grass/maize silage, 70%
concentrate; NAN, nen-ammonia nitrogen; NDF, neutral detergent fibre; VFA, volatile fatty
acid.

sugars in the rumen, decreased bacterial NAN outflow but increased non-micrabial
NAN outflow, so that total NAN flow to the duodenum remained about the same (diet
C) or was increased slightly (diet R). Such changes resulted in a marked increase in
efficiency of microbial protein synthesis and would significantly affect the profile of
nutrients available for absorption. An increase in the inhibition constant for the
engulfment of bacteria with respect to the storage polysaccharide content of protozea
(JSp,BxPo) resulted in increased bacterial biomass and efficiency of microbial protein
synthesis as well {results not shown).

The maintenance requirement of protozoa (RXx,Xme] had a very significant effect
on protozoal and bacterial biomass in the rumen and hence an degradation and
outflow of nutrients (Figure 2). Anincrease in Ry, xpm resulted in decreased growth
and biomass of protozoa because more hexose was directed to maintenance.
Consequently, the amount of bacterial matter in the rumen increased significantly.
Increasing the protozoal maintenance requirement to 150% of the value in Table 1
resulted in simulated extinction of protozoa on both diets, while on diet C a decrease
of this requirement to 75% of the model value already resulted in complete
disappearance of cellulolytic bacteria. The model appeared to be very sensitive to the
affinity constant related to death of protozoa (My,, p,p) @s well. Decreasing this
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Figure 2. The sensitivity of total microbial CM and of protezoal OM in the rumen to the affinity
constant for uptake of bacteria by protozoa (Mg, g, p,; graph Al, to the maintenance requirement
of protozoa {Ry, y,pm: graph Bl. and to the affinity constant related to death of protozoa
(MVa,PoDe; graph C) for the high roughage diet {Diet R) and the high concentrate diet {Diet C).
(A), microbial OM for Diet R; ( &), microbial OM for Diet C; {Q), protozoal OM for Diet R; { @),

protozoal OM for Diet C.
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value by 25%, which means that protozoal death rate is increased, resulted in
disappearance of protozoa on both diets, while on diet C cellulolytic bacteria
disappeared with an increase of this value to 125% of the model value.

Comparison between simulated and experimental values

Values of nutrient supply at different intake and feed N levels reported by Firkins et
al. (1987) for steers fed 50% hay, 50% concentrate diets were used to set a number
of microbial parameters in the model, and the observed values were compared with
model simulations (Table 5). As expected, there was a close agreement between
observed and simulated duodenal flows of OM. However, as in the previcus model
{Dijkstra et a/. 1992), ammonia concentration was not predicted well. The microbial
marker used by Firkins et a/. {1987) did not allow separate estimates of the protozoal
and bacterial N flow to the duodenum. Model simulations indicated a slight decrease
in the proportion of pratozoal N in total microbial N-flow with increased feed intake
level {13% and 11% on low and high intake level, respectively} and with increased
dietar\f N level {13% and 11% on low and high feed N level, respectively}.

Model simulations on protozoal biomass in the rumen and protozoal turnover and
lysis compared with observations obtained by isotope dilution procedures in cattle and
sheep, are presented in Tables 6 and 7. In case of sheep, the simulated amount of
saliva produced was set at a constant level of 12 I/d. The observed and simulated
protozoal turnover is assumed to be due to death and passage of protozoa anly,
because labelled chaoline in engulfed protozoa will likely be incorporated again {Leng,
1982). The simulated protozoal pool sizes in cattle and sheep agreed favourably with
observed values, except for the pool size observed on the low concentrate diet
{Ffoulkes & Leng, 1988). The simulated protozoal contribution to total ruminal
microbial N varied from 12% on the oaten/lucerne chaff diet supplemented with
untreated soya bean meal (Krebs et a/. 1988} to 29% on the 70% oaten chaff, 30%
molasses diet {Ffoulkes & Leng, 1988). Both observations and simulations indicated
a decreased protozoal biomass when N availability was increased (the casein
supplemented oaten chaff/lucerne/molasses diet (Leng et al. 1984} compared with
the unsupplemented diet (Leng, 1982} and the diet containing untreated soya bean
meal compared with protected soya bean meal {Krebs et af. 1989). The turnover time
of protozoa in the rumen was not predicted well, without any apparent relationship
of level or trend of the difference between observed and predicted values to dietary
composition or pattern of protozoal species present. Although predicted contribution
of protozoal lysis to protozoal turnover in the rumen did not always agree with
observed values, both predicted and observed values indicated the major contribution
of lysis {50-85%) to protozoal turnover.

A number of methods has been used to measwre protozoal N flow to the
duodenum. In Table 8, results of a comparison between model simulations and
observations on steers reported by Cockburn & Williams (1884) are presented. This
experiment was chosen because of possibility to compare several marker methods




Simulfation of the Dynamics of Protozoa in the Rumen 107

Table 5. Comparison of experimentally observed parameters (obs) and parameters predicted
by the model (pred) for steers fed diets at low (4.8 kg dry matter/d) and high (7.2 kg dry
matter/d) intake levels and at two levels of urea infused (0.4% or 1.2% of diet dry matter)

Low High 0.4% 1.2%
obs pred obs  pred obs pred obs pred
Duodenal flaw of OM
{g/d):
NDF 1203 1235 2009 2044 1591 1617 1688 1589
Total NAN 107 108 163 1656 130 133 140 139
Microbial NAN 62 65 98 96 78 76 83 86
Protozoal NAN - 8 - 11 - 10 - 9
MNon-microbial NAN 45 42 64 69 b3 b6 57 63
Ammonia concentration 4.8 4.6 5.3 4.0 3.6 2.7 6.6 6.1
{mM) .
in rumen {g):
Bacterial N - 38.0 - 489 - 4.7 - 47.4
Protozoal N - 15.0 - 18.3 - 1656 - 15.2

NAN, non-ammonia nitrogen; NDF, neutral datergent fibre; VFA, volatile fatty acid.
1 Observations from Firkins er af. (1987).

Table 6. Commparison of experimentally observed parameters {obs) and parameters predicted
by the model (pred] for sheep

Diet

0 oc osu 0osP

obs pred obs pred obs pred obs pred

Rumen pooi size of (g):

Protozoal N 2.4 2.1 1.4 1.6 1.5 1.7 1.6 1.8
Microbial N - 7.3 - 10.3 - 14.5 - 141
Protozoal turnover time {d} 0.83 0.49 0.67 0.84 0.53 1.07 0.32 1.06
Protozoal lysis (%) 63 80 G5 64 - 59 - 59

Diet O, oaten chaff/lucerne/molasses {Leng, 1982).

Diet OC, oaten chaff/lucerne/molasses/casein {Leng et a/. 1982).

Diet OSU, oaten chaff/lucerne chaff/untreated soya bean meal (Krebs et al. 1989).
Diet OSP, oaten chaff/lucerne chaff/protected soya bean meal (Krebs er a/. 1989).

{ribonucleic acid (RNA) as genera! microbial marker; aminoethylphosphonic acid
(AEPA) as protozoal marker; diaminopimelic acid {DAPA) as bacterial marker and the
amino acid profile (AA) of protozoa, bacteria and feed to measure all fractions). The
simulated duodenal flow of total NAN (which varied from 66 to 111% of dietary N
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intake) was always lowar than the observed flow (from 94 to 181% of dietary N
intake}, The simulated percentage of microbial NAN to total NAN flow agreed with
the value obtained by the modified AA (mAA) method, but was always lower than
values obtained by the RNA or DAPA + AEPA method. As indicated previously, the
simulated protozoal contribution to total microbial N in the rumen increased with
decreases in N availability, but due to the increased non-microbial NAN flow
(treatment TC compared with C and GM) the percentage of protozoal NAN to total
NAN flow was not increased. The AEPA +DAPA method clearly overestimated
microbial NAN flow, and both simulated protozoal and bacterial NAN percentage
flows were lower than values obtained with AEPA and DAPA. Simulated protozoal
NAN (which varied between 6 and 11% of total NAN flow) was in the range obtained
with the RNA-DAPA method (between -4 and 15%} but lower than the mAA method
(between 9 and 25%). An important point in these comparisons is that disagreements
between simulated and ohserved values partially result from inadequacies of input
data describing the diets or errors in experimental measurements.

Response to changes in input parameters

Changing the passage rates up to +/- 50% of the standard model values used for
both diets (kg g, = 2.7/d; kgop, = 1.0/d) had large effects on the simulated amounts
of protozoal and bacterial OM in the rumen {Figure 3A and 3B}. An increase in either
the fluid or solid passage rate decreased total microbial OM in the rumen. In contrast
with the continuous decline of protozoal OM in response to increased values of kg gy
increases in kgg, at low values caused protozoal OM to increase, because the faster
outflow of amylolytic bacteria raised ruminal hexose availability to be used by
protozoa. Further increases resulted in reduced protozoal OM because the increased
hexose availability caused rapidly increased fractional death rates of protozoa
(equations 14.10-14.12).

The effects of varying the NDF, starch, sugars or N content of diets R and C on
microbial OM in the rumen, while keeping all other parameters constant, are
presented in Figure 4. Increasing the dietary NOF content increased the total microbial
OM in the rumen, but did not or only to a minor extent increase ruminal protozoal OM
(Figure 4A). The effect of changes in the amount of starch in the diet had a very
pronounced effect on protozeal OM (Figure 4B). On diet R, protozoal contribution to
total microbial OM increased from 7% when no starch was included up to 17% on
the 400 g/kg DM level. However, on diet C, the protozoal hiomass was seen to be
slightly decreased at such high (> 300 g/kg DM) starch contents. The reason for this
reduction is the rapid increase in fractional protozoal death rate {from 0.74 on the
lowest to 1.35 /d on the highest starch level). Such elevated death rates were
responsible for the decrease in protozoal biomass with increased dietary sugar levels
on diet C as well {Figure 4C}. However, on diet R, a maximum amount of protozoal
OM is reached at dietary sugar levels of approximately 75 g/kg DM. Decreasing the
N availability in the rumen by reducing the dietary N content decreased the microbial
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Figura 3. The sensitivity of total microbial OM and of protozoal OM in the rumen to the fractional
fluid passage rate {(kgg,: graph A} and solid passage rate (kg graph B) for the high raughage
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OM in the rumen (Figure 4D}, However, even at the lowest N level, engulfment of
bacterial and protozoal matter resulted in sufficient availability of protein to support
protozeal growth. Thus, the decreased protozoal OM at low dietary N levels could not
be attributed to limiting N availability, but rather was the result of high protozoal
death rates induced by high energy availability, which in turn was the result of low
bacterial growth rates due to the limiting N availability. These relatively low bacterial
growth rates at low dietary N levels were the result of a high utilization of hexose for
non-growth purposes as shown before (Dijkstra et a/. 1992).

In Figure 5, the responses of microbial and protozoal OM to changes in feed intake
level from 5 to 25 kg DM/d of diets R and C are presaented. In order to achieve
sensible steady state values, some input values had to be modified (rumen volume,
passage rates and pH). These values were changed using a linear regression of DM
intake vs rumen volume, fluid and solid passage rate, calculated from the data
reported by Robinson et a/. (1985 and 1987) (feed intake 6.4 to 18.5and 5.3 to 21
kg DM/d, respectively} and pH according to the latter (regression results not shown).
Increasing the feed intake level to approximately 20 kg DM/d increased both protozoal
and total microbial OM, but a further increase caused protozoal and microbial OM to
decrease. On the lowest feed intake level, protozoal contribution to total microbial




110 Chapter 4
2500 r A 2500 "
rd
-~
rd
," A/A
, A/
2000 + e 2000 P
l=‘/ﬁ
- 'y
1500 1500 [ -
— — A
=] o e
= = &
< 0 -
1000 [ 1000 [ LA
s
»”
‘/
600 g —— @ —— -0~ —— -0~ — — -» 500
[ O —0
] L s — o .
176 328 475 825 0 100 200 30a 400
NDF content (g/kg DM) starch content (g/kg DM)
2500 | 2500 [
A _-__,_.——A
2000 -A A"_-—A—'_.—A_'——__. e /a/a
i &
- A~ - A/
Y
1500 A 1500 [ - A
a a - —_ A -~ —&
e =2 A
= = a7
@] 8]
1000 | 1000 |
500 @ — I _ 500 [ - = = == — = = — — —
— .- - - g _ - L L ]
o— O——0 < o o—"0 © =4
o . . A o )
0 80 100 150 200 15 20 25 30 as

sugar content (g/kg DM)

N content {g/kg DM)

Figure 4. The sensitivity of total microbial OM and of protozoal OM in the rumen to the dietary
content level of NDF (graph A}, starch (graph B), sugars (graph C) and nitrogen {graph D) for the
high roughage diet {Diet R) and the high concentrate diet (Diet C). (A), microbial OM for Diet
R; { &}, microbial OM for Diet C; (O}, protozoal OM for Diet R; (®), protozoal OM for Diet C.



Simulation of the Dynamics of Protozoa in the Rumen 111

2500 |-

2000 /\
/ N

1500

OM (g}
b\\
\
\
\
»
1
f
1
|
r
’
’
;
»

1000 | & p
’
-
s
‘/
500 [ - —— —— — — g
e
'/-__O——O (+]
<
o " L L L
5 10 15 20 25

DM intake (kg/d)

Figure 5. The sensitivity of total microbial OM and of protozoal OM in the rumen to the DM
intake level for the high roughage diet {Diet R} and the high concentrate diet {Diet C). {A},
microbial OM for Diet R; (A}, microbial OM for Diet C; {Q), protozoal OM for Diet R; (@),
protezoal OM for Diet C.

OM was 10 and 52% on diet R and C, respectively. However, increasing the feed
intake up to 15 kg DM/d increased this contribution to 16% on diet R while on diet
C the contribution was decreased to 35%. Further increases increased protozoal
contribution to 17 and 45% on diet R and C, respectively. As rumen volume is
changed with changes in feed intake level, it is interesting to note the changes in
concentration of protozoal OM. On diet R, this concentration rapidly increased from
1.80 g/l at 5 kg DM/d up to 3.6 g/l at 15 kg DM/d, and then decreased to 2.7 g/l at
25 kg DM/d; on diet C, the increase was much fess and concentration started to
decline at approximately 10 kg DM/d already (5.9, 6.0, 5.7, 5.0 and 4.3 g/l at 5, 10,
15, 20 and 25 kg DM/d, respectively).

DISCUSSION

In several papers, the relative roles of protozoa and bacteria in degradation of
carbohydrates and protein, in efficiency of microbial protein synthesis, and ultimately
supply of nutrients available for absorption have been pointed out (reviews Veira,
1986; Coleman, 1286; Jouany et a/. 1988). The basic objéctive of the model was to
achieve an integrated understanding of these roles as determined by dietary
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Table 7. Comparison of experimentally observed parameters (obs) and parameters predicted
by the model (pred} for cattie

Diet

HC LC RG

obs pred obs  pred obs pred

Rumen poal size of {g}:

Protozoal N 16 14 24 16 15 16
Microbial N - b5 - 56 - |
Protozoal turnover time {d) 0.93 0.69 1.07 0.90 1.95 1.26
Protozoal lysis (%) 80 77 68 71 a3 54

Diet HC, 30% oaten chaff, 70% molasses (Ffoulkes & Leng, 1988).
Diat LC, 70% oaten chaff, 30% molasses {(Ffoulkes & Leng, 1988).
Diet RG, fresh ryegrass (Leng, 1986).

characteristics. A microbial ecosystem, in which several species are growing, is
complicated because the state variables (amount of substrates and microbial biomass)
are changing not only with respect to time, but with respect to each other as well
(Bazin, 1981}. In such a complex system, dynamic, mechanistic models provide a
way of bringing together knowledge about the state variables, in order to give a
coherent view of behaviour of the whole system {Thornley & Johnson, 1990). Reichl
& Baldwin {1978) described a linear programming model of rumen fermentation in
which eight microbial groups, including protozoa, were represented. However,
considerable simplifications of the predicted rumen ecosystem occurred and the
authors concluded that additional concepts regarding microbial interactions were
required. Bazin (1981} used mathematical equations to illustrate the way
interrelationships among microbial species could be represented to obtain realistic
predictions of dynamics of multi-species systems. Application of the Michaelis-
Menten equations, which are often used to describe microbial kinetics {Pirt, 1975),
allowed Dijkstra et al. {1992} 1o represent protozoal predation on bacteria. Although
sensitivity analysis of their mode! indicated in general realistic relationships between
protozoa and bacteria (Neal ef a/. 1992}, considerable simplifications had to be made,
the most obvious one being the representation of a microbial group consisting of both
amylolytic bacteria and protozoa. This resulted in incorrect predictions of fibre
degradation when starch content of the diet increased or when a defaunated animal
was simulated. In the present model, emphasis has been placed on the representation
of protozoa and cellulolytic and amylolytic bacteria in separate groups. Important
items in analyses of such multi-species systems are the factors which allow
populations to coexist and stability of coexistence {Fredrickson, 1977; De Freitas &
Fredrickson, 1878). A general condition for stable coexistence is that the number of
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nutrients, having rate limiting effects on the competitors, equals or exceeds the
number of populations in the system {De Freitas & Fredrickson, 1978). For the
present model, in most dietary situations energy substrates would limit growth, while
N substrates would affect microbial growth at relatively low N availability only.
Hence, in early versions of the model, which did not include protozoal predation on
other protozoa (Eq. 14.3) and in which death rate (Eq. 14.4) was fixed, the two
substrates limiting growth (amylolytic and cellulolytic hexose) led to exclusion of
either cellulalytic and amylolytic bacteria or of protozoa. Thus, although the density
of the prey {cellulolytic and amylolytic bacteria) significantly affected the amount of
bacterial matter engulfed by protozoa (Eq. 11.4, 12.3 and 13.4), this was not
sufficient to allow the three populations to coexist. To obtain biclogically realistic
coexistence of the populations, in the present model protozoal death rate was refated
to substrate availability and build-up of fermentation endproducts within protozoa (Eq.
14.10 and 14.12) (Prins & Van Hoven, 1977; Williams, 1979), and uptake of
protozoa by other protozoa (Eq. 14.3 and 14.9) {review Coleman, 1986) was
included. Analogously to the stabilizing effect of production of specific autoinhibitors
on coexistence of populations (De Freitas & Fredrickson, 1978), this representation

Table 8. Comparison of experimentally observed parameters {obs} and parameters predicted
by the model (pred] for steers fed straw/tapioca based diets

Diet

obs pred obs pred obs pred obs pred

Duodenal flow of NAN {(g/d) 334 233 47,0 34.9 438 374 67.8 41.7
Rumen outflow of (% total

NAN flow):
Microbial NAN, RNA' 98 85 92 53
Microbial NAN, AEPA+DAPA 144 87 102 71 108 72 73 54
Microhial NAN, mAA 89 75 84 h4
Protozoal NAN, RNA-DAPA 10 15 11 -4
Protozoal NAN, AEPA 56 11 32 6 27 6 16 6
Protozoal NAN, mAA 25 14 9 25
Bacterial NAN, DAPA 88 76 70 65 g1 66 57 48
Rumen pool size of (g):
Protozoal N - 6.7 - 5.5 - 5.6 - 6.0
Microbial N - 20.5 - 25.8 - 24.3 - 20.6

Observations from Cockburn & Williams {1984); Diet U, urea supplementation; Diet GM,
groundnut meal supplementation; Diet C, untreated casein supplementation; Diet TC,
formaldehyde treated casein; NAN, non-ammonia nitrogen.

microbial markers used: AEPA, aminoethylphosphenic acid; DAPA, diaminopimelic acid;
mAA, modified amino acid profile; RNA, ribonucleic acid.
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of protozoal metabolism and interactions with bacteria allowed stable coexistence
under a wide range of dietary inputs. It should be noted that there are at least two
situations where simulated coexistence does not occur. Firstly, at high intake levels
of concentrate diets, the high availability of easily fermentable substrates resulted in
high protozoal death rates and in low pH values of rumen fluid and hence, both
protozoa and cellulolytic bacteria disappeared. The results reported by Eadie et a/.
(1970) and Russell & Dombrowski {1980) support such a disappearance of protozoa
and cellulolytic bacteria, respectively. Secondly, on diets without soluble sugars and
all starch available in the insoluble form, amylolytic bacteria would be excluded
(results not shown); however, such diets are unlikely to be fed {Tamminga et a/.
1990).

Sensitivity analysis

Recycling of bacterial biomass is mainly due to protozoal predation {Wallace &
McPherson, 1987}, and the choice of values for the affinity constant for bacterial
engulfment (MBx'ExPO; Figure 2A) and the inhibition constant with respect to
protozoal storage polysaccharides (JSp,BxPO} had large effects on predicted bacterial
biomass and degradation of protein and carbohydrates in the rumen. In earlier
versions of the model, the inhibitory effect of protozoal storage polysaccharides on
bacterial uptake (Coleman, 1975) was not represented and this resulted in too low
simulated values of bacterial biomass in the rumen and degradation of OM. However,
in the current model, these parameter values were assigned arbitrarily and further
experiments to estimate these values are needed.

The model was very sensitive to variations in the maintenance requirement of
protozoa {Ry, yxpm! @nd such variations gave rise to simulated disappearance of
either bacteria or protozoa (Figure 2B). To the author's knowledge, there are no
published data on protozoal maintenance requirements in literature. This value has
been set at a value slightly higher than the maintenance requirement estimated for
mixed bacteria in vitro reported by Isaacson et al. {1975). Some justification for this
value can be obtained from the figures on rate of endogenous amylopectin utilization
by holotrich protozoa reported by Prins & Van Hoven (1977} and Van Hoven & Prins
(1977). On the assumption that the maximum amount of storage polysaccharides
equals 40% of total protozoal DM {Czerkawski, 1976) and that the endogenous
fermentation represents the maintenance requirement of microbes, values between
6.5x10°3 and 9.5x1073 mol hexose/lg Po-d} can be calculated. The affinity constant
related to death of protozoa (My, pope) influenced microbial populations significantly.
Again, this value was assigned arbitrarily. In the model, death rate is assumed to be
related to rate of fermentation of hexoses within protozoa to represent the observed
lysis of protozoa at high availability of easily fermentable substrates (Prins & Van
Hoven, 1977; Williams, 1979). Such a representation ignores other reasons for
protozoal lysis, including presence of lytic agents and of toxic chemicals and the
effects of oxygen intake in feed {Leng, 1988). However, the behaviour of the model
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at the diets used in sensitivity analysis is satisfactorily, showing large increases in
amylolytic bacterial biomass and decreases in protozoal biomass when the availability
of easily degradable carbohydrates was raised to a high level, which qualitatively
compare with observed protozoal and bacterial numbers as well {(Mackie et a/. 1978}.
These sensitivity analyses highlighted the need for quantitative data on bacterial
engulfment rate, protozoal maintenance requirement and death rate as affected by
the diet.

Comparison between simulated and experimental values

Several methods have been proposed to estimate protozoal biomass in the rumen and
protozoal outflow to the duodenum. Bauchop & Clarke {1976) and Amos & Akin
{1978} reported close association of rumen entodiniomorphid protozoa to plant
fragments and Abe et al. {1981} observed a large mass of holotrich protozoa attached
to the reticulo-rumen wall. Thus, aithough there is a considerable volume of data on
effects of dietary factors upon protozoal numbers present in the rumen, the number
of protozoa in rumen fluid was suggested to be an unreliable indicator of protozoal
biomass in the rumen {Leng, 1989]. The use of AEFA as a protozoal marker has been
questioned, as it is not only present in protozoa but in feed and bacteria as well (Ling
& Buttery, 1978; Whitelaw et al. 1984). Protozoal outflow to the ducdenum has been
estimated from the difference between microbial NAN flow measured with a general
microbial marker {e.g. 1°N, 3°S, RNA) and a bacterial marker (DAPA), but the value
of this method to estimate protozoal outflow is uncertain due to large variation in
estimated flows related to the markers applied {Oldham & Tamminga, 1980). Ling
{1990) showed that intra-ruminal digestion of bacterial cell walls will overestimate
bacterial outflow to the duodenum measured by DAPA, and hence, protozoal outflow
as measured by difference between markers could be estimated to be negative {e.g.
Cockburn & Williams, 1984). Isotope dilution techniques using 14¢_choline have been
applied to measure protozeal dynamics in the rumen and its application has been
discussed elsewhere {Czerkawski, 1987; Leng, 1889). On most diets, protozoal
biomass in the rumen was adequately predicted when compared with values obtained
by the 4C-choline methad (Tables 6 and 7). Unfortunately, all but one diets were
based on oaten chaff and this limits the scope of comparison. Thus, further
evaluation requires reliable estimates of protozoal biomass on a range of dietary
conditions.

Simulated protozoal turnover time was not predicted well without any consistent
pattern of aver- or underestimation. Estimates of protozoal biomass and turnover time
obtained with the '#C-choline method are not independent, however. It was striking
that, on most diets, an overestimated rumen protozoal pool size was accompanied
by an overestimated turnover time and the reversed. Hence, the differences between
simulated and observed protozoal production rates in the rumen (calculated as the
reciprocal of turnover time multiplied by protozoal biomass and expressed in g
protozoal N/d} were smaller than the differences betwegn observed and simulated
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turnover times. Simulated turnover times were calculated ignoring the turnover due
to uptake of protozoa by other ones. Thus, "true’ turnover time would be lower than
values stated in Tables & and 7. The concept that the majority of protozoa die and
lyse in the rumen, as observed using the 14¢_choline method and as simulated, has
been questioned by Czerkawski (1987}, suggesting that a larger part of protozoal
biomass flows out the rumen but is lysed in the omasum. Evidence reported by
Michalowski & Harmeyer (1983) and Leng {1283} does not support this suggestion.
The simulated proportion of protozoal NAN in microbial NAN outflow on the range of
diets in Tables 5-7 was low {6-13%). Using direct counts, Weller & Pilgrim {1974)
calculated that protozoal N outflow amounted 1-2% of dietary N intake only, and
with the same method, Collombier et a/. {1984} and Punia et a/. (1987) calculated a
contribution of 5 and 24-27 % of protozoal to total microbial NAN flow, respectively.
Steinhour et af. {1982), using a 1°N rate of incorporation method, calculated 33-51%
of microbial NAN flow to be of protozoal origin. John & Ulyatt (1984) obtained much
lower values {9-19%) using phosphatidyl choline to estimate protozoal flow. As
discussed before, the method using the difference between a general microbial and
a bacterial marker vields a wide range of estimates of protozoal NAN flows. Thus,
most methods indicate a relatively low pratozoal outflow, but for further evaluation,
there is a real need for a valid protozoal marker.

Responses to changes in input parameters

The response of protozoal OM in the rumen to changes in fractional passage rate of
fluids (kgyg,) differed from that to changes in solid passage rate (kg,g,} {Figure 3}.
Protozoal biomass was highest at intermediate values of kg, but decreased
continuously with increased kg,g,- Protozoal numbers or biomass in the rumen or in
vitro have been reported to be moderately increased {Michalowski & Harmeyer,
1983}, not changed (Crawford et a/. 1980) or decreased {Leng ef al. 1984) with
increases in kgpg,, and such dynamic behaviour is in line with the curvilinear
respanses predicted by the model. However, protazoal numbers or biomass are much
more influenced by changes in kg,g, than in kgg, and at high values of kg,p,.
protozoa have been observed to disappear (Abe & Kumeno, 1973; Crawford et a/.
1980). Thus, model simulations stress the importance of the dynamic behaviour of
protozoa within the rumen ecosystem with respect to passage rates.

The model provides the opportunity to change dietary components independently
and study the effects on microbial populations in the rumen. In line with results
reported in the review of Jouany (1989), simulated protozoal biomass was greatly
influenced by variations in dietary starch, but was less affected by variations in
dietary contents of sugars and did not change in response to variations in dietary NDF
contents (Figure 4). However, responses 1o increases in dietary starch contents
depended on the type of diet and the level of starch content. Increasing the starch
content from 300 to 400 g/kg DM decreased protozoal biomass on diet C but
increased protozoal biomass on diet R. The reason for the decreased protozoal
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biomass on Djet C is a much higher increase in simulated protozeoal death rate. Thus,
the model provides a mechanism for examining the relationship between protozoal
OM in the rumen and dietary composition, taking into account the dynamic behaviour
of microbial populations in the rumen. Equally, supplementation of roughage diets
with small amounts of soluble sugars increased protozoal biomass, while on
concentrate diets protozoal biomass was decreased due to protozoal lysis.
Simulations indicated that this difference between diets would have been even more
pronounced, had the roughage diets contained no starch (results not shown). While
bacterial biomass was increased with an improved ruminal N availability, protozoal
biornass was hardly changed. This is the result of the assumption made in the model
that, in most situations, and even when dietary protein content is low, protozoa do
not lack N since sufficient protein is available from engulfed microbial matter. These
simulations show the importance of including dynamic interactions between protozoa,
bacteria and dietary characteristics in order to examine the effects of changes in
dietary composition on microbiological parameters and degradation of OM in the
rumen.

In simulations, changes in feed intake level had to be accompanied by changes in
passage rates, rumen volume and pH of rumen fluid to prevent unrealistic model
values of microbial biomass in the rumen, and such modifications have been reported
in literature as well (Owens & Goetsch, 1986; Robinson et a/. 1985 and 1987). Ad
lib intake of high concentrate diets leads to low protozoal numbers in rumen fluid or
even complete disappearance (Eadie et a/. 1970; Slyter et al. 1970; Vance et al.
1972), but doubling the feed intake of a hay based diet increased protozoal numbers
{Jouany, 1989). Thus, model simulations, which indicated that the effect of feed
intake level on changes of the concentration of protozeoal biomass in the rumen
depended on dietary compaosition and basal feed intake level, are gualitatively in line
with observations. The simulated death rates of protozoa were increased to a much
larger extent by increases in feed intake with Diet C than with Diet R. With Diet C,
maximal pratozoal concentrations were reached at a lower level of intake. Thus, the
model provides a mechanistic understanding of the changes in protozoal
concentration resulting from changes in feed intake level and provide a quantitative
description of such changes.

It should be noted that with increased intake levels, the proportion of amylolytic
bacterial N to total bacterial N is increased. Because of higher fractional outflow of
amylolytic than cellulolytic bacteria, these changes implicate that variations in the
protozoal contribution to rumen microbial biomass are not necessarily accompanied
by changes of the same relative size in protozoal contribution to microbial NAN flow.
For example, on diet C, the contribution of protozoal N to rumen microbial N on the
lowest and highest intake level differed only slightly {47 and 46% respectively), yet
protozoal contribution to microbial NAN outflow varied more {18 and 12%
respectively). Thus, estimations of proportional contributions of protozoa to microbial
NAN flow varies with different levels of intake of a diet and cannot he based on
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protozoal biomass in the rumen alone. Specific nutritional aspects of protozoa,
including dissimilarities in amino acid profile of protozoal and bacterial protein
(Buttery, 1977), selective retention within the rumen (review Jouany et a/. 1988),
and the general absence of propionic acid in protozoal fermentation endproducts
{review Williams & Coleman, 19288}, will cause differences in the profile of nutrients
available for absorption. It is hoped that results of the model, giving a quantification
of protozoal contribution to rumen microbial metabolic activities related to dietary
characteristics, will encourage research into integrating protozoal activities to the
profile of nutrients available for absorption.

In conclusion, the model provides a mathematical representation of the substrates
and microbial populations in the rumen with special emphasis on protozoa. It gives
a quantitative understanding of the protozoal dynamics and interactions with rumen
bacteria as affected by dietary characteristics. Both very low and high availability of
energy substrates resulted, by different mechanisms, in low protozoal levels in the
rumen. The responses to changes in dietary composition and feed intake level have
heen given and differences in response to one particular aspect of dietary input have
been discussed with respect to basal level of the other dietary inputs. The need for
reliable estimates of protozoal biomass, turnover and outflow on a range of diets has
been indicated, as well as the lack of quantitative data on bacterial engulfment and
protozoal maintenance requirement and death rate.
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MATHEMATICAL APPENDIX

Table A1. Symbols for entities and processes used in the mode/

Symbol Entity

Symbaol Entity

Ab
Ac
Am
Ba
Be
Bx
Bu
Ce
De
Ex
Fd
Fe
Fi
Fu
Ha
Hc
He
Hf
In
La
Lc
Le
Li
Lx
Ni

Absorption from rumen

Acetic acid

Ammonia

Amylolytic bacteria

Cellulolytic bacteria

Bacteria, general

Butyric acid

Cellulose

Death of protozoa

Exit from rumen into lower tract

Rumen degradable neutral detergent fibre
Feed

Rumen fluids

Rumen undegradable neutral detergent fibre
Amylolytic hexose

Coellulolytic hexose

Hemicellulose

Proportion of hexose fermented for energy
Intake

Lactic acid

Lactic acid carbohydrate equivalents
Lactic acid energy equivalents

Lipids

Engulfed lipids

Nitrogen

Pd
Pm
Po
Pr
Ps
Pu
Px
Ru
Sa

Sd
Sf

St
So
Sp
Sr
St
Ue
Va
Vi
Wr
Xf

Xx

Rumen degradable protein
Protozoal maintenance
Protozoa

Propionic acid

Rumen fluid soluble protein
Rumen undegradable protein
Engulfed protein

Rumen

Amylolytic bacterial storage
polysaccharides

Rumen degradable starch
Proportion of engulfed starch
fermented for energy

Saliva

Rumen solids

Protozoal storage polysaccharides
Rumen fluid solubte starch
Starch

Urea

Volatile fatty acids

Valeric acid

Water soluble carbohydrates
Proportion of general engulfed
hexose fermented for energy
General engulfed hexose entity
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Table A2. General notation used in model

Notation Translation Units
C; Concentration of / {mol org 7}/l
D; Driving variable with respact to 7 {g orli)d
¥ Fraction of fin f gifkg f or-
f‘,-‘ jk Fraction of 7 in j-k transaction -
Ji ik Inhibition constant for j-k transaction with respect to / mol i/l or -
ki,f Mass action rate constant for /- transaction /d
M,;j- ,M;‘jk Michaelis-Mentaen constants for j-& transaction with {mol or g i)/l or -
respect to /
Pf-' % Rate of praduction of i by j-k transaction {mol or g i }/d
Pmi,jk Rate of production of 7 by j~k transaction g ild
due to m microbes
Q; Quantity of / mal org/
R.,-‘jk Requirement far 7 in j-k transaction mol //imol or g ;)
P, ik Steepness parameter associated with / for -
J-k transaction
t Time d
T; Digestion turnover time of feed companent / d
T; Reference digestion turnover time of feed d
component /
Ui,jk Rate of utilization of / by ¢ transaction {mol or g i1/d
Um,-’ & Rate of dtilization of / by j-k transaction mol i/d
due to m microbes
V; Volume of / |
“';k Maximum valacity for j-k transaction {mol or g f)/(g or I)'d
Vik Velocity for j-k transaction {mol or g j}/d
Vijk Velocity for j-k transaction with respect to 7 mol jid
Yk Yield of 7 for j-k transaction {mol or g /}/(mol, g or | j)

i, J, k and rm take values from Table A1.
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Table A3. Principal transactions occurring within the rumen
Transaction Substrate: Products:
principal; principal;
auxiliary auxiliary
AmBa Am; Ha Ba; Ac, Pr, Bu, VI
AmBc Am; He Be; Ac, Pr, Bu, VI
BaPo Ba; Sp Px; Po, Am, Ps, Ac, Pr, Bu, VI
BcPo Bc; Sp Px; Po, Am, Ps, Ac, Pr, Bu, VI
FdHe Fd . He ‘
FdPo Fd; Sp Po; Ac, Pr, Bu, Vi
HaSa Ha; Sp Sa; Ac, Pr, Bu, VI
HaSp Ha; Sp Sp; Ac, Pr, Bu, VI
Hava Ha Ac, Pr, Bu, VI
Hcva He Ac, Pr, Bu, VI
PdPs Pd Ps
PdPo Pd; Sp Px; Am, Ps, Ac, Pr, Bu, VI
PoDe Po; Ac, Pr, Bu, VI Ps, Ha, Li
PoPa Po; Sp Px: Po, Am, Ps, Ac, Pr, Bu, VI
PsAm Ps: Ha, Hc Am; Ac, Pr, Bu, VI
PsBa Ps; Ha Ba; Ac, Pr, Bu, VI
PsBec Ps; He Bc; Ac, Pr, Bu, VI
PsPo Ps Px; Am, Ps, Ac, Pr, Bu, VI
SaPo Sa Po; Ac, Pr, Bu, V!
SdHa Sd Ha
SdPo Sd Po; Ac, Pr, Bu, VI
SpDe Sp Ha
UeAm Ue; Am Am
See Tables A1 and A2 for explanation of notation.
Table Ad. Mathematical statement of mode!
Protein and non-protein N digestion
Degradable protein pool, Qpy Imol)
Concentration: Cpy = Qpy/Vg, (1.1)
Inputs: Ppaned = Ypd,inpaDpg 1.2)
Qutputs: Upd,paps = Veaps/l1 + Mpg paps/Cpql (1.3)
Upd,papo = Vpdro/l1 + Mpg papo/Cpdl (1.4}
Upd,pdex = KpdexQrd {1.5)
Differential eq: dQpyfdt = Peg inpg - Upg,pdps - Upd,PdPo - Ypd,pdex 1.6}
Auxiliary 8ans: Vpgps = Vpgps(Qpa + Qg (1.7}
Med,paps = Mpd,paps Tea/Trd (1.8}

{continued)
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Table A4 fcontinued]. Mathematical statement of model

VpdPo = v;d,,ogp,,m + {QgplQgy + Qplidsp pape) PP (1.9)
Mpa,papo = Mpd,papoTpa/Tpd (1.10)
kpdex = Ksokx (1.11)

Soluble protein pool, Qp, (mol}

Concentration: Cp, = Qp./Vp, {2.1)
Inputs: Pps,inPs = Yes,InPsDps (2.2)
Pps,sips = Yps,sipsCsi (2.3)
Pes,paps = Yps,pdpsUpd,Paps (2.4)
PrspxPs = Ppx.pxPo - Upx,Pxam ~ Brx,xxPoPPo,xxPo (2.5)
Pps,pobe = Yps,PoDeUpa,pobe (2.6)
Qutputs: Ugaps,psam = VBa,psam/[1 + Mpg psan/Cps + Cha/JHa,Psam] (2.7)
Ugcps,psam = VBe,psam/l1 + Mpg psam/Cps + Chc/Jic,psam! (2.8)
Ups,psga = VPsBa/ll + Mps psBa/Crs + My psga/CHal (2.9)
Ups,psge = VpsBe/l1 + Mps pege/Cps + M pspc/CHcl (2.10)
UPs,PsPo = Vpgpofl1 + MPs,PsPo/CPs] (2.91)
Ups,psex = KpsexCrs (2.12)
Differential eq: dQpg/dt = Ppg nps + Pps sips + Ppgpaps + Pps,pxps + Pps,pobe
- UaPs,psam = UBcps,psam = Ups,PsBa - Ups,psBe
- Ups,psPa - Yps psex (2.13)
Auxiliary eqns: Ppy pyps = Ypy,BaPoUBa,BaPo + YPx,BcPoUBc,BoPo
.t Ypx,popoUpo,popo + Upd,papo * Ups,pspo (2.14)
VBa,PsAm = VPsamOBa (2.18)
VBe PsAm T VpsamQee (2.18)
VPsBa = VPsBalBa (2.17)
VesBe = VEsBcQBc (2.18)
Vpspo = VYpspolPpo (2.19)
kpsex = KriEx (2.20)
Undegradable protein pool, Qp, (moll
Concentration: Cp, = Qp /Vg, (3.1)
Input: Peuinpu = Ypu,InPuPpu (3.2
Output: Upu,puex = KpuexQey (3.3)
Differential eq: dQp,/dt = Pp, 14p, - Upy, PuEx (3.4)
Auxitiary eq:  kp gy = Kgoex {3.5)
Ammonia pool, Qy,,, (mol)
Concentration: Cap = Qam/VR, 4.1
Inputs: Pam.nam = Yam,inamPam (4.2}
Pam,ueam = Yam,ueAmVUe,Am (4.3}

fcontinued)
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Table A4 fcontinued). Mathematical statement of model
PBaam,Psam = Yam,PsamUYBaPs,PsAm (4.4}
PBcAm,PsAm = YAm,[ﬂs.‘ﬂ\mUB(:Ps,F‘sP\In (4.5)
Pam,Pxam = Y.*hr'n,anﬂumUPx,Px.ﬂum (4.6)
Qutputs: Uam.AmBa = YamBa/ll + Mam amBa’Cam * Mua,amBa/CHal (4.7
Uam,amee = Vamac/l1 + Mam amBc/Cam * Mg, ambc/Chcl (4.8)
Uam,amab = Yamab/l? + Mam aman/Caml (4.9)
Uam,amex = Kamex@am (4.10)
Differential eq: dQpm/dt = Pam inam + Pam,ueam + PBaam,Psam * Pecam.Psam
+ PAm,PxAm - UAm,AmBa - UAm,Ach b UAm,AmAb
- UAm,AmEx {4.11)
Auxiliary eqns: vygam = vGeAmVRqui’FBIH + CAm/JAm,UeAm) 4.12)
UPx,PxAm = VP)(.Am(')Po"rI + MPx,PxAm'l(PPx,PxPO
"RPx,XxPoF:Po,XxPo” QPo] 4.13)
IV'Px,P:-cAm =' MPx,PxAm'fTPx {4.14)
VAITIBE = VémBaQBa {4.15]
VamBe = VAchQBco 75 SoHAmAD {4.16)
* . JAm
kamex = KriEx 14.18)
Lipid Digestion
Lipid pool, Q, ; {mol)
Concentration: C; = Q,;/Vg, {5.1}
lnputs.‘ PLI,lnLi = YLi,IﬂLiDLI (5.2,
PLipobe = YLi,PoneYro,Pobe (5.3}
PLiixti = PLx,LxPo - Bix,XxPoPPo,XxxPo {5.4}
Qutput: UiiLipo = Viipo/l1 + My ipo/CLi (6.5
UpiLiex = Keiex@y; {5.6)
Differential eq: dQ;/dt = Py ;o + Puipope + Pui,Lxii - YLiLipo - YL Liex (6.7)
Auxiliary eq: Py | xpo = Yix,BaPoUBa,BaPo + YixBcPolUBe,Bepo + YixPoPallpo,popo
ViiPa = VLiPoQpo {5.9)
kiiex = Ksobx (5.10)
Carbohydrate digestion
Degradable starch pool, Qg4 (moll
Concentration: Cgy = Qgy/Vp,, (6.1)
Input: Psdnsa = Ysa,insdPsd {6.2)

fcontinued)
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Table A4 fcontinued). Mathematical statement of mode!

Outputs: Usg,sdHa = VsdHa!ll + Msg,saHa/Csdl
Usd,sdPo = Ysapo/[1 + Msq sdpo/Csdl
Usd,sdsp = Vsdsp/l1 + Msq s545p/Csal
Usg,sdex = Ksdex3sd
Differential eq: dQgg/dt = Py insd - Usd,sdHa - Usd,sdPo - Usd,sdsp - Usa,sdex
Auxiliary eqns: vgyua = VSdHaOBa
Msd,SdHa = = Mgy, sqHaTsd/Tsd
Vsdpo = Vsdropo
Msg.sdpo = Msd,sdpoTsa/Tsd
Vsasp = v;dspcxp,,m + (QggQg, + Opogp sasp e
Msg,sasp = Msd,sdspT5¢/Tsd
ksgex = Ksokx

SdsSp

Degradable fibre pool, Qry Imo)
Concentration: Cpy = Qpy/Vg,
Input: Ped,ioFd = Yrg,inFdCFd
Outputs: Urg,FaHe = VEdHe/I1 + MEd FaHe/Crdl
Urd,FdPo = Vrdro/l1 + Mrg,rapo/Crol
Urd,Faex = KrdexQrd
Differential eq: dQry/dt = Pry,inFd - Urd,FaHe - Yrd,Fapo - Urd,Fdex
Auxiliary eqns: Vegne = VEgrcCrclll - 1f/24) + (tf/24)
11+ (Mg pgc/pm) ®PH FaHe))
Mg FaHe = MFd FarcTra/ T 050 FaP
= o
VEdpo = VEdroQpo/l1 + {QgyilQgy + Opglidsp rapol™
Meq,Fapo = MegrapoTrd! Trd
kedex = Ksobx

Undegradabie fibre pool, Qg {mol}

Concentration: Cg,, = Qg /Vg,

Input: PeuinFu = Yru,inFulry
Output: Uru,Fuex = KruexQru
Differential eq: dOg/dt = Pg, ey - Upy FuEx

Auxiliary eq:  Kpyey = Kgopx

Amylolytic hexose pool, Qg {mol)

Concentration: Cy, = Q./Vay

Inputs: PHa,WrHa = YHB,WFHBDWF
PHa,SrHa = YHa,$rHaDsy
Pha,LaHa = YhalaHaPra
PHa,inti = YHa,InLiCLi

{6.3)
(6.4}
(6.5}
{6.6}
(6.7}
(6.8}
{6.9)
{6.10)
{6.11}
{6.12)
{6.13}
{6.14)

(7.1}
(7.2)
{7.3)
(7.4}
{7.5}
{7.6}

7.7}
{7.8)
{7.9)
(7.10)
{7.11}

{8.1}
(8.2)
{8.3}
8.4
(8.5}

9.1
(9.2)
(9.3)
(9.4)
(9.5)
fcontinued)
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PHa,sdHa = YHa,sdHaYsd,sdHa (9.6}
Pha.PoDe = YHa,PoDeYPo.PoDe (9.7}
PHa,SpDe = YHa,SpDeUSp,SpDe (9.8
Qutputs: Yha,amBa = BHa,AmBaYAm,AmBa 8.9
UHa,PsBa = I:tHa,F’sBauPs,F'sBa {9.10)
UhaHasa = VHasa/l! + Myga Hasa/Chal 9.11
UHa,HaVa = "'HaVa“[1 + IlvllHa,Ha\»'a"CHﬂ}[‘I + CAm'{JAm,HaVa
+ CPs/JPs,HaVa” (9.12)
Una,HaPo = YHaPo!l1 + Mua Hapo/Chal - UHa,HaSp (8.13)
UH&,HESP = VHBSD'I[‘I + MHE,HESPICHE] [9.14]
UHa,HaEx = KyaexQya (8.15)
Differential eq: dQ,/dt = Pya wea + Phasra + PHaLada + Phanli + PHa,sdHe
+ PHa,PoDe + PHa,SpDe - UHa,AmBa - UHa,PsBa
- UHa,HaSa - UHa,HaVa - UHa,HaPo - UHa,HaSp
" UHa,HaEx (8.16)
Auxiliary eqns: v ,g, = V:IaSaQBa (9.17)
VHava = VI;|aVaoBa (8.18)
VHaPo = VljaPoQPo {9.19)
Vhasp = VhaspQpo/l1 + {Qgy/(Qgy + Qpaligp pagpt 5P HASP {9.20)
Kpaex = KriEx (9.21)
Cellulolytic hexose pool, Q. fmol)
Concentration: Cpy, = Qn./Vg, {10.1)
Inputs: PHe,FdHe = YHe,FarcVrd Fame 110.2)
Outputs: Une,amBe = Ric,amBcYam, amBe {10.3)
UHc,PsBc = RHG.PSBGUPS,PSBC (10.4}
UHc,HcVa = Vyowa/ll1 + MHC,HCVa'{CHGH‘[ + Cam/Jam, Heva
+ CPs"JPs,HcVa” (10.5)
L'Hc,Hn::Ex = kyeexQHe (10.6)
Differential eq: dQy,/dt = Py ramc - Une,amee - Une,PsBe - UHeHova - UHe Heex  119-7)
Auxiliary eqns: vy.ya = YHevaOBe {10.8)
kpcex = KFiex {10.9)
Microbial growth, passage and death
Amylolytic bacteria pool, Qg (g)
Concentration: Cg, = Qg,/Vpg, 11.1)
Inputs: PBa,amBa = YBa,AmBaYAm,AmBa (11.2)
PBa,PsBa = YBEn,PsE.aUPs,F‘sBa (11.3)
Outputs: Uga,Bapo = VBaPo/l1 + May pupo/iCra + Cee + Csall (11.4)

fcontinued)
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Uga,Batx = kgaexCaa (11.5)

Differential eq: dQp,/dt = P, aAmpa + Paa,psBa - YUga,BaPo - YBa, Bakx (11.8)
Auxiliary eqns: vpgp, = V;xPOQPUCBa”CBa + Cg. + Cglil1 + (Qgp/tQg,

+ Qpoligy pxpol P BXF0 (11.7)

kgaex = Keiex {(11.8)

Amylolytic bacterial storage polysaccharides pool, Qg, (g)

Concentration: Cg, = Qg,/Vp, 12.1m
Input: Psatiasa = Ysa,HasaYHaHasa 12.2)
Outputs: Usa saPp = Vgapo/l1 + Mgy Bxpo/(Cra T Cae + Cgall {12.3)

Usa,saex = KsaexOsa {12.4)
Differential aq: dosa/dt = PSa,HaSa - USa,SaPo - USa,SaEx {12.5)
Auxiliary eq:  Vgapo = VexpoQpaCsallCga + Cac + Csal/l1 + (Qgy/(Qg,

+ QpgHdgp pypol 5P BP0 (12.6)

ksaex = KpiEx (12.7)

Cellulolytic bacteria pool, Qg (g)

Concentration: Cg, = Qp/Vp, {13.1
Inputs: Pgc.AmBe = YB.::,I-\ch:U.ﬁl’um,AmBi:: (13.2)
PBe,PsBe = Yac,PsBcUps psiic {13.3)
Outputs: Uge,BePo = VBcPo!/l1 + May pxpo/iCaa + Coe + Csall {13.4)
UBc.BcEx = kpoexCae {(13.5)
Differential eq: dOBC/dt = PBc,AmEc + PBC,PSBC - UBC,BCPO - UBC,BCEX (13.8)
Auxiliary eqns: vpepy = VpxpoQpoCac/ICaa + Cpe + Csal/l1 + (Qgy/lQg,

+ QPD”‘JSp,BxPo)eSp’a"PO {13.7)

Kpcex = Ksokx {13.8)

Protezoa pool, Qp, (g)

Concentration: Cp, = Qp,/Vg, (14.1)
Inputs: Ppo,xxpo = MINI(Yeg xupolUxx, xxPo - Uxx, xxPm!t (Pex,pxpo/Rex,xxpoll 114-2)
Qutputs: UPO,POPO = VPOPO"'[‘I + MPO,PDPD”CPO + CSD)] (14.3)
Ugo,poDe = VPoDe (14.4)
UPo,PoEx = kPoExo“Po (14.5)
Differential eq: deoldt = PPO,XXPO - UPO,POPO - UPO,PODB - UPO,POEX {14.6)

Auxiliary eqns: Uy, wypo = Urg FaPo + YsdsdPo + UHa,HaPo + Yxx.SaPoYsa,saPo
+ YXx,SpPoUSp,SpPO + YXx,BaPoUBa,BaPo

+ YXX,BCPOUBG,BGPO + YXx,PoPoUPo,PoPn' (14.7)
Uxtx, XxPm f Ry, xxPmPpo {14.8}
VPoro = VPoPolpoCro/(Cpg + Cgpl/l1 + 1Q5,/(Qg, + Qpg)
85p,PoPo
/JSp,PoPn' {14.9})

fcontinued)
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VPaDs = “'I;caDeQPo"[1 + '(MVa,PoDe"PVa,XxVa/OPo)eva'PODe] 1410
Pya,xxva = Pac,sdsp + PacHasp * Pac.xxPo + Per.sdsp + Prr.Hasp
+ Ppr,xxPo * PBusdsp + PeuHasp + PeuxxPo
+ Pusasp + Pvinasp + Pyvixxpo (14.11)
MVa,PoDe = MVa,PoDe/TVa {14.12}
kpoex = 0-45kgopy (14.13}
Protozoal storage polysaccharides poaf, Os,o fg!
Concentration: Cgy = Qg /Vi, {15.1)
Inputs: Psp,Hasp = YSp,HaSpUHa,HaSp (15.2)
Psp,sasp = Ysp,saspYsd sdsp {15.3)
Outputs: USp,SpPo = \"SpPo'{rI + MPu,PoPo/(CSp + CPu] {16.4)
Ugp,spbe = VspDe {15.5)
Usp,spex = KspexQsp {15.6)
Differential eq: dQSp.’dt =*PSp,HaSp + PSp,SdSp - Usplsppo - USp,SpDe - USp,SpEx {15.7)
Auxiliary egns: Vgppo = VPOPUQSpCSp](CS + Cp 1 + {Qspl(Osp + Qp,)
IJSp,PoPo)e p.PoPo {15.8)
VepDe = "’I:oDeclSpJ'"[‘I + (MVa,F‘oDe"'PVa,XxVa'IQPo’GVB'PODE] {16.9)
kSpEx = 0.45kg,p, {15.10)
Volatile fatty acids
Acetic acid pool, Q. (mol}
Concentration: Cp. = Qp/Vg, {(16.1)
inputs: Pac.inac = YAc’InACDAC {(16.2)
PAc,AmBa = YAc,AmBaUHf,AmBa {16.3)
Pac,amBe = YAc,AmBcUHf, AmBe {16.4)
Pac,psBa = YAc,PsBaltif,Psga (16.5)
Pac,psBc = Yac,psecYHfPsBe {16.6)
Pac,Hasa = YAc,HasaYHf,Hasa {186.7)
Pac.Hava = Yac,HavaYHa,Hava {(16.8)
PAc,HcVa = Yuﬂw.,Hc\.'aL"H(:,Hc\o'a 6.9
Peaac,Psam = Yac,PsamUBaPs,Psam (16.101
PBeac,Psam = YAc,Ps.»‘-"\mUBcPs,PsAm 16.11)
Pac.pxam = Yac,PxamUpx,Pxam (16.12)
Pac,Hasp = YAc,HaspYHf Hasp (18.13)
Pac,sdasp = YAc,sdspYst,sdse {16.14}
PacxxPo = Yac,xxPolxt xxPo (16.15)
Outputs: Uac.acab = Vacab/l1 + Mac acan/Cacl (16.16}
Unc,acex = KackxQac (16.17)

{continued)
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Differential eq: dQ,./dt = Paginac * PAc,AmBa + PAc,Ach + Pac,PsBa
* PacpeBe + PacHasa + PacHava T PacHeva
+ Pgaac,psam t Pecac,psam + Pacpxam + PacHasp

+ Pacsdsp + Pac,xxPo - Yac,acab - Yac,AcEx {(16.18)
Auxiliary eqns: UHf.AmBa = fo,AmBaUHa.AmBa {16.19}
Unr,amBe = Trf,amBcYHe, AmBe {16.20)
Utit,psea = *hr,PsBaYHa,PsBa {16.21)
Unt,psBe = fHt,PsBeYHc, PsBe {186.22)
Unt,Hasa = THf,HasaYHa,Hasa {16.23)
Ust,sasp = Tst,sdspYUsd,sdsp {16.24)
Unt Hasp = THiHaspUHa,Hasp {16.25)
Ut xxPo = UxxxxPm + Uxxxva + Fxt,xxPofYxx, XxPo = Uxx,XxPm
- UXx,XxVa’ {16.26)
YAc,LaAc = ch,LeYAc,WrAc 16.27)

YacHava = (Yac,wrac!PHa,wrHa + Pha,inli + PHa,PoDe!
+ YAc,LaAcPHa,LaHa + YAc,StAc(PHa,SrHa + PHa,SdHa
+ PHa,SpDe”"(PHa,WrHa + PHa,LaHil + PHa,InLi

+ Pya,siHa + Pua,sdHa * Piia,pobe * PHaspoe! {16.28)
YacHova = ToeFdYac.ceac + {1 - foe Fal Yac Heae {16.29)
YAc,PsVa = YacPsAc {16.30)
Yac,amBa = YAc,Hava (16.31}
YAc,Ach = Y.l-’u:,H.::\lﬁ'a {16.32)
YAc,PsBa = Y.!-'\c:,,Ha\.Fa {16.33}
Yac,psBc = YAcHcva {16.34)
YacHasa = Yac.Hava {16.35)
Yac.Psam = YacPsva {16.36}
Yacpxam = Yac,Psva {16.37)
Yac,sdsp = Yac,Stac (16.38)
YAc:,HeaSp = Yac Hava {16.39}
YacFava = fce,FaYac,ceac + 11 - Te,Fd" Y Ac,HeAc (16.40)

Yac,xxpo = Yac.FavaYrd.Fdro + Yac.stvalYsd,sdro

+ YXx,SaPoUSa,SaPn + YXx,SpPoUSp.Sch-}

+ YAc.HaVaUHa,HaF‘n + YAc,WrAc(YXx,BaPoUBa,BaFo

+ YXx.BcPoUBc,BcPo + YXx,PoPoUPo,PoPo)”UXx.XxPo (18.41)
Uxx,xxva = MAXIUyy xxPo ~ Uxx,xxPm!YPo,xxPo - {PPx,PxPo

"RPx,XxPo]”YPuXxPO' 0.0] (16.42)
Vacab = VacabVRu 1+ 1PHAy acap) PP ACAY) {16.43)
Kacex = Kriex (16.44)

fcontinued)
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FPropionic acid peol, Qp, mol)

Equations for this pool as for acetic acid pool but with Pr replacing Ac throughout

Butyric acid pool, Qg,, (moll

Equations for this pool as for acetic acid pool but with Bu replacing Ac throughout

Valeric acid pool, Q, (mol)

Equations for this pool as for acetic acid pool but with VI replacing Ac throughout

See Tables A1 and A2 for explanation of notation.



135

Chapter 5

SIMULATION OF THE EFFECTS OF DIET ON THE CONTRIBUTION
OF RUMEN PROTOZOA TO DEGRADATION OF FIBRE IN THE RUMEN

Jan Dijkstra and Seerp Tamminga

Wageningen Agricultural University, Department of Animal Nuttition,
Haagsteeg 4, 6708 PM Wageningen, The Netherlands

To be submitted to: British Journal of Nutrition



137

SIMULATION OF THE EFFECTS OF DIET ON THE CONTRIBUTION
OF RUMEN PROTOZOA TO DEGRADATION OF FIBRE IN THE RUMEN

JAN DIJKSTRA AND SEERP TAMMINGA

A previously described mathematical model, that simulates the metabolic activities
of rumen bacteria and protozoa, was used to examine the contribution of protozoa
to NDF degradation in the rumen of cattle. Comparisons between predicted and
experimentally observed NDF degradation and protozoal N in the rumen showed
general agreement. Further simulations ware performad with diets, containing variable
proportions of concentrate (between 0 and 100% of diet DM) and at intake levels
ranging between 5.3 and 21.0 kg DM/d. Except for the all concentrate diets, raising
the feed intake level of these diets reduced the simulated protozoal contribution to
NDF degradation from 17-21% with an intake of 5.3 kg DM/d to 5-13% with an
intake of 21.0 kg DM/d. Predicted ruminal NDF degradation with the all concentrate
diet at the highest intake level was only 8% and entirely related to protozoal activity.
The changes in contribution of protozoa to NDF degradation were related to variations
of the ratio of cellulolytic bacteria to protozoa and of the NDF degrading activities of
protozoa predicted by the model. In simulations where dietary NDF levels were
reduced and starch and sugar levels were increased independently, protozoal
contribution to NDF degradation generally increased. These differences were also
reflected in the increased protozoal contribution to NDF degradation generally
predicted in response to a decreased roughage:concentrate ratio. The contribution of
protozoa generally declined in response to added nitrogen as well. These changes in
predicted protozoal contribution to NDF degradation resulting from dietary variations
provided possible explanations for the differences in rumen NDF degradation observed
when animals are defaunated.

Rumen: Computer simulation: Mathematical model: Ruminants: Fibre: Protozoa

Forages, which generally contain large amounts of cell wall carbohydrates, form the
basis of a ruminant diet. The rumen is the major site of degradation of cell wall
carbohydrates {Van Soest, 1982). A mixed population of rumen microorganisms,
including fungi, protozoa and bacteria, are involved in fibre degradation. Fungi are a
recently discovered group of microorganisms, contributing up to 8% of microbial
biomass (Orpin, 1984; Fonty et a/. 1988). Ciliate protozoa are generally present in
large numbers, their biomass at times approximating or even exceeding that of
bacteria- (Hungate, 1966). Both protozoa and bacteria are of clear significance in
rumen metabolism. In contrast with the considerable knowledge on predominant
rumen cellulolytic bacteria, the role of rumen protozoa in fibre degradation is still
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controversial {see reviews Coleman, 1986; Williams, 1986, Jouany, 1989). Study of
the contribution of protozoa to fibre degradation is severely hampered by the inability
to cultivate protozoa in vitro routinely in absence of growing bacteria. The study of
defaunated animals could provide an alternative, but reported results are controversial
{Ushida et al. 1991). The effect of defaunation of the rumen on rumen fibre
degradation varies between over 50% inhibition to 15% stimulation (review Demevyaer,
1989). Results of biochemical, cultural and microscopic studies indicate that the
contribution of protozoa depends on the complex interactions between protozoa,
bacteria and dietary characteristics (review Jouany, 1989). Thus, attempts to explain
the non-systematic modifications resulting from removal of protozoa should include
these relationships. An increased understanding of interactions between several
components of a biological system needs an integration approach, which presently
is only possible through mathematical representation of the processes involved
{Thornley & Johnson, 1990},

The aim of the present study was to establish the likely roles of the rumen
protozoa in fibre degradation on a wide range of dietary inputs, using a mathematical
model of rumen fermentation (Dijkstra, submitted).

MATERIAL AND METHODS

Mode! description, general

A fuli description of the mathematical model, including the assumptions on protozoal
and bacterial metabolism, the mathematical representation of microbial metabolism,
and derivation of maximum reaction velocities, affinity and inhibition constants have
been described previously {Dijkstra et a/. 1992 and Dijkstra, submitted). The model
is driven by continuous inputs of nutrients, calculated from the amount of feed fed
and the chemical composition of the diet, including estimates of solubility,
degradability and digestion turnover times of feed components, and by fractional
outflow rates of fluid and solid phases as well as rumen fluid pH. The model
comprises 19 state variables, each representing a pool size in the rumen. State
vartables relate to the carbohydrate entities {rumen degradable and undegradable
fibre, starch and mano- or disaccharides derived from hydrolysis of fibre, starch and
sugars), nitrogen containing entities (rumen degradable and undegradable protein and
ammonia), fatty acid containing entities {lipid and volatile fatty acids} and microbial
entities (amylolytic bacteria, cellulolytic bacteria and protozoa). The majority of the
transaction kinetics were described using standard expressions from enzyme kinetics
(Michaelis-Menten equations). Within the objective of the model, nutrients othar than
carbon or nitrogen containing substrates were assumed to be present in non-limiting
amounts. The computer program was written in the simulation language ACSL
{Mitchell & Gauthier, 1981} and the model was solved by integration of 19 state
variables with a fourth-order Runge-Kutta method.
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Representation of fibre degradation

A brief description of the representation of fibre utilization by rumen bacteria and
protozoa is given; full details can be found elsewhere (Dijkstra er a/. 1992; Dijkstra,
submitted). In view of substrate preference shown by many bacterial species, within
the model amylolytic bacteria and cellulolytic bacteria have been represented
separately. The first group utilized hexose derived from starch and sugars, the latter
utilized hexose derived from fibre. Protozea utilized both fibre as well as starch and
sugars, but maximum rate of fibre utilization was assumed to be lower than maximum
rate of starch or soluble sugar utilization. The presence of storage polysaccharides
within protozoa was assumed to inhibit uptake rate of insoluble material, including
fibre. Fibre degradation by the cellulolytic bacteria was assumed to be inhibited at low
pH values {pH < 6.3). Increased lysis of protozoa on diets rich in easily degradable
carbohydrates, which are generally accompanied by low pH values of rumen fluid, has
been included in the model.

Simufated diets

The simulations were conducted for dairy cows and were designed to study the
effects of different intake levels, variations in proportions of concentrate in the diet
and changes in dietary levels of Neutral Detergent Fibre {NDF), starch, sugars, and
nitrogen {N} on protozoal contribution to degradation of NDF in the rumen. The input
values were based on the study of Robinson ef a/. (1986 and 1987). In this
expetiment, dairy cows {with an average body weight of 583 kg) were fed diets of
1/3 ryegrass hay and 2/3 concentrate, containing different proportions of starch, at
intake levels 0f 5.3, 9.2, 13.1, 17.1 and 21.0 kg DM/d. Simulations were perfoermed
for the intermediate level of starch in the concentrate, and the chemical compaosition
of the hay and the concentrate is given in Table 1 (adopted from Robinson et al.
1986). Estimates of soluble and undegradable fractions and digestion turnover times
were calculated as described before {Dijkstra et a/. 1992). Fiuid and solid passage
rates, rumen volume, and rumen fluid pH at the different intake levels were adopted
from Robinson et a/. (1986 and 1987) as well.

The effect of the roughage:concentrate ratio at several intake levels was
investigated using the same hay and concentrates (Table 1), with proportions of

Table 1. Chemical composition (g/kg DM) of the hay and concentrate used in simulations

Hay ' Concentrate
Neutral Detergent Fibre 520 355
Scluble sugars 160 68
Starch 0 197
Crude fat 23 31
Tatal nitrogen 21.7 28.9

Adopted from Robinson et al. {1986}
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concentrate in the diet set at O, 33, 67 and 100%. Changes in fluid and solid
passage rates were estimated according to the relative changes calculated using the
regression equations reported in the review of Owens and Goetsch (19886). For each
intake level, pH values of the 0 and 33% concentrate diets were assumed to be 0.2
and 0.1 unit higher, and of the 100% concentrate diet 0.1 unit lower than the
corresponding value of the 67% concentrate diet reported by Robinson ef a/. {1987).
Some justification for these assumptions on pH changes are the values of mean and
minimum pH reported by Bosch (1991} on silage based diets (mean and minimum pH
decrease of 0.2 and 0.3 units respectively when dietary concentrate proportion
increased from & to 36%, accompanied by an increase of DM intake from 13.3 to
17.3 kg/d).

To assess the effect of the individual feed components, the amount of NDF,
starch, sugars, and N was varied while keeping all other values constant. The
variation range chosen was: NDF, 300-600 g/kg DM; starch, 0-300 g/kg DM; sugars,
0-300 g/kg DM; N, 17.5-32.5 g/kg DM. Results are reported for four diets: a 0%
concentrate diet at an intake level of 5.3 (Diet RL) or 17.1 (Diet RH) kg DM/d, and
a 67% concentrate diet at an intake level of 5.3 (Diet RH) or 17.1 (Diet CH} kg DM/d.

The simulated contribution of rumen protozoa to fibre degradation was calculated
as the amount of NDF taken up and subsequently degraded within the protozoa,
divided by the total amount of NDF degraded in the rumen.

RESULTS

Comparison between predicted and observed values

In Table 2, observed parameters i{reported by Robinson et a/. 1986 and 1987} and
parameters predicted by the model are presented for 5 intake levels, as well as the
error of predicted relative toc observed values {root Mean Square Prediction Error,
MSPE; Bibby and Toutenburg, 1977}, It should be noted that Robinson et a/. (1987}
calculated duodenal NDF flow by dividing faecal NDF flow by 0.85, based on studies
of Tamminga {1981). Except for the 9.2 kg DM/d intake level, there was a close
agreement for duodenal NDF flow between observed and simulated results, with a
root MSPE of 3.5%. Both observed and simulated values indicated a decline in rumen
NDF degradation as intake increased. As observed in the previous model (Neal et a/.
1992}, rumen ammonia concentration was seen to be overpredicted with a MSPE of
66%. Both observed and predicted values showed an increase of total VFA
concentration of rumen fluid as intake increased (MSPE = 10.4%)}. Rumen microbial
N was observed and predicted to increase with each feed intake increment. The
generally overpredicted microbial N probably can be attributed to fact that Rebinson
et al. (1987) used DAPA to estimate microbial N in the rumen, which is assumed to
measure bacterial biomass only, while predictions of microbial N include protozoal N
as well. The lowest simulated proportion of cellulolytic bacterial OM and highest
proportion of protozoal OM in the rumen occurred with an intake level of 9.2 kg
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Table 2. Comparison of experimentally observed parameters {abs) and parameters predicted
by the model (pred), and error of predicted values relative to observed values {MSFE], for
cows fed diets at different intake levels

Intake level (kg DM/d} MSPE

5.3 9.2 13.1 171 21.0

obs pred obs pred obs pred obs pred obs pred

Duodenal flow of

OM {g/d}: :
NDF 0.79 0.81 1.45 163 218 2.17 3.42 3.44 424 423 3.5
Total NAN - 126 | - 226 - 323 - 437 - 521" -
Bacterial NAN - 63 - 107 - 158 - 201 - 252 -
Protozoal NAN - 8 - 11 - 13 - 16 - 16 -
Cancentration of
(mM):
Ammonia 6.9 8.8 53 8.5 6.7 104 6.4 8.3 5.0 12.0 66.1
Total VFA 93 73 106 24 124 112 119 117 131, 127 10.4
Microbial N in
rumen (g) 87 91 128 121 157 169 168 173 183 228 10.4
Microbial OM
{% of total):
Cellulolytic
bacterial - 493 - 475 - b3.8 - 534 - b2 -
Protozoal - 24.8 - 26.0 - 237 - 23686 - 21,0 -
Protozoal NDF
degradation (% of - 16.7 - 16.8 - 14.0 - 12,9 - 128 -

total degradation)

Obsarvations from Robinson et a/. {1986 and 1987); DM, dry matter; MSPE, mean square
prediction error; NAN, non-ammonia nitrogen; NDF, neutral detergent fibre; OM, organic
matter; VFA, volatile fatty acid.

DM/d, and at this level the simulated contribution of protozoa to NDF degradation
was 16.8% and decreased to 12.6% at the highest intake level.

Effect of the intake level and roughage:concentrate ratio
The predicted amount of protozoal OM in the rumen, the proportion of rumen
protozoal OM in the total amount of cellulolytic bacterial and protozoal OM, and the
contribution of protozoa to fibre degradation in the rumen, with diets containing O,
33, 67 or 100% of concentrate and fed at 5 intake levels, are shown in Figures 1A,
1B and 1C, respectively. Protozoal OM generally increased in response to increased
feeding levels (Figure 1A}, The predicted small elevation or even drop in protozoal GM
when feed intake was raised from 13.1 to 17.1 kg DM/d is the result of the relatively
high solid passage rate at the 17.1 kg DM/d level, adopted from Robinson et a/.
(1987). Protozoal OM was always lowest with the all roughage diet and generally
increased when concentrate replaced roughage. However, with higher intake levels,
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the increased availability of easily fermentable carbohydrates on the all concentrate
diets caused fractional death rate of protozoa to increase rapidly {see equations 14.10
- 14.12 of the computer program; Dijkstra, submitted}, the result being that predicted
protozoal OM with the all concentrate diet was lower than the 67 % concentrate diet
for intake levels exceeding 12 kg DM/d. The proportion of protozoal OM in the total
cellulolytic microbial OM {the latter consisting of cellulolytic bacteria and protozoa)
was generally predicted to decline with an increase in feed intake, but with the all
concentrate diet, this proportion was increased (Figure 1B}. Intake of the all
concentrate diet exceeding 15 kg DM/d resulted in predicted elimination of cellulalytic
bacteria, due to the relatively low amount of substrate available and the low pH of
rumen fluid. Hence, the proportion of predicted protozoal OM to cellulolytic microbial
OM was 1. Thus, high intake of the all concentrate diet resulted in a low ruminal NDF
degradation {only 8% of intake}, entirely related to the metabolic activity of rumen
protozoa (Figure 1C). With lower inclusions of congentrate in the diet, the highest
protozoal contribution to NDF degradation at the low intake level was predicted to
occur with the all roughage diet {21, 20, 17% with 0, 33 and 67% concentrate,
respectively). By contrast, when feed intake level was increased up to 21 kg DM/d,
this contribution with the all roughage diet declined to 5%, while on the 67%
concentrate diet, the decline was much less pronounced {13% with highest feed
intake level). The pattern of contribution of protozoa to rumen fibre degradation
qualitatively matched the pattern of the proportion of protozoal OM in total cellulolytic
microbial OM. However, except for the situation where cellulolytic bacteria are
predicted to disappear, the NDF degradation activity of protozoa per unit protozoal
OM was always lower than the corresponding activity of cellulolytic bacteria, which
can be seen from the ratioc between the contribution of protozoal OM to total
cellulolytic microbial OM in the rumen and the contribution of protozoa to rumen NDF
degradation. This relative NDF degradation activity of protozoa decreased in response
to an increased dietary concentrate level as well, particularly with low levels of feed
intake.

The effect of chemical compaosition of the feed
In this series of simulations, the effects of variations in chemical composition of the
diet {NDF, starch, sugars, N} were investigated by varying the amount present
without changing any other input pararmeter in the model. The predicted responses
of protozoal OM in the rumen, the proportion of pratozoal OM in the total cellulolytic
microbial OM, and the contribution of protozoa to NDF degradation, to variations in
NDF content of the diet are shown in Figure 2A, 2B and 2C, respectively, for all
roughage {R) or 67% concentrate {C) diets fed at low (L; 5.3 kg DM/d) or high (H;
17.1 kg DM/d) intake level. Protozoal OM in the rumen was predicted to be
unaffected by increases in the dietary NDF content {(Figure 2A)}, whereas there was
an increase in cellulalytic bacterial OM, because substrate availability was increased.
Consequently, with all diets the proportion of protozoal OM in cellulolytic microbial
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OM decreased (Figure 2B), as well as the contribution of protozaoa to fibre degradation
(Figure 2C). These changes were most pronounced on the low intake, all roughage
diet {Diet RL), and particularly so with low NDF levels. With Diet RL, the contribution
of protozoa to fibre degradation decreased from 61 % with 300 g NDF/kg DM to 33%
with 400 g NDF/kg DM, and declined to 17% with 600 g NDF/kg DM.

In contrast with the predicted response of protozoal OM to variations in dietary
NDF level, increases in dietary starch level resulted in elevated rumen protozoal OM.
The relationship between starch content and protozoal OM in the rumen was almost
linear, except for Diet CH {Figure 3A}. With this particular diet, the relationship curved
at the higher starch levels. This reduced response of protozoal OM resulted mainly
from a rapid increase in fractional death rate, related to high availability of easily
degradable substrates. Except for the initial decrease on Diet CL, the proportion of
protozoal OM in cellulalytic microbial OM decreased {Figure 3B}. The predicted
contribution of protozoa to NDF degradation (Figure 3C) tended to a minimum value
around a level of 100 g starch/kg DM. The model predicted that smaii additions of
starch to a diet lacking starch increased the amount of storage polysaccharides within
protozoa, and thus reduced the amount of particulate material engulfed, including
fibre and cellulolytic bacteria (see equations 7.9 and 13.7 of the computer program;
Dijkstra, submitted}. This results in a reduction in protozoal contribution to fibre
degradation. Further additions of starch did increase the protozoal contribution to NDF
degradation, because the decline in protozoal contribution to NDF degradation due to
increased protozoal storage material was more than compensated for by an increase
in protozoal OM.

The effects of variations in dietary sugar content on protozoal OM depended on
roughage:concentrate ratio as well as feeding level {Figure 4A). When the all
roughage diet, devoid of starch, was fed and the soluble sugar content set at O g/kg
DM, protozoa were predicted to disappear completely. The sole substrate available
(NDF) did not support sufficient protozoal growth to prevent disappearance through
death and passage to omasum. Hence, with Diets RL and RH, cellulolytic bacteria
were the only cellulolytic microorganisms present (Figure 4B), and NDF degradation
was related entirely to bacterial activity {Figure 4C). Incidently, due to the absence
of preferred substrate, amylolytic bacteria were eliminated as well. Small additions
of sugars rapidly increased predicted protozoal OM, and the contribution of protozoa
to NDF degradation when sugar content was set at 100 g/kg DM was raised to 20
and 6% with diets RL and RH, respectively. Further sugar additions however, caused
fractional death rate of protozoa to increase, and protozoal contribution to NDF
degradation increased (Diet RL} or decreased (Diet RH) slightly. With Diet CH, the
decline in protozoal OM was most pronounced (Figure 4A). Yet the protozoal
contribution to NDF degradation was increased slightly {12 and 15% with 0 and 300
g sugar/kg DM respectively}, because at high sugar availability, the partitioning of
utilization of sugars for protozoal growth or protozoal storage material formation was
shifted in favour of the former (see equations 9.13 and 9.14 of the computer
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program; Dijkstra, submitted). This resulted in a decreased amount of storage material
within the protozoa and a small increase in protozoal NDF degradation. The effect
was much more pronounced when this high concentrate diet was fed at a low level
{Diet CL; protozoal contribution increased from 3 to 31 % with dietary sugar contents
of 0 and 300 g/kg DM}, because protozoal OM did not decrease with increases in the
dietary sugar level, as was the case with Diet CH.
Variations in the N content of the diet between 17.5 and 32.5 g/kg DM [i.e. crude
protein (N -x 6.25B) levels between 11 and 20%) generally reduced the predicted
amount of protozoal OM slightly (Figure 5A), whereas cellulolytic bacterial OM
increased. Hence, a decreased proportion of protozoal OM in cellulolytic microbial OM
was predicted in response to increases in dietary N level {(Figure 5B). These changes
in amounts of protozoal and bacterial OM are related to the assumptions in the model
with respect to N utilization by protozoa and bacteria. Protozoa were assumed to
engulf both bacterial and feed protein, and the supply of aminc acids was generally
sufficient, even so that a part of the engulfed protein was released into rumen fluid
{Dijkstra, submitted). Besides, it was assumed that fermentation of protein does not
yield a significant amount of ATP to.be utilized for growth. By contrast, particularly
with low N levels, bacteria would grow more efficient in response to raised N levels.
This is because the amount of energy not related to growth decreased (see equations
9.12 and 10.5 of the computer program; Dijkstra, submitted), and the utilization of
preformed amino acids for growth relative to utilization of armmmonia increased slightly,
which in turn reduced the amount of hexose needed per unit microbial growth. Thus,
except for Diet RH, increments in dietary N level decreased the contribution of
" protozoa to NDF degradation {from 22, 23 and 15% with 17.5 g N/kg DM to 20, 11
and 12% with 32.5 g N/kg DM and Diets RL, CL and CH, respectively; Figure 5C}.
The small rise in protozoal contribution with Diet RH {5 and 6% with the lowest and
highest N level, respectively) can be explained by the involvement of amylolytic
bacteria. At the lowest N level, the predicted low availability of ammonia and amino
acids in rumen fluid reduced amylolytic bacterial growth to a large extent. This
resulted in a high substrate availability (particularly sugars) for protozoal growth and
in turn in a very high protozoal death rate, reducing protozoal OM as well. Increasing
-the N level increased bacterial growth and reduced substrate supply to protozoa and
consequently protozoal growth. However, this reduction was more than compensated
for by the reduction in protozoal fractional death rate, which finally resulted in
increased protozoal OM. This increased the amount of cellulolytic bacteria engulfed.
Hence, although cellulolytic bacterial growth with Diet RH was more efficient with
' higher dietary N levels, the amount of cellulolytic bacterial OM declined.

DISCUSSION

To our knowledge, there are no published /n vive data on the amounts of NDF
degraded in the rumen by protozoa, relative to the amounts degraded by bacteria,
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when both protozoa and bacteria are present in the rumen. Estimates of /n vitro DM
disappearance of forages related to protozoal activity have been reported (Amos &
Akin, 1978), as well as protozoal enzymatic activity against cell wall components
(reviews Williams, 1986; Jouany, 1889). In some studies, the effect of defaunation
on NDF or ADF degradation in the rumen have been reported (reviews Demever,
1989; Jouany, 1989; Ushida ef a/. 1991). These results will be discussed later in
relation to the results of the simulations reported in the present paper. In the
following sections the assumptions in the model with respect to NDF degradation and
simulated patterns of protozoal and bacterial OM in response to dietary changes will
be discussed.

Validation of a previous model, on which the present model was largely based,
against a wide range of dietary inputs, showed that the degradation of NDF in the
rumen was predicted satisfactorily {(Neal et at. 1992). Equally, the results presented
in Table 2 showed that predicted NDF degradation matched corresponding values
estimated from NDF faecal flow, reported by Robinson et a/. {1987} with DM intake
levels ranging between 5.3 and 21.0 kg/d. In the model, it was assumed that both
protozoa and bacteria are involved in the degradation of NDF. This is a simplification
of the rumen ecosystem, because fungi might have a significant role in degradation
of fibre in the rumen (review Fonty ef a/. 1988). Thus, the nan-protozoal contribution
to fibre degradation consisted of the contribution of both cellulolytic bacteria and of
fungi. However, quantitative data on growth and metabolism of rumen fungi are very
scarce and hence the metabolic activity of this group was not included in the model.
Besides, validation of the model was with experimental results with a high quality diet
and it is assumed that under such dietary conditions fungi do not play an important
role in the rumen ecosystem (Grenet et al. 1989). The NDF degrading activities of
rumen bacteria and protozoa were assumed to be directly proportional to {amongst
others} the amounts of polysaccharide-free microbial matter present. Although such
a representation is common to models of rumen fermentation, it should be noted that
metabolic activity of microorganisms varies within and between species, and amounts
of microorganisms alone are not necessarily the most vital measure to evaluate the
metabolic significance of a group of organisms within an ecosystem (Brack, 1966).
Differences in cell wall degrading activities between cellulolytic species {eg the lower
cellulolytic activity of Ruminococcus flavefaciens compared with R. albus; Van
Gylswyck & Labuschagne, 1971) and protozoal species {eg general absence or low
activity of cellulases and hemicellulases in Entodinium species and holotrich protozoa
and higher activities in larger Entodiniomorphids; Jouany, 1989) have largely not been
accounted for in view of absence of quantitative data on individual species and
prablems accounted previously in representing several species within an ecosystem.
Reichl & Baldwin (1976) defined eight microbial groups in their linear programming
model of the rumen, but from considerable simplifications of the predicted rumen
ecosystem these authors concluded that additional data and concepts with regard to
microbial metabolism and microbial interactions were required. In the present model,
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several assumptions with regard to microbial metabolic parameters had to be made
due to lack of adequate data. From these considerations, it seemed inappropriate to
distinguish more than three microbial groups, as has been represented in the present
model. Some differences in NDF degrading activity of rumen protozoa have been
represented, however. It was assumed that uptake and subsequent degradation of
NDF by protozoa was inhibited in presence of storage polysaccharide material within
the protozoa (equation 7.9 of the computer program; Dijkstra, submitted}). Thus, the
predicted rate of NDF degradation per gram protozoal OM per day decreased with
higher amounts of storage polysaccharides within the protozoa, possibly reflecting a
shift in protozoal species with species differences in cellulase and hemicellulase
activity. In simulations where dietary starch content was varied (Figure 3}, protozoal
NDF degradation at zero starch levels was 14,0, 14.6, 9.4 and 13.9 mmol per gram
protozoal OM per day with Diets RL, CL, RH and CH, respectively, wheareas increases
of dietary starch content to 300 g/kg DM decreased these values 10 6.6, 7.3, 6.0 and
7.6 mmol per gram protozoal OM per day. This decline in NDF degradation activity
might reflect the relative large increase of numbers of Enfodinium spp., generally
observed when diets rich in starch are fed compared with all roughage diets {Jouany,
1889), and the low cellulolytic and hemicellulolytic activity of these species. Small
additions of soluble sugars decreased protozoal NDF degrading activity as well.
However, particularly with high concentrate diets, further increases in dietary soluble
sugar content slightly increased protozoal NDF degrading activity. Such an initial
decrease in NDF degrading activity might be related to the rapid proportional increase
of holotrich protozoa generally observed when scluble sugars are added to a diet, and
the relative inactivity of holatrichs against cellulose and hemicellulose {Jouany,
1989). Diets rich in sugars caused lysis of holotrich protozoa, related to the inability
to regulate the uptake rate of soluble sugars {review Williams, 1986) and
consequently, the remaining protozoal population might have a higher NDF degrading
activity,

Comparisons between model predictions and experimental observations, using the
14¢ dilution technique in cattle and sheep, indicated reasonable agreement for
protozoal biomass in the rumen (Dijkstra, submitted). Increasing the concentrate
content of the diet increased the protozoal OM in the rumen at all intake levels,
except for the all concentrate diet fed at higher intake levels {(Figure 1A), and resulted
in a higher protozoal proportion in total cellulolytic microbial OM in the rumen {Figure
1B). Predicted responses of protozoal and cellulolytic microorganisms to changes in
chemical composition of the diet (Figures 2-5) indicated that the effects of
roughage:concentrate ratio were mainly related to the NDF and starch content of the
diet. The predictions were gualitatively in line with observations on dietary effects on
numbers of protozoa in the rumen. Large protozoal populations are generally found
with diets consisting of equal amounts of roughages and concentrates, whereas high
feeding levels of high grain diets reduced protozoal numbers or even eliminated
protozoa {review Jouany, 1989). Recently however, Towne et al. {1990) reported
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that protozoa constituted a significant fraction of total rumen microbial population of
beef cattle fed high grain diets ad fib, resulting in low pH values of rumen fluid.
Besides, the predicted disappearance of cellulolytic bacteria with all concentrate diets
at higher intake levels (Figure 1B}, on which pH of rumen fluid is expected to be low,
is supported by the complete washout of cellulolytic bacterial species observed in
vitro at low pH values {Russell & Dombrowski, 1980}. It should be noted though, that
the concentrate on which the simutations were based contained a relatively large
amount of fibrous by-products, and was characterized by a high NDF content
{35.5%) and a relatively low starch and sugars content {27.1%) {Robinson ef al.
1986). The predicted effects of the roughage:concentrate ratio would be more
pronounced, had the starch and sugar level of the concentrate been higher, as can
be seen from the predicted increase in protozoal OM when dietary starch (Figure 2A)
and, to a lower extent, dietary sugar content (Figure 3A} was increased. The ability
of rumen protozoa to utilize both dietary and microbial proteins had important
consequences for distribution of microbial biormass in the rumen in response to
changes in dietary N levels (Figure 4A and B}. Predicted protozoal OM was often
slightly reduced and cellulolytic bacterial OM raised when dietary N level was
increased. Indeed, /n vivo, protozoal N in the rumen was lower on a diet
supplemented with casein (1.4 g protozoal N; Leng, 1982} compared with the
unsupplemented diet {2.4 g protozeal N; Leng et a/. 1984), Decreasing the N
availability of soya bean meal by treatment with formaldehyde slightly reduced
{though not significantly} protozoal N pool size and increased fluid-phase bacterial N
pool size {Krebs et a/. 1989). Qverall, these simulations in which dietary components
and composition were varied, showed qualitative agreement with observations.
The previously discussed simulated variations in NDF degrading activity of rumen
protozoa and variations in ratios of protozoa to cellulolytic bacteria caused marked
differences in the contribution of protozoa to NDF degradation. Save the all
concentrate diet, higher feed intake levels resulted in lower contributions of rumen
protozoa to NDF degradation (Figure 1C). At the lowest intake level, this contribution
varied between 17 and 21%. Increasing the intake level to 21 kg DM/d reduced the
protozoal contribution to NDF degradation to 5-13%. With the all concentrate diet,
cellulolytic bacteria were predicted to disappear and at the highest intake level,
ruminal NDF degradation was only 8%. Such low NDF degradation values with all
concentrate diets or high intake levels have been reported in literature. .Chamberlain
& Thomas (1979) fed an all barley/maize diet to sheep and recorded 13% of cellulose
intake to be degraded in the rumen. Ruminat degradation of ADF with a 26% hayiage,
19% corn silage, 53% concentrate (mainly barley) diet, fed to dairy cattle at an
intake level of 21 kg DM/d was 11-14% (McCarthy et a/. 1989). The model predicted
an increased contribution of protozoa to NDF degradation in response to replacement
of roughages by concentrates, except with low intake levels. However, simulations
in which dietary chemical composition was varied, indicated that protozoal
contribution at the low feed intake level might have been raised with an increase in
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concentrate level, had the concentrate contained less NDF and more starch
{confirmed by simulations of which results are not shown). The contribution of
protozoa to fibre degradation generally decreased in response to added N as well
{Figure 5C).

It should be noted that model predictions of NDF degradation merely represented
NDF engulfed by and degraded within protozoal cells, without indication of the origin
(bacterial or protozoal} of enzymes involved. Williams & Coleman {1988} stated in
their review, that some authors have found indirect evidence that at least a proportion
of these enzymes is of protozoal origin, but also stated that other authors have
questioned these findings. As discussed previously, differences between protozoal
species in cellulase activity have been reported. More than 70% or less than 35% of
carboxylmethylcellulase activity was associated with the protozoa in sheep containing
either Fudiplodinium maggii or Entodinium caudatum, respectively (see review
Williams & Coleman, 1988). /n vitro, the degradation of cellulose was improved when
protozoa were added to a suspension of bacteria. Additions of autoclaved or frozen
and thawed protozoa however, increased cellulose degradation as well, though to a
smaller extent (Yoder et a/. 1966}, suggesting that factors or mechanisms other than
the relevant protozoal enzymes were involved tco. Thus, both the direct protozoal
hemicellulolytic and cellulolytic enzyme activities, as well as other protozoal
characteristics, including engulfment of bacteria, competition for substrates and
stabilizing effects on rumen fluid characteristics, are of importance in the relative
contributions of protozoa and bacteria to degradation of cell wall material. The
integrative nature of these processes and the inability to determine protozoal
contribution directly in the faunated rumen have led to different opinions on the
importance of protozoa in fibre degradation. Hungate (1875) stated that the amount
of cellulose digested by rumen protozoa is small compared to that digested by
bacteria, whereas Coleman (1988) reported the opposite. The results of the
simulations indicate a contribution of 5-35% in cattle fed a variety of diets at intake
levels below 15 kg DM/d. With more extreme diets, protozoal contributions of 0%
{when diets are devoid of starch and scluble sugars) or 100% (high concentrate diets
at high intake levels} have been simulated. Comparatively, fractionating studies in
continuous artificial systems revealed that ciliates accounted for 19-28% of total
ceflulase activity on a mixture of filter paper cellulose and ground alfalfa {Gijzen et a/.
1988). Yoder et a/. {1966) reported a cellulose digestion coefficient of 7% with
washed suspensions of protozoa jin vitro, and Amos & Akin (1978) reported that
rumen protozoa degraded 4-119% of intact orchardgrass and bermudagrass tissue.

Demeyer (1981} calculated from data on the effects of defaunation on plant cell
wall degradation in vitro or in sacco that protozoa were responsible for 30-40% of
total fibre degradation, a value which has been guoted frequently by other authors
(eg Jouany et a/. 1988; Williams & Coleman, 1988). However, this is not necessarily
the direct quantitative contribution of protozoa to fibre degradation. Other effects of
defaunation, including the reduced ammonia levels and reduced pH of rumen fluid {eg
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review Jouany, 1988}, increases (Orpin & Letcher, 1984) or decreases (Kayouli et &/,
1984; Ushida et a/. 1986} of rumen fluid volume and fluid and solid phase retention
times, effects on rumen fungi (eg Jouany er a/. 1989}, and direct toxic effects on
bacteria of chemical agents applied to remove protozoa {Jouany et a/. 1988), might
all contribute to explanation of the effects of defaunation on fibre degradation. Apart
from these effects, the simulations might give some indication of the effects of
defaunation on NDF degradation in the rumen. Defaunation invariably reduced in vivo
NDF or ADF degradation in the rumen (Veira et a/. 1983; Kayouli et al. 1986, Punia
et al. 1987; Ushida & Jouany, 1990; Ushida et a/. 1990; Hsu et a/. 1991), but the
magnitude of the reduction differed widely. Defaunation results on in sacco NDF or
ADF disappearance yielded more variable results, however, and both increases and
decreases have been reported (review Jouany et al. 1989). Save the experiment of
Punia et af. (1987), the in vivo experiments were performed with sheep at low intake
levels {between 37 and 59 g DM/kg metabolic live weight). The simulations on dairy
cattle at the lowest intake level {5.3 kg DM/d or 43 g DM/kg metabalic live weight)
indicated a relatively high protozoal contribution to NDF degradation (17-21%). Thus,
unless cellulolytic bacterial number or celluloiytic bacterial activity is increased to
compensate protozoal fibre degradation, at such low intake levels defaunation might
decrease fibre degradation in the rumen. At higher intake levels, protozoal
contribution is reduced and consequently, defaunation might result in a less affected
fibre degradation. Defaunation often resulted in an increase in the total number of
bacteria (review Jouany et a/. 1989), because protozoa prey on bacteria and both
groups compete for available substrates. However, defaunation was shown to cause
a shift in bacterial species present in the rumen. Kurihara et af. {1978) observed an
increase in amylolytic bacterial numbers and a decrease in cellulolytic bacterial
numbers, and defaunation resulted in a partly substitution of Ruminococcus albus by
R. flavefaciens. The cellulolytic activity of the former is higher than that of the latter
{Van Gylswyck & Labuschagne, 1971). Thus, an increase in cellulolytic bacterial
activity due to removal of protozoa to compensate protozoal fibre degradation might
not occur. Particularly with diets low in fibre and rich in starch and sugars,
defaunation will likely reduce cellulolytic bacterial activity because of the lower pH
of rumen fluid at these diets {review Jouany et a/. 1988) and the detrimental effect
of low pH values on cellulolytic bacterial growth {Russell & Dombrowski, 1980).
Consequently, the higher protozoal contribution to fibre degradation predicted when
dietary starch and sugar levels were increased at the expense of dietary NDF levels
(Figures 2-4}, will likely not be compensated for by an increased cellulolytic bacterial
activity. With such diets, defaunation would be expected to decrease fibre
degradation in the rumen to a larger extent than with roughage diets. Indeed, Ushida
& Jouany {1990} observed a larger decrease due to defaunation in NDF degradation
with 8@ 65% lucerne hay, 30% barley diet (NDF degradation reduced from 41% to
28%) than with a 67% straw, 28% concentrate (beet pulp, soybean cake and
groundnut meal) diet {from 51 to 45 %j}. Equally, Ushida et a/. (1990} reported a much
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larger decrease in NDF degradation with a 75% straw, 19% maize diet than a 94%
straw diet (reductions from 59 to 41% and from 64 to 59%, respectively). As stated
before, other factors could influence these differences as well. Hsu et a/. (1991) fed
sheep 63% roughage, 37% concentrate diets and abserved a significant increase in
NDF degradation with defaunated animals, fed this diet supplemented with sodium
bicarbonate, resulting in a higher pH of rumen fluid, compared with faunated animals
fed the unsupplemented diet {42 and 34%, respectively). Next to the carbohydrate
effects, N availability could exert an effect as well. Romulo et a/. (1889) reported
increases of the in sacco NDF digestibility on wheat straw diets resulting from
defaunation, and showed interactions between defaunation and protein
supplementation on fibre degradation. Again, simulations showed a decreased
protozoal contribution to NDF degradation when dietary N levels were raised, save
Diet RH (Figure 5C}. Thus, in defaunated animals fed low N diets, cellulclytic bacterial
activity should be increased to a higher axtent to compensate for the loss in protozoal
fibre degradation than on high N diets. However, as ammonia concentration in rumen
fluid is almaost invariable lower in defaunated animals (eg review Jouany et a/. 1988},
bacterial growth efficiencies will be reduced and such an additional compensation
with low N diets is unlikely to occur.

In conclusion, the model provided a mathematical representation of the metabolic
activities of amylolytic and cellulolytic bacteria and of protozoa in the rumen. It
provided an integration of the effects of dietary composition and feed intake level on
the different microbial groups represented in the model and the interacticns between
these groups, to give a coherent view of the contribution of protozoa to degradation
of NDF in the rumen. Comparisons between predictions from the model and
experimentally observed protozoal OM in the rumen showed general agreement for
a range of dietary inputs. It was shown that, in general, increases in intake level
reduced protozoal contribution, and substitution of roughages by concentrates
increased protozoal contribution to NDF degradation in the rumen. These effects were
further assessed by simulated changes in chemical composition of the diets. The
predicted protozoal contribution, as influenced by the diet, provided possible
explanations for the differences in rumen NDF degradation observed when animals
are defaunated.
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GENERAL DISCUSSION

The amount and type of nutrients ingested by ruminants generaily differ considerably
from those available for absorption, and ultimately for production. The
microorganisms in the reticulo-rumen induce these differences by transformation of
a variable portion of the ingested feed organic matter {OM), to microbial OM, and
volatile fatty acids {(VFA)}. Such changes are likely to influence the product {milk,
meat, wool} and its composition to a significant extent (eg Thomas & Martin, 1988).
The profile of nutrients available for absorption is the result of complex interactions
which occur during fermentation. The main topic of the present study is mathematical
modelling of the fermentation processes, to achieve the integration and quantification
of these processes, with the long term aim of improving significantly, the level and
efficiency of animal performance with respect to desired products and waste, The
major objectives of the present Discussion, are to indicate how the models described
in previous chapters help to increase knowledge on the transformation of ingested to
absorbed nutrients and to predict these changes, and how this knowledge can be
applied to describe feedstuffs with respect to their capability to support different
types and levels of ruminant performance. In the first part of this Discussion, current
feed evaluation systems and their limitations are discussed briefly and the basic
assumptions and concepts for this Chapter are described. In the second part, which
deals mainly with the scientific significance of this research, there is a discussion of
the limitations, contributions and conclusions of the simulations, which were
described in previous chapters, and how they lead to a better understanding of the
integration and quantification of the fermentation processes. In the final part, which
concentrates more on the practical significance of this research, the implications of
these considerations to future feed evaluation systems are evaluated.

FEED EVALUATION SYSTEMS IN RELATION TO
RUMEN FERMENTATION PROCESSES

Throughout this Chapter, reference to the phrase ‘feed evaluation’, infers the use of
methods which characterize feedstuffs with respect to their ability to support
different types and levels of animal performance (Beever & Oldham, 1986}. Accurate
feed evaluation systems facilitate management decisions on feed inputs relative to
desired {milk, meat, wool), and undesired {respiratory, faecal and urinary) outputs.
Presently, feed evaluation systems in most EC countries are based on metabalizable
or net energy, and digestible crude protein or protein available for absorption (Van der
Honing & Alderman, 1988} and are designed to meet fixed requirements for given
outputs. The systems assign energy or protein values to feeds and assess the need
of the animal in terms of these values, normally predicted using empirical equations,
by a factorial approach. With this approach, the energy or protein requirements for
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maintenance and production are established, and adjustments are made to
accommodate for differences inherent in the feed (efficiency factors to convert
metabolizable to net energy), and the physiological status of the ruminant {lactating,
growing, pregnant). Limitations of these evaluation systems have been recognized
and described {e.qg. Beever & Oldham, 1986; MacRae et a/. 1988, Webster et al.
1988; Gill ef a/. 1989; AFRC, 1991; Tamminga, 1992).

The first drawback of energy and protein evaluation systems is that they were
developed independently. This offers only limited possibilities for consideration of the
major energy-protein interactions within the rumen and the animal. For exampla,
McCarthy et a/. {1989) cbserved a significant interaction between energy and protein
source on the glucogenic to non-glucegenic VFA ratio in rumen fluid. In the review
of Oldham {1984), it was indicated that increases in the amount of dietary protein
had no effect on dry matter {DM) digestibility at low intake levels, but the rise in
dietary protein content increased digestibility of DM at high intake levels, Adjustments
for the nature of available energy, are made by the use of estimates of the
metabolizability (g; metabolizable energy/gross energy} of the diet, in empirical
relationships to calculate the efficiencies of utilization of ME for maintenance,
fattening and lactation. However, they fail to account for the effect of differences in
protein available in the rumen or after absorption in the animal. Equally, present
protein evaluation systems consider to a limited extent the effect of amount of
ruminally digestible energy on microbial protein formed in the rumen, but not in
relation to DM intake (DMI} level. '

A second limitation of present feed evaluation systems, is that they do not allow a
prediction of the response of product composition to changes in input. In the current
payment systems, this is an important consideration since the quality of the products
increasingly affects financial returns, The present requirement-based systems are not
suitable to optimize the efficiency of the biological conversion of feed into the fat,
protein and lactose components of milk, meat and wool, nor do they aim at limiting
environmental pollution by feed residues from respiratory, faecal and urinary
excretion. This shift from requirement to response needs more emphasis on the
quantification and integration of the mechanisms which govern the response of
animals to nutrients (AFRC, 1991). In order to do this, the conceptual framework of
the system of interest must be guantitative, and hence mathematical models provide
an appropriate way to represent concepts and mechanisms (Gill et al. 198%). This
approach has been adopted in the models described in Chapter 1 and 4. Thus, rather
than estimating microbial requirements for nutrients, the responses of microbes to
changes in nutrient availtability {viz. hexose, ammonia and amino acids/peptides) have
been included in these models. Such a representation allows adequate predicted
biological responses to nutrient availability ranging between microbial famine and
feast {Bazin, 1981). Equally, the application of this type of mathematical models in
plant physiology, has been successful in predicting responses to changes in nutrient
availability, climatic conditions, etc. {Thornley & Johnson, 1990).
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A third and final general assumption to be considered is the static character of
present feed evaluation systems, and their inability to recognize the nature of the
nutrients leading to energy or protein. Results of an experiment reported by Beever
et al. {1988) illustrate this. ME intake, duodenal non-ammonia-nitrogen {NAN) flow,
body and carcass energy, and protein and fat retention, were measured in growing
beef steers fed early- or late-cut silage, supplemented with variable amounts of
barley. ME intake and NAN flow were highest with the early-cut silage diet. Yet
measured energy, protein and fat retention in the body and carcass were highest with
the supplemented late-cut silage diet. Such variations could not be predicted within
the framework of the UK protein and energy evaluation systems, The backgrounds
and approaches adopted in various EC evaluation systems are comparable {Van der
Honing & Alderman, 1988) and it seems justifiable to conclude that reservations
concerning the UK systems, apply equally to other evaluation systems within the EC.
Analogously, Beever & Oldham (1986) placed specific emphasis on avoidance of
direct use of the g-factor in energy systems for dairy cattle. Explanation of such
differences require recognition of the nature of ME and NAN of individual nutrients.
With respect to energy yielding nutrients, major considerations should include the
amount of glucose or glucose precursors and long chain fatty acids flowing out of the
rumen, the amount and ratio of the different VFA produced and absorbed, and the
effects of the absorbed nutrients on several hormenes which direct the nutrients to
production of milk and body protein and fat or other processes. The microbial
efficiency parameters, true protein content, and individual amino acid compaosition
should be recognized with respect to nitrogen (N} flow to the duodenum. Thus, in the
developed models (Chapter 1 and 4), the level of outflow of individual nutrients was
felt to be appropriate in view of the long term objective.

To summarize, the major emphasis within this Discussion is:

- the necessity of recognizing the metabolism of individual substrates, either within
the rumen or available after absorption from the gastro-intestinal tract, instead of
general energy or protein entities;

- the need to predict responses in product output and product composition, resulting
from changes in feed input;

- an appreciation of the wvalue of mathematical modelling in integration and
quantification of the processes involved in transformation of ingested to absorbed
nutrients, in order to broaden our knowledge concerning metabolic processes and
ultimately to predict nutrient supply.

CONTRIBUTION OF RUMEN MODELS TC INTEGRATION OF FERMENTATION
PROCESSES AND PREDICTION OF NUTRIENT SUPPLY

In this second part of the Discussion, the contribution of the mathematical models,
developed and described in the present study, to the integration of fermentation
processes and the prediction of nutrient supply will be discussed. Several rurmen
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models have already been described in literature (see Introduction). The models
described in the present study are considered successful if they yield predictions
which are better than predictions using existing models. Next to predictions of
nutrient supply, the models can indicate the lack of data and gaps in current
knowledge of rumen fermentation processes, which hamper correct predictions of
nutrient supply. Thus, in this second part, comparisons between predictions of the
models developed and existing models will be given, based on underlying
{mathematical} concepts and data. The metabolic activity of the rumen microbial
population is the major determinant of rumen {fermentation. Mathematical
representation of microbial metabolism has received considerable emphasis during the
development of the present models. A discussion of the representations chosen in the
present and previously developed models can be found elsewhere (Dijkstra et af.
1990).

On the mathematical representation of rumen fermentation processes
Given the basic assurmnptions described in the previous section, emphasis was placed
on the mechanistic and dynamic characteristics of the models to be developed. For
differences in underlying hypotheses and approaches between dynamic, mechanistic
or static, empirical models, the reader is referred to textbooks (e.g. Thornley &
Johnson, 1920). A model is only as good as the data and integration of information
which is used in its development. Thus, the value of the models described in Chapter
1 and 4, depends on the underlying hypotheses as well as on data. Knowledge of the
interactions between microorganisms and nutrients within the rumen, and interactions
between animal factors and the fermentation processes, are still incomplete and
subject to continuous experimentation. As a consequence, while the models may
simulate the real fermentation processes well, for certain diets the lack of knowledge
of all interactions involved will give rise to inappropriate responses. With research
models however, the failure to respond accurately in certain situations is not a
disadvantage, because it may indicate a direction for future research. Two examples
of such inadequacies and the consequences for experimentation, have been described
in the present study. Firstly, evaluation of the model described in Chapter 1 showed
that VFA molar proportions were not predicted well, which was possibly related to
a less accurate representation of individual VFA absorption rates {Chapter 2). An
experiment was therefore conducted to establish the fractional absorption rates of
acetic, propionic and butyric acid from the rumen, as affected by VFA concentration,
pH, and rumen liquid volume (Chapter 3). The results clearly showed the importance
of separation of the effects of VFA concentration and pH of rumen fluid, and the
effect of rumen liquid volume on absorption rates: These findings could in turn be
used to improve the prediction of VFA molar proportions. Secondly, model evaluation
{Chapter 2) indicated the need for a more detailed representation of the metabolism
of rumen protozoa. Both the level of organization and the lack of knowledge and data
concerning microbial interactions, hampered a detailed representation (Dijkstra et al.
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1990). Still, a model of the dynamics of protozoa in the rumen has been developed
{Chapter 4}, based on hypotheses on protozoal metabolism, whereas parameters were
often assigned values on a priority basis. This mathematical integration of dietary and
microbial characteristics provided a quantitative understanding of protozoal responses
to changes in dietary inputs. Sensitivity analyses using this model, highlighted the
need for quantitative data on bacterial engulfment rates, and protozoal maintenance
requirements and death rates, and simulations (Chapter 4 and 5) substantiated and
quantified the major impact of rumen protozoa in the transformation of ingested to
absorbed nutrients. These examples confirm the frequently stated opinion that
mathematical models can be a valuable tool in identifying gaps in current knowledge
and in the design of experiments, which aim to elucidate metabolic processes (e.g.
Kootsey, 1986; Gill et a. 1989; AFRC, 1991). The integrative nature of the
developed models can be of major importance in enhancing scientific progress, in
view of the fundamental role generally assigned to integrated research programmes
{Kuhn, 1970).

The simulation of the fermentation processes in the rumen depends on the
parameter values, hypotheses, and assumptions made within the model. In Chapter
1 and 4, emphasis has been placed on a full description of the complete model, to
allow independent reconstruction, evaluation, and modification of the model and
reproduction of the results. Often, parameter values have been assigned arbitrarily,
and sensitivity analyses of the parameter values are required to establish the effects
of a specific parameter value on the model resuits. In some cases, parameters can be
estimated with high accuracy. For example, the calculated affinity constant of
bacteria for uptake of ammonia (1.5 mM, calculated from data reported by Hume et
al. 1970; Chapter 1), agreed favourably with the in vitro affinity constants of 0.2 mM
for glutamine synthetase, which fixes ammonia at low concentrations, and 5 mM for
glutamate dehydrogenase, which fixes ammonia at high concentrations {Baldwin &
Koong, 1980). Increasing or decreasing this parameter by 50% hardly affected
nutrient supply {results not shown). Yet different optimum levels of ammonia
concentration for maximal microbial N synthesis rate have been suggested by
different researchers (Stern & Hoover, 1879). This disagreement concerning optimum
levels may at least be partly solved if ammonia requirements were to be replaced by
responses to ammaonia levels (see later in this section). However, in contrast with
giutamate dehydrogenase, ammonia fixation via glutamine synthetase, requires ATP
(Brown er al. 1974). Hence microbial growth at relatively low ammonia
concentrations is likely to be less efficient energetically. Within the structure of the
model, low ammonia concentrations increase the amount of hexose used for non-
growth functions {Eq. 9.11 and 10.5 in Chapter 1). This is of particular importance
in view of the competition between protozoa and bacteria in the rumen. In Chapter
4 it was shown that decreases in N availability resulted in competitive advantages for
the protozoa, with a further negative effect on the efficiency of microbial growth. The
general increase in protozeal OM in response to decreased N availabilities, agreed
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qualitatively with the very few experimental data available. Thus, in this specific case,
the structure of the model is more important in determining the responses to certain
inputs than the parameter values and this seems to be a general feature in
mechanistic models, though dependent on model objective {Thornley & Johnson,
1990). Quantitative estimation is important if the model is aimed at the determination
of parameters, often because they are not at all measurable.

Model results appeared to be highly sensitive to some parameters, particularly to
those related to protozoal metabolism {Chapter 4}, affecting the simulated survival of
microorganisms. The possibilities and problems of coexistence of microbial groups
within a system has been encountered frequently {e.g. De Freitas & Fredrickson,
1978}. The high sensitivity to these protozoal metabolism parameters probably reflect
an oversimplified representation of the microbial interactions, including the factors
and mechanisms directly related to maintenance, death and engulfment rate. Thus,
selective protozoal engulfment of bacteria and other protozoa (Coleman, 1986), and
differences in basal maintenance requirements {Russell & Baldwin, 1979} ar affinity
constants {Russell, 1284}, have not been represented due to a lack of {quantitative)
knowledge. Inclusion of these features would be expected to allow much more stable
results {De Freitas & Fredrickson, 1978} and could decrease the sensitivity to
protozoal metabolism parameters as well. Hence, even the high sensitivity to these
parameter values showed the significant influence of the assumptions in the model
and structure of the equations.

Driving variables to the madels

Within the structure of the models in Chapter 1 and 4, the diet and dietary
characteristics are major inputs. Other driving variables are pH, time below critical pH
for optimal NDF degradation, passage rates, and (only far the Chapter 1 model} the
fraction of protozoa in the amylolytic bacterial pool. These latter input variables are
all, to a certain extent, influenced by the rumen fermentation processes, as will be
explained in this section. Hence, the necessity of defining these variables before the
start of the simulations, generally represents a limitation to the models,

The fraction of protozoa in the amylolytic bacterial pool was set at 0.35, and was
decreased or increased with decreases in pH or increases in dietary lactate levels,
respectively (see Chapter 1 for full explanation). This representation is a considerable
simplification of the complex rumen micrabial relationships. It ignores other effects
on the ratio of bacteria to protozoa {Chapter 4}, such as the different effects of N
characteristics {Hino & Russell, 1987}, and of passage rate values {Crawford et al.
1980). Thus, the necessity of representing the interactions between protozoa and
bacteria in more detail became obvious {Chapter 2} and this has been subsequently
addressed in Chapter 4. The more detailed representation of protozoal metabolism
allows a prediction of the effects of the protozoa on the supply of nutrients, with
specific emphasis on the recycling of microbial matter within the rumen, without the
need to quantify certain protozoal aspects in the input of the model. As such, the
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model in Chapter 4 is a considerable improvement on mast of the previous rumen
models, which did not account for protozoal metabolism effects {Baldwin et af. 1977;
Beever et a/. 1981a; Baldwin et al. 1987b), as well as on models which did include
protozoal effects. Reichi & Baldwin {1976) included protozoal metabolism within their
linear programming model of the rumen, but they had to specify the protozoal vields
in the input. The rate of microbial catabolism was included in the mode! of France et
al. (1982}, but this rate was too low {cf. Leng & Nolan, 1984) for recycled microbial
N to be of nutritional significance. In the Cornell energy and protein evaluation
system, protozoal activity has bheen accounted for by a fixed decrease in the
theoretical maximum growth yield {from 0.5 to 0.4 g microbial DM/g carbohydrate
fermented; Russell et &/, 1992). Thus, the model presented in Chapter 4 allows the
prediction of a variable amount of recycling of microbial matter within the rumen on
a variety of diets, without fixed settings of the variables related to this recycling. The
validity and significance of this recycling due to protozoa, will be discussed later in
this section.

The expected pH of the fluid has to be specified also. The importance of the pH on
fibre degradation, and on VFA and ammonia absorption, is often acknowledged (see
Chapter 1). It is obvious that the pH of rumen fluid is not an independent driving
variable, but rather the resuit of the acids formed during fermeﬁtation of ingested
nutrients, and the amount of buffering entities within the rumen. Some of these are
predicted by the model itself, particularly VFA and ammonia concentration. However,
the rate of absorption of VFA {and ammonia) depends on pH as well (Chapter 3),
demonstrating the dynamic, integrated character of these relationships. Briggs et a/.
(1957} showed that while rumen pH was closely related to VFA concentration, even
a common regression line of rumen pH on rumen VFA concentration with similar
regression coefficients did not necessarily fit different diets. They suggested that the
relationship between pH and VFA concentration might be considerably modified by
variations in salivary secretion, which contributes to the bicarbonate and phosphate
in the rumen, and the concentration of ammonia in rumen fluid. In contrast with
bicarbonate, phosphate is of little value as a buffering agent in rumen fluid, but both
phosphate and bicarbonate flowing with saliva neutralize acids in the rumen
(Counotte, 1981). Tamminga & Van Vuuren (1988), using 244 data points in a pH
range of 5.2 to 7.0, obtained a regression of pH on VFA concentration with a
coefficient of determination (r?} of 0.71. tn the updated version of the maodel of
Baldwin et a/. (1287b), Argyle & Baldwin (1988} applied an equation to predict rumen
pH by VFA and lactate cancentration of rumen fluid, but did not give any details on
the data set used to derive the equation or the accuracy of the fit. Subsequently,
Argyle (1990) applied the regression equation of Briggs et a/. {1957} 1o several data
sets. He showed that individual r2 were high {between 0.82 and 0.98}, but also that
the slopes and intercepts of each data set were different, in agreement with the
original analysis of Briggs et a/. (1957). When diets were fed to which phosphate or
bicarbonate had been added, the slopes of the regression equation decreased, which
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indicated the reduced sensitivity of changes in VFA concentration when buffers are
included in the diet. In contrast with the updated Baldwin et a/. {1987b} model, which
included a fixed pH prediction equation, Argyle {1920} concluded that the equation
to be used in the model should be taken from the actual diet fed or a diet as similar
to it as possible. The inherent buffering capacity of the feed has been reviewed
recently {Van Soest ef al. 1991). This buffering capacity depends mainly on the
cation exchange capacity of the fibre, which is the ability of the fibre to bind metal
ions on its surface and to exchange these for hydrogen ions when the pH falls,
rechanging when new cations become available. In this respect, both the size of
particles ingested and the comminution and passage rates of particles are important,
as well the cation exchange capacity of the individual feedstuffs in the diet.
Considering the above mentioned factors, prediction of the pH of rumen fluid seems
to require correct predictions of VFA, ammonia, and in certain circumstances lactate
concentration; cationic exchange capacity of the fibre, and the concentration of fibre
in the rumen; and particle size dynamics. While the prediction of VFA concentration,
using pH as a driving variable, was satisfactory, that of ammonia concentration was
not (Chapter 2}, and the models completely ignored the effects of particle size or
cation exchange capacity. Therefore, in the simulations, the pH had to be adopted
from the observations of the actual diet fed or a similar diet, a conclusion which has
been drawn previously (Argyle, 1990}, Besides, the modeis in the present study
assume steady state situations and do not allow for the diurnal variation in the pH of
rumen fluid. The consequences of this assumption will be discussed later in this
section. To summarize this section on pH of rumen fluid: the need to specify pH as
an input factor represents a limitation to the model, but probably is not a
disadvantage when compared with other models of rumen fermentation.
Analagous to the input of pH values to the model, fractional passage rate values
were also adopted from the actual or similar diets. f unavailable, the regression

" equations of Owens & Goetsch (1986) were used. Even though these equations were

based on a large dataset, the t2 obtained was generally low. These equations
predicted the fractional passage rate from a knowledge of DMI relative to body
weight and from the proportion of concentrate in the diet. Simitar empirical equations
have been developed previously {Shaver et a/. 1986, equations mentioned in Sniffen
et al. 1992). However, in existing rumen models, passage rates either have to be
specified between diets (France et a/, 1982; Baldwin et a/. 1987b) or are calculated
using empirical regressions which require input specification of particle size or
modulus af fineness factors {Baldwin ef a/. 1977; Black et a/. 1981; Faichney et a/.
1981}. Though frequently applied, the low predictability of all of these equations
presents a problem. Of more significance for research models is the fact that such
empirical equations ignore the mechanisms of fluid and particle passage and their
interactions with degradation through rumination and microbial activity. Generally, it
is assumed that particles have to be reduced in size in order to leave the rumen (e.g.
Ulyatt et a/. 1986). Recently however, it was suggested that it was not the size of
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particles per se which determines the disappearance rate, but rather the density or
functional specific gravity (Kennedy & Murphy, 1988; Kaske ef al. 1982). This, in
turn, is influenced by the rate of hydration and the presence of air and gas spaces,
resulting from microbial activity and the extent of degradation. Both the quantification
of the main physiological processes, and knowledge of the external factors affecting
these processes are limited (Faichney et a/. 1989). The greatest progress In
elucidating these processes will most probably be made by considering all of the
mechanisms simultaneously. The models described in the present study could
contribute to such an integration by providing a quantitative framework of the
microbial degradation processes.

Finally, an important input for all rumen models is the amount of feed intake.
Prediction of a4 /ib intake is a complex procedure which requires understanding of the
processes of digestion and metabolism within the animal, as well as of environmental
influences (Gill & Beever, 1988; AFRC, 1981). Often, prediction of intake has been
based on empirical equations, which relate intake to variables such as live weight of
the animal, milk yield, feed characteristics, etc. The accuracy of these predictions
was satisfactorily when diets similar to those used to derive the parameters were fed,
but for other diets or in other herds, voluntary intake was not predicted well {Neal ef
al. 1984, Elsen et a/. 1988}. Such findings suggest that the regression coefficients
are applicable for only a limited range of diets and situations, and that adjustments
are needed to cover specific dietary or environmental situations. Equally, it appears
that a more complex representation of the factors controlling feed intake is required
than can be provided by empirical equations. Many theories on this subject have been
described, including physic, chemostatic and thermostatic control of feed intake, and
general theories on a desired feed intake of an animal, providing enough feed
resources to achieve its objectives, have been proposed {Forbes, 1986). Recently, a
somewhat different chemostatic theory has been proposed, in which voluntary feed
intake is assumed to be reached at a level where the ratio between energy benefits
and oxygen costs to the animal is optimal (Ketelaars & Tolkamp, 1991). Mechanistic
approaches to voluntary feed intake are concerned with the different mechanisms
controlling feed intake and their interactions. Progress in predicting DMI is to be
achieved by integration of the digestive and metabolic processes within the rumen,
the animal and the environment (Gill & Beever, 1988; AFRC, 1991; Dijkstra &
Makkink, 1993). The models in the present study could contribute to such an
approach by predicting the metabolic activities of the microorganisms and the
resulting fermentation products, providing estimates of nutrient availability, to be used
in models of metabolism in the body. However, the models described in Chapter 1
and 4 work in a steady state and do not predict patterns of VFA concentration in
rumen fluid nor of the rumen pool size of degradable and undegradable fibre, though
both may be feedback signals to voluntary feed intake. France et a/. {1982} obtained
reasonable agreement between rumen model output and data on sheep fed different
diets frequently, but considerable discrepancies occurred when discontinuous feeding
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patterns were simulated. Baldwin et a/. (1987b) included a much more detailed
consideration of particle size and particle size reduction than France et a/. (1982).
Unfortunately, these authors did not validate aspects of discontinuous feeding against
independent data, but results of simulations with once daily feeding were considered
realistic. The inability of the models described in the present study to represent
dynamic feeding behaviour, is illustrated in a comparison between observed and
predicted rumen contents of NDF of the previously mentioned experiment of Robinson
et al. {1987} with different DMI levels {Table 1). Though r? was high {0.995) the root
Mean Square Prediction Error {MSPE; see Chapter 2 for definition) was 30% of the
observed mean, and overall bias contributed 79% to the MSPE. The mean bias
showed consistent underprediction of NDF content in the rumen, which can generally
be rectified by a mean correction factor. Some error might be attributed to the
calculation of mean NDF pool size using pooled samples which represent the average
of 3 rumen evacuations (Robinson et a/. 1987). However, the most likely reason for
these differences, is the steady state nature of the model, ignoring the differences in
passage rates of particles which have been subject to various stages of degradation.
Large and/or light particles, newly arrived in the rumen, are likely not washed out until
appropriate size and/or density of the particles is reached. These differences have
been included in the model of Baldwin et a/. (1987b). Thus, inclusion of a time-lag in
the present models to accornmodate for such behaviour of the particles would
decrease the differences between observed and predicted NDF pool sizes. Such a
time-lag would not be appropriate for VFA disappearance, because all VFA in the fluid
are subject to clearance by absorption and passage. To a limited extent, this would
apply to microbial OM in the rumen as well, though dependent on the distribution of
microorganisms which are free in rumen fluid or attached to small and large particles
and the rumen wall. Indeed, such a bias was not apparent for observed and predicted
rumen bacterial pool size, calculated using DAPA as a bacterial marker, or VFA
concentration on the same experiment (Chapter 2). In conclusion, representation of
non-steady state situations probably requires additional information, particularly with
respect to particle dynamics within the rumen.

Prediction of NDF, starch and sugar flow
A large amount of OM flowing to the duodenum consists of NDF. The capacity of the
hindgut to degrade NDF is limited and the microbial matter synthesized from NDF
degraded in the colon will not be absorbed (Van Socest, 1982). Therefore, it is
important to optimize the degradation of fibre within the rumen if the utilization of
fibrous feeds is to be maximized. Rumen degradation of NDF will be determined by
inherent characteristics of the NDF in the feed {potential degradability and rate of
degradation), the actual degradation rate in the rumen and the passage rate of NDF
to the duodenum. The effects of passage rate and the consequences for voluntary
feed intake have been described earlier. Rate of degradation will be affected mainly
by feed characteristics as well as by the activities of the microbial population present,
In this respect, two major aspects influencing microbial activity are the pH of rumen
i
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Table 1. Comparison of experimental observations (obs) with model predictions (pred) of
rumen content of Neutral Detergent Fibre (NDF] for cows fed diets at different intake levels

Intake level (kg DM/d}

5.3 9.2 131 17.1 21.0

obs pred obs pred obs pred obs pred obs pred

NDF pool (kg) 1.58 1.24 2,35 1.84 3.49 246 4.05 3.07 6.02 4.31

Observations from Robinson et a/. {(1987).

fluid and N availability. The latter will be discussed later. Whilst the effect of rumen
fluid pH on NDF degradation has generally been recognized, its representation in
mathematical models has received only limited attention. In the present model, the
representation of the pH depressing effect was adequate {(Chapter 2). Using the
model of Baldwin et al. (1887b} it was recognized that the prediction of NDF
degradation on high concentrate diets was not satisfactorily. In the updated version
Argyle & Baldwin {1988) included the effect of pH on fibre degradation. While based
on virtually the same sources, the form of the equation to adjust for pH in their model
differed from the equation in the model described in Chapter 1. Reducing the pH
below 5.7 would decrease NDF degradation to zero in the model of Argyle & Baldwin
{1988}, whereas in the present model, there would still be some degradation, albeit
at a low level. Model simulations described in Chapter 5, indicated that NDF
degradation in these circumstances could be attributed largely to the activities of the
{relatively few) protozoa remaining in the rumen at such low pH values. In contrast
with the representation chosen by Argyle & Baldwin (1988), Terry et a/. (1969) and
Hoover et al. {1984} observed in vitro NDF disappearance, after 24 h and pH of 5.5,
which ranged between Q and 31% of the disappearance at pH 6.8 or 6.5. Equally,
unlike the present models, utilization of the equation derived by Argyle & Baldwin
{1988} could: not reproduce the initial small decrease in NDF degradation at pH 6.2
observed /in sacco by Grant & Mertens {1992), Black et a/. {1981} in their model
recognized the decline in fibre degradation which occurred when the diet contained
considerable amounts of starch or soluble sugars. They included a dimensionless
parameter, allowing the fibre degradation rate to be changed in the presence of starch
and sugars, and suggested that the value of this parameter could be calculated from
actual in vivo or in vitro studies. Obviously, this approach is of less value if a
prediction of the degradation of fibre in the rumen is required. In the approach
adopted in the rumen submodel of the Cornell evaluation system, the effect of pH on
microbial growth yield is predicted from the NDF content of the ration {Russell ef a/.
1992). Although attractive because of its simple calculation, such an approach
ignares the different effects of feed intake level and degradation rate of the non-NDF
components (particularty starch) of the diet. For example, both ruminal pH and NDF
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degradation tended to be lower when barley replaced corn in diets with almost equal
NDF contents. Effects were more pronounced in the case of an increase in the
amount of barley than of corn in the diet {DePeters & Taylor, 1985; McCarthy et a/.
1989). Overall, the representation of NDF degradation within the rumen, and
particutarly of the depressant effect of pH on NDF degradation as advanced in the
present study, is a feasible approach to obtain correct predictions of rumen NDF
degradation and has a considerable advantage over existing models. However, as
discussed previously, the need to specify pH as an input factor instead of being
calculated during simulations is a disadvantage, probably preventing further
application.

Unlike NDF which escapes rumen fermentation, nonstructural carbohydrates can
be enzymatically digested in the small intestine. Postruminally digested starch can be
used more efficiently for milk and body synthesis than can that degraded in the rumen
(Baldwin et afl. 1980; Nocek & Tamminga, 1991). However, even substantial passage
of nonstructural carbohydrates did not result in net glucose absorption from the
portal-drained viscera (PDV). Feeding high concentrate diets resulted in net absorption
of glucose by post-stomach tissues, but net uptake of glucose by stomach tissues
increased as well, resulting in a small net utilization of glucose by PDV (review
Huntington, 1990). The possible significance of postruminally absorbed glucose might
be a sparing effect of the utilization of other nutrients (amino acids or glucose
synthesized endogenously} by the gut. In previous modelling exercises, and in the
present study, the comparison of observed and predicted starch and sugar outflow
to the duodenum has received less attention, because in vive outflow data of sugars
and starch has been reparted less often than NDF flow, and an inadequate description
of diets hampered a comparison. Validation of the model of France et al. (1982)
against outflow of a-hexose reported by Beever et al. (1981b) (4 dietary treatments)
indicated qualitative agreement between diets, but considerable bias occurred (MSPE
79% and bias contributing 74 % toward MSPE). The mode! of Baldwin et a/. {1987b)
was validated against data reported by Sutton et a/. (1980) and Sutton (1985), with
4 diets containing different amounts of corn or barley. A MSPE of 30% {with
contribution of the random variation about the regression line of 549%) can be -
calculated. In the present model {Chapter 1}, both the predicted and observed
passage of starch to the duodenum were much higher for dairy cattle fed high
concentrate diets, based on maize, than barley based diets (McCarthy et al. 1989,
Chapter 2} at intake levels exceeding 20 kg DM/d. Duodenal starch flow was
overpredicted for 50% roughage, 50% concentrate diets (DMI 18.3 and 19.4 kg/d;
Robinson & Kennelly, 1990}, but this could possibly be attributed to the choice of
marker to estimate duodenal flow (Chapter 2). Goetsch & Owens {1986a, b) fed high
concentrate or high roughage diets {more than 80% concentrate or roughage,

respectively} with low or high N levels to beef steers {DMI| 3.8 - 4.0 kg/d). Observed
starch outflow was low with the high roughage diets (160 and 96 g/d with low and
high N level, respectively), and model predictions agreed favourably {172 and 29 g/d,
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respectively; using the model from Chapter 4}. In contrast, for high concentrate diets,
a (non significant) higher starch outflow with the high N level (680 g/d) than with the
low N level {604 g/d) was observed, whereas the model predicted the reverse (505
and 595 g/d with high and low N level). The reason for such discrepancies is not
clear. Validation against starch outflow data on these 4 diets reported by Goetsch &
Owens {1986a, b) yields a MSPE of 23% of the observed mean and 57% of MSPE
attributed to the disturbance proportion. Generally, a variable proportion of the starch
outflow could be of microbial origin. While all previous rumen models have assumed
a fixed amount of carbohydrates in the rumen microbial DM, the present models
assumed a variable proportion, related to microbial group (protozoa, amylolytic or
cellulolytic bacteria), and dietary composition (see Dijkstra et a&/. 1990 and Chapter
1 and 4}. Unfortunately, no adequate datasets are available to validate the
assumptions in the model with respect to the content of microbial storage
polysaccharides, but responses to N and carbohydrate availability were qualitatively
in line with in vitro observations (Chapter 2). The representation chosen in the present
model showed that variation in microbial composition could be represented relatively
simply. The amount of storage material formed could significantly influence the
microbial efficiency, commonly expressed as a unit of microbial N per unit of OM
degraded or fermented (see later in this section).

The outflow of soluble sugars to the duodenum is hardly ever measured in vivo.
It is generally assumed that soluble sugars are almost completely removed in the
rumen (Van Soest, 1982). In the models, some escape of soluble sugars to the
duodenum will inevitably occur, because the simulated pool of soluble sugars is prone
to uptake by microorganisms and to wash out fram the rumen. Beever et a/. (1981b)
fed chopped or pelleted {talian ryegrass {water soluble carbohydrate content 207 and
212 g/kg DM, respectively) and chopped or pelleted timothy {water soluble carbo-
hydrate content 41 and 64 g/kg DM, respectively) to sheep. Despite the four times
higher intake of water soluble carbohydrates of the ltalian ryegrass diet, there were
no differences between diets in quantities of water soluble carbohydrates flowing to
the duodenum (between 5.0 and 6.9 g/d). Predictions of steady state outflow of
sugars for these 4 diets by the model of France et a/. {1982} were too high {ranging
between 10.3 and 16.2 g/d; MSPE of 122%). A daily outflow of 3.2 g soluble
carbohydrates could be calculated, assuming a constant, basal level of soluble
carbohydrates in the rumen fluid, amounting to 0.35 g/l (Clapperton & Czerkawski,
1969), a rumen volume of b | (Siddons et a/. 1985} and fluid passage rates of 0.076
/h {Beever et a/. 1981b). However, due to the feeding pattern in the experiment of
Beever et al. {1281b) {twice daily), a peak in the sugar concentration in rumen fiuid
immediately after eating could be expected {Clapperton & Czerkawski, 1969} and
could account for the remaining sugar outflow. Thus, there is some indication that
a certain minimum amount of sugars will pass to the duodenum, even though it is at
a low level. In conclusion, while starch and sugar cutflow could not be sufficiently
validated, the simulations suggest that predictions are at least as good as predictions
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with existing models. The present models however include representation of
variations in microbial composition, as cobserved /7 vivo and in vitro, and thus allows
evaluation of this variation with respect to microbial efficiency.

Prediction of non-ammonia nitrogen (NAN) flow

Considerable attention has been paid to the flow of N fractions to the duodenum, and
factors which affect this flow have been reviewed {e.g. Robinson & Tamminga, 1984;
Nocek & Russell, 1988; Polan, 1988; Mackie & White, 1990; Clark et a/. 1992). The
composition of the N flow to the duodenum is of importance for the ultimate
production of the animal. A part of the feed protein which escapes rumen fermenta-
tion, will not be degraded in the small intestine (Van Straalen & Tamminga, 1920).
Equally, nucleic acid N and N in the cell walls of bacteria will not be utilized by the
animal and will be excreted in faeces or urine. Of course, the amino acid (AA}
composition of the N flowing to the duodenum is also of importance. With respect
to these considerations, the amount and composition of AA available for absorption
seems to be appropriate, analogously to the ileal digestible AA systems adopted for
pigs {Low & Zebrowska, 1989}. Therefore, itis important to differentiate the AA flow
into those of dietary and of microbial origin. Differences in passage of individual AA
may not be very pronocunced, since microbial protein generally supplies a large
quantity of total AA that passes to the small intestine, and since the AA composition
of bacteria is constant {Storm & @rskov, 1983). However, from a summary of
bacterial samples of animals fed 61 dietary treatments, Clark et a/. {1992) reported
that bacterial AA composition (expressed as units of individual AA per unit total AA}
was hot constant. A portion of this variation was attributed to variations in
techniques for isolation of the bacteria, and for measurement of bacterial
composition. The digestibility and AA composition of protozoa differs from that of
bacteria (Czerkawski, 1976}. The protozoal AA profile has increased proportions of
lysine and glutamate, and decreased proportions of glycine and alanine. However, the
outflow of protozeal N is generally assumed to be low (see Chapter 4; the model
predictions of the contribution of protozoal NAN to total ducdenal microbial NAN flow
on a range of diets varied between 6 and 18%) and such differences between
bacterial and protozoal AA composition will probably not affect duodenal AA
composition profoundly. Some support for this suggestion are the results of a
defaunation study, in which the duodenal AA composition of faunated and
defaunated animals did not differ (Veira et a/. 1983). On the other hand, Onodera &
Koga {1987} studied first limiting AA in goats, and their results with faunated
(histidine and methionine as first and second limiting AA) and defaunated animals
(histidine and lysine as first and second limiting AA) suggested that protozoal AA
might affect total duodenal AA composition. Besides, the AA profile of dietary protein
potentially escaping fermentation can be different from the AA profile of the ingested
dietary protein (Sniffen & Chalupa, 1990).

The total amount of NAN flowing into the duodenum was predicted with high’
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accuracy using the model developed in the present study (Chapter 2) as well as using
existing rumen models or current protein evaluation systems {(e.g. Ramangasoavina
et al. 1991}. However, the prediction of microbial and non-microbial components of
NAN flow was less satisfactory. At least some part of the error can be attributed to
differences in technigues (particularly to the bacterial and/or protozoal isolation
procedures and the markers applied}, as indicated by the much higher variation in
measurement of microbiai NAN flow than total NAN flow {Oldham & Tamminga,
1980). In mechanistic models, an under- or overprediction of microbial biomass in the
rumen will result in under- or overprediction respectively, of feed N degradation.
Consequently, any error in the prediction of micrabial NAN flow will be compensated
far by the predicted non-microbial NAN flow, resulting in relatively correct predictions
of total NAN flow. Ramangasoavina et a/. (19921} evaluated the INRA protein
evaluation system (Vérité et al. 1987), the Cornell feed evaluation system (Russell et
al. 1992}, and the model of Baldwin et a/. {(1987b} with respect to microbial and non-
microbial NAN flow. From the underpredicted microbial NAN flow at high total NAN
flows to the duodenum, they concluded that the models needed an improved
representation of recycling of urea to the rumen, and a better quantification of the
effect of differences in DMI. The same conclusion with respect to N recycling has
been reached previously by Beever et &/ (1981a). The model of Baldwin et al.
{1987b) represented recycling of N by saliva only, whereas the other models did not
include N recycling. Equally, none of the present protein evaluation systems take the
amount of N recycled to the rumen into account in a quantitative manner. Though
such low N diets would probably decrease animal performance, in view of the aim of
reducing N excretion to the environment, this could become an important aspect of
diet evaluation. In the models developed in the present study, equations to represent
protein and urea entering the rumen with saliva and through the rumen wall have
been included (Chapter 1). It was recognized that this representation largely ignored
the interaction between animal and rumen factors in the urea concentration of the
blood, possibly giving rise to inadequate predictions of ammonia concentrations in
rumen fluid. Yet the prediction of NAN outflow on diets was satisfactorily where total
NAN flow exceeded N intake by up to 20% (Chapter 2). Thus, these results indicated
that N recycling was adequately represented and as such, the present model is a
considerable improvement on previous models, particularly considering environmental
constraints, Mareover, there was no tendency to underestimate microbial NAN flow
at high total NAN flows as reported by Ramangasoavina ef a/. (1991}). Rather, the
predicted microbial NAN flow tended to be higher than observed, with a MSPE of
37% of the observed mean and 69% of this error was attributable to the deviation
of the slope to unity {Chapter 2). Russell et al. (1992) reported a high correlation
between observed and predicted bacterial N flow (r = 0.88; cf Chapter 2, 2 =
0.86) using the Cornell protein evaluation system. However, the data they used for
validation group in two clusters of points {one high N flow group with dairy cattle and
one low N flow group with steers) that are widely separated, and analysis of each
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individual group would vyield different results (Glantz & Slinker, 1990), likely
increasing bias severely. Overall, the flow of NAN to the ducdenum was predicted
accurately by the present model. The representation of recycling of N to the rumen
is an improvement over earlier models in that NAN flow on low N diets is predicted
satisfactorily. Equally, the model of Chapter 4 contained in addition to essential
microbial features included in existing models, a detailed consideration of protozoal
metabaolism. This allows evaluation of concepts about protozoal metabolism and
offers opportunities to predict the AA profile of duodenal NAN flow,

Prediction of efficiency of microbial synthesis
The factors affecting microbial efficiency have been frequently discussed (e.g.
reviews Robinson & Tamminga, 1984; Sniffen & Robinson, 1987; Hoover & Stokes,
1991;: Clark et al. 1992). A number of these factors, including feed intake,
~ roughage:concentrate ratio, and source of carbohydrates and protein, can be
evaluated using the models. Other factors, such as the fat content of the diet and
availability of micronutrients, have not been included in the models and it is assumed
that a shortage or overabundance will not occur in the diets used in simulations.
Efficiency figures vary widely and opposite effects of the factors referred 1o, have
been reported (see reviews mentioned). The present protein evaluation systems
. adopted fixed efficiency figures. While this would probably affect the predicted total
flow of protein to the duodenum to a much smaller extent than prediction of the
protein of microbial and non-microbial origin, the importance of a correct prediction
is clear when AA profiles have to be predicted. If N availability in the rumen is low,
energy spilling reactions can occur (e.g. review Harrison & McAltan, 1280} and such
an uncoupled fermentation has been represented in the developed models (Chapter
1 and 4). There is much controversy concerning the N requirement for maximum
synthesis of microbial protein and degradation of OM in the rumen (see e.g. Stern &
Hoover, 1979; Hoover & Stokes, 1291). In attempts to elucidate these differences,
it is important to appreciate the dynamic nature of the fermentation processes
affecting concentrations of ammonia and AA/peptides in the rumen. For example, low
concentrations could limit microbial growth, but could also be the rasult of a very
efficient growth as well, as indicated by the high efficiencies and low ammonia
concentrations generally found in defaunated animals (Jouany ef a/. 1988). The
present medels can enhance understanding, in that their predictions are based on
underlying mechanisms, thus accounting for different factors such as level of intake,
source of energy and N, etc. In Table 2, simulation results of the responses to
changes in N availability of the high roughage (Diet R) and high concentrate {Diet C})
diets from Chapter 4 are presented, using the model described in that Chapter. In
these simulations, the concentration of ammonia was fixed at the predicted level
{(11.3 and 9.9 mM for Diet R and C, respectively) or decreased to 5 or 1 mM. The
results showed that a decrease in ammonia concentration resulted in an increase in
feed OM outflow and a decrease in microbial OM and total and microbial NAN flow,
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Table 2. Model predictions of effect of changes in ammonia concentration on-ruminal .
carbohydrates apparently (ADCHO] or truly (TDCHOQJ digested-and OM apparently (ADOM|
or truly (TDOM) digested, microbial NAN outflow, and efficiency of microbial synthesis (E)
for cattle

Diet
R R5 R1 c Ch c1
TDCHO {% of intake) 66.5 65.8 64.3 66.5 65.9 64.2
ADCHO (% intake) 64.6 63.8 62.5 62.3 61.7 -59.8
TDOM {% intake) 64.6 63.9 62.4 61.2 60.6 59.1
ADOM {% of intake) . 50.0 489 49.86 471 46.8 46,1
Microbial NAN flow {g/d} 261 248 229 205 198 @ 181
E (g N/kg TDCHO) 34.0 326 30.9 29.0 28.3 26.4
E (g N/kg ADCHO} 35.1 33.6 31.8 31.0 30.2 28.4
E (g N/kg TDOM} 27.3 26.2 24.8 24.1 23.5 22.0
E (g N/kg ADOM} . 356.3 335 31.2 31.3 30.4 28.2

Far details of diets, see Chapter 4; Diet R, 90% roughage, 10% concentrate diet; Diet RS,
same as Diet R, with ammonia concentration fixed at 5 mM; Diet R1, same as Diet R, with
ammonia concentration fixed at 1 mM; Diet C, 30% roughage, 70% concentrate diet; Diet C5,
same as Diet C, with ammonia concentration fixed at 5 mM; Diet C1, sams as Diet C, with
ammania concentration fixed at 1 mM.

and also decreased efficiency of microbial synthesis.' Qualitatively, these results are
in line with /in vivo data showing diminishing returns of supplementary urea {Hume et
al. 1970). The reason for the decrease in efficiency is an increased amount of energy
used by bacteria for non-growth purposes and a relative larger protozoal porti'on of
total microbial biomass in the rumen, which was described in Chapter 4. Of course,
supplementation of diets with either urea or protein will inevitably decrease the
concentrations of NDF, starch and lipid in the diet and an example is given in Table
3. In these simulations, it was assumed that equal amounts of DM in the diet were
substituted by a pure, qualitative equivalent protein, raising or decreasing dietary
protein content by 15%, and that DMI was unchanged. Predicted microbial efficiency
{g N/kg TDOM or g N/kg ADOM) was decreased slightly when dietary protein content
was greater than the control diet. The reason for this decrease in response to
increased dietary protein-N is that NDF, starch and sugar contents of the diet were
decreased, and protein fermentation yields less ATP than carbohydrate fermentation
{Tamminga, 1982al. This decrease was not fully compensated for by the improved
microbial energetic efficiency (g N/kg TDCHO or ADCHO} which resufted from
increased N levels. With diets containing less N, supplementary protein increased this
energetic efficiency to a much larger extent and this resulted in an increase in
efficiency {g N/kg OM digested). However, with Diet C, there were also changes in
the compaosition of microbial biomass. With a decrease in the N content of Diet C, the
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availability of energy for protozoa was increased and this resulted in higher fractional
death rates of protozoa {see Chapter 4). This decrease in protozoal biomass
decreased microbial turnover as well. Consequently, microbial NAN outflow on Diet
C- was higher than Diet C, and efficiency {g N/kg TDOM or ADOM) hardly changed.
From Table 3 and taking into account the above considerations, it is clear that the
dietary N content which would result in the highest efficiency differs between diets.
Indeed, adding protein to the diet has been found to decrease microbial efficiency (g
N/kg OM digested) at high dietary N levels (Veira & Ivan, 1982; Lu ef al. 1982), but
increased efficiency at low N levels {Veira & Ivan, 1982). The results presented in
Table 2 and 3 have been performed at high feed intake levels. At low intake levels,
the balance between all the factors affecting the response to changes in dietary N
levels would determine the dietary N level at which efficiency is highest.

Table 3. Model predictions of effect of substitution of diet ingredients by protein on ruminal
carbohydrates apparently {ADCHO] or truly (TDCHO) digested and OM apparently (ADOM])
or truly (TDOM) digested, microbial NAN outflow, and efficiency of microbial synthesis (E)
for cattle

Diet
R- R R+ C- C C+
TDCHO (% of intake) 66.1 66.5 66.6 66.6 66.5 €65.9
ADCHO (% intake} 4.2 84.6 84.6 62.3 62.3 61.7
TDOM (% intake} 64.0 64.6 64.5 61.9 61.2 59.8
ADOM (% of intake} 49.7 50.0 50.1 47.1 471 46.3
Microbial NAN flow (g/d) 256 281 260 207 205 197
E {g N/kg TDCHO) 31.9 34.0 35.6 27.8 29.0 29.5
E lg N/kg ADCHO} 32.9 35.1 36.5 28.2 3.0 31.5
E (g N/kg TDOM) 27.0 27.3 27.2 24.1 241 23.7
E {g N/kg ADOM} 34.8 35.3 35.1 31.3 31.4 30.6

For details of diets, see Chapter 4; Diet R, 90% roughage, 10% concentrate diet; Diet R-,
same as Diet R, with protein and non-protein content decreased and increased by 15%,
respectively; Diet R+, same as Diet R, with protein and non-protein content increased and
decreased by 15%, respectively; Diet C, 30% roughage, 70% concentrate diet; Diet C-, same
as Diet C, with protein and non-protein content decreased and increased by 15%, respectively;
Diet C+, same as Diet C, with protein and non-protein content increased and decreased by
158%, respectively.

From these simulations, it is clear that the definition of efficiency must be stated
clearly to avoid confusion. For example, Stouthamer (1973} calculated that in the
absence of preformed AA, protein synthesis would require 5.35 mol ATP per mol
protein, while in the presence of AA this would be reduced to 5.0 mol ATP. In their
review, Nocek & Russell {1988} stated that addition of protein to in vitro cultures or
the substitution of urea by protein, increased growth yield to a much larger extent
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than was expected from the theoretical calculations of Stouthamer (1973). However,
Nocek & Russell {1988) defined growth yield as g bacterial DM per g carbohydrate.
From Table 3 in Chapter 1, it is clear that the synthesis of protein from ammonia
requires little extra energy per se, but significantly higher amounts of carbohydrates
as carbon skeletons for microbial AA. Hence, the efficiency based on ATP values
would change less drastic than the efficiency based on carbohydrate values. Hoover
& Stokes {1291) calculated a correlation of .80 and 0.59 between the degradable
protein content of feed and microbial efficiency (g N/kg CHO digested) from data
using 7 continuous culture experiments or 7 trials with dairy cattle, respectively.
These results agree with the improvement in microbial efficiency (g N/kg TDCHO or
ADCHO) seen for increased ammonia concentration or dietary protein levels as
predicted by the model {Table 2 and 3). Such differences would be different however,
if the third measure of efficiency was applied, which is the unit microbial N per unit
OM utilized. Thus, from the theoretical calculations of Stouthamer (1973}, the
synthesis of 1 gram of microbial protein from preformed AA requires 1.64 g hexose
and 1 g AA (total 2.64 g OM), whereas synthesis from ammonia requires 3.00 g
hexose and 0.19 g ammonia {total 3.19 g OM) (Table 3 in Chapter 1). The results in
Table 3 showed that while energetic efficiency (g N/kg TDCHO or ADCHQ} was
always improved with increases in N availability, efficiency based on TDOM or ADOM
was not necessarily improved, consistent with these considerations. Experiments in
which dietary urea was replaced by protein often revealed a decrease in efficiency (g
N/kg TDOM or ADOM) (Mercer et a/. 1980; Ha & Kennelly, 1983; Ling et a/. 1983;
McAllan et a/. 1988). However, in these experiments, the replacement of urea by
protein was accompanied by a reduction in carbochydrate content (particularly starch),
and consequently one would expect such a decrease in efficiency. To summarize, the
simulations have highlighted the dynamics of microbial growth efficiency in the
rumen, and indicate the need to consider the integration of factors influencing this
efficiency.

Finally, the effects of feed intake and roughage:concentrate ratic can markedly
affect microbial N synthesis and efficiency. This is illustrated in Figure 1. in this
Figure, model predictions (using the model of Chapter 4} are presented for the diets
described in Chapter 5, in which the dietary concentrate content ranged between O
and 100% and DMI varied between 5.3 and 21.0 kg/d. The storage polysaccharide
content of microbial DM was higher when the concentrate proportion was increased,
and was reduced in the case of increased intake levels {Figure 1A). With the 100%
concentrate diet at intake levels exceeding 15 kg DM/d there was a marked increase
in polysaccharide content which was the result of the complete disappearance of
cellulolytic bacteria, which were assumed not to contain any storage polysaccharides.
Such differences would affect the efficiency of microbial N synthesis, because energy
is used to synthesize a non-N containing compound. For low roughage diets fed at
high intake levels, the microbial efficiency would be at its highest with respect to
micraobial composition. Unfortunately, there are no data available to validate such
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differences as affected by dietary characteristics.

Theoretically, the turnover of microbial OM in the rumen will have a large effect on
microbial efficiency as well. Turnover can largely be attributed to the activities of
rumen pratozea (Leng & Nolan, 1984; Wallace & McPherson, 1987). Thus, changes
in the amount and activities of rumen protozoa would affect turnover and ultimately
the efficiency of microbial growth. Apart from high concentrate diets, the proportion
of protozoa in the total microbial biomass was generally predicted to decrease with
increasing intake levels (Figure 1B; Chapter 4). The effect on turnover within the
rumen, however, was significantly affected by the roughage:concentrate ratio.
Microbial turnover decreased when an all roughage diet was fed (from 0.96 to 0.57
/d at lowest and highest intake level, respectively}), but increased when the all
concentrate diet was simulated (from 0.54 to 1.18 /d at lowest and highest intake
level, respectively}. The diets in between showed intermediate values. The marked
increase when high concentrate diets were fed, can be explained by the increase in
protozoal OM as a proportion of total microbial OM and the rapid increase in fractional
death rates of protozoa {Chapter 4). For high roughage diets, the increase in the
fractional death rate does not compensate for the decrease in turnaver which results
from a decreased engulfment of microorganisms, which is in turn caused by a
decrease in proportional protozoal OM. The large effect of protozoa on turnover of
microbial matter in the rumen, and hence on microbial efficiency, could explain the
generally large increase in microbial efficiency following rumen defaunation (Jouany
et al. 1988). There are few data available to confirm such relationships. /n vitro,
approximately 90% of protein breakdown of bacterial cells was related to the
presence of protozoa (Wallace & McPherson, 1987}, and individual protein breakdown
rates ranged between 0.05 and 0.30 /h. Van Nevel & Demeyer {1977} reported that
50% of microbial matter synthesized was degraded again. /o vive, recycling of
microbial matter via the ammonia pool was 30 to 50% of the total ammonia flux in
sheep {review Leng & Nolan, 1984). Aharomi et a/. (1991) calculated that fora 75%
concentrate diet, recycling to the ammonia pool contributed 22 to 62% of total
microbial synthesis. However, recycling is not only via the ammonia pool, because
" protozoa partly incorporate engulfed bacterial AA, and bacteria can incorporate the
AA released into rumen fluid by protozoa (see model description in Chapter 1 and 4).
Recently, Firkins et a/. {1992} calculated that in cattie, recycled microbial NAN was
90% when an 85% corn silage diet was fed at 4.7 kg DM/d, and this recycling
decreased to 75% when the intake level was 10 kg DM/d. This decrease due to
intake level on a high roughage diet qualitatively agrees with the results in Figure 1C.

The impact of recycling on microhial efficiency is large, as can be seen in Figure
1D, and considering its significance for microbial efficiency, the results highlight the
need to quantify recycling in different dietary situations. Microbial efficiency is
affected by a number of factors and their interactions, which hamper a rapid
interpretation of results. At low intake levels, the predicted efficiency of high
roughage diets was much lower than for high concentrate diets (Fig 1D). This is
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mainty the result of the higher turnover rate (Figure 1C}, and the lower ratio of
bacteria free in fluid (amylolytic bacteria} to bacteria attached to particles (cellulolytic
bacteria) with the roughage diets, whereas protozeal OM (per unit total microbial OM)
was not different. Amylolytic bacteria were assumed to be washed out faster than
cellulolytic bacteria, which in turn flow to the omasum more rapidly than protozoa.
/n vitro, the faster outflow has been shown to increase efficiency, because relatively
less energy is used for non-growth purposes (e.g. Russell, 1984). /n vivo, this
relationship is not immediately apparent. Increases in efficiency with increases in fluid
passage rates were observed by Harrison et al. (1975 and 1978), Kennedy et af.
{(1976) and Kennedy & Milligan {1978), but Chamberlain & Thomas {1980),
Hadjipanayiotou er a/. {1982) and Goetsch & Owens {1985} found either no
relationship or even a decrease in efficiency. Other changes in microbial metabolism
resulting from an increase in passage rate could have affected the final efficiency. In
particular, protozbal OM in the rumen could be either increased or decreased with
increases in fluid passage rates, the amount depending on the basal passage rate and
dietary characteristics (Chapter 4), thus affecting turnover and efficiency in the
rumen. An elevated intake level rapidly increased efficiency with the high roughage
diets, but less so with the high concentrate diets, whereas a decrease in efficiency
was predicted for the all concentrate diet (Figure 1D). The effects would have been
even more pronounced if the concentrate had contained lower amounts of fibrous-rich
by-products, instead of starch or sugar rich ingredients. Thus, the predictions suggest
that the effect of intake level on microbial efficiency depends on the roughage:con-
centrate ratio, and vice versa. A number of experiments have been performed to
determine these relationships and results reported have been conflicting. Robinson &
Tamminga {1984} obtained a curvilinear response of efficiency to the OM intake per
unit body weight. Sniffen & Robinson (1987), and Clark et al. (1992}, stated that
several studies had not indicated a relationship between intake and microbial yield,
but with some diets, especially those fed to dairy cattle, a positive relationship had
been obtained (Sniffen & Robinson, 1987). In the review of Demeyer & Van Nevel
{19886), it was concluded that mixed diets, and non-silage all roughage diets, resulted
in higher efficiency figures than concentrate or silage based diets, but that the level
of feeding and protein supplementation could alter this ranking. Tamminga {1982b)
found no relationship between the roughage:concentrate ratio and efficiency, while
elsewhere it was suggested that efficiency was greatest with diets containing 70%
roughage {Robinson & Tamminga, 1984) or with diets containing 30-70% roughage
(Hagemeister ef a/. 1980). The results in Figure 1D support such optimal
roughage:concentrate ratios at intake levels ranging roughly between 11 and 14 kg
DM/d for dairy cattle {i.e. between 1.9 and 2.4 % of body weight), but differences
in this range were small in predicted efficiency.

To summarize: by consideration of the mechanisms involved, the predictions
indicate the variability in efficiency figures as affected by characteristics such as
intake level, roughage:concentrate ratio, and protein avaifability. This integration
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offers a means of evaluating and explaining the responses to these factors which
have been observed experimentally. In contrast, current protein evaluation systems,
though including some of the main mechanisms occurring in the rumen, apply fixed
efficiency constants. While the use of these empirical systems to predict the amount
of protein reaching the duodenum is probably unavoidable in the near future, the
prospects of the mechanistic approach adopted in the present study are considered
good.

Prediction of VFA in the rumen
VFA production is of considerable importance to the ruminant. Firstly, VFA make a
large contribution to the total amount of digestible energy in ruminants (Sutton,
1985). Small differences exist between the major VFA {acetic, propionic and butyric
acid) in ATP vielding capacity per unit digestible energy (Swenson & Dukes, 1284).
Secondly, they are precursors of body and milk constituents. All VFA are precursors
of long chain fatty acids. The role of propionic acid as a glucose precursecr is of
particular importance, since there appears to be no net glucose absorption across the
PDV from dietary sources in dairy cattle and steers (Huntington, 1990}. Propionic acid
made a major contribution to hepatic gluconeogenesis in non-fasting cattle (between
46 and 73%; review Huntington, 1990). Thirdly, the VFA affect the hormonal
balance in the animal, and could therefore have a major impact on the amount and
composition of the milk and meat produced. Thus, intravenously administered
propionic and butyric acid, though not acetic acid, stimulated insulin secretion to a
greater extent than glucose did {Bergman, 1990). However, the physiological
importance of this is uncertain, because these acids are metabolized in gut wall and
liver to a varying extent. Differences in the energetic efficiency of utilization of the
major VFA are small in beef cattle. Some effects on body composition were found
when large amounts of acetic acid were added (review @rskov & MaclLeod, 1990}.
In dairy cattle, pronounced differences between the individual VFA have been
reported concerning their effects on milk production and composition. Thus, acetic
acid, which does not stimulate insulin secretion and is a fatty acid precursor,
increased milk yield and fat content following tnfusion in the rumen (as summarized
by Thomas & Martin, 1988). The effect of propionic acid was a decrease in the milk
vield and fat content and an increase in protein content, possibly related to a rise in
the insulin secretion and an increased supply of AA resulting from an elevated liver
propionic acid metabolism. Interestingly, increasing the supply of glucose in the small
intestine raised milk yield, but slightly reduced the protein content. Finally, butyric
acid decreased milk yield even more than did propionic acid, and increased fat
content. The effects on milk production of diets, which stimulate high propionic and
low acetic and butyric acid concentrations in the rumen, show similar effects to the
observations of VFA infusions, These diets reduced milk fat secretion and were often
associated with a repartitioning of nutrient use within the body of dairy cattle
{Sutton, 1985). QOverall, it is apparent that the consideration of individual VFA is
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important. In the present energy evaluation systems, attempts to recognize these
aspects are made by adjustments of ME to NE through the metabolizability factor (q),
but its applicability has been questioned (see first part Discussion). In the present
study, evaluation of the model indicated correct predictions of total VFA
concentrations in rumen fluid, though VFA production was predicted less accurately
{Chapter 2). The latter could be related to problems in estimating VFA production,
which have large errors of measurement {e.g. Sutton, 1985}. Also, it has been shown
that the widely used method of Weller et a/ (1967) does not give particularly
accurate approximations of VFA production rates, the results being dependent on the
choice of infusate (France et al. 1987a). Moreover, most methods assume that the
production rate of individual VFA is propartionally the same as their concentrations
in rumen fluid. In Chapter 3 however, it has been shown that marked differences
occurred in the absorption rates due to pH and individual VFA concentration, which
would invalidate this assumption. These considerations suggest that errors in
prediction of VFA production could be the result of incorrect assumptions or
parameter values in the model, as well as of incorrect measurements. Molar
proportions of individual VFA were not predicted well (Chapter 2). Although a
relatively large part of the error was attributable to the overall bias of the predictions,
indicating that a portion of the error could be eliminated by a mean correction factor,
deviation of the regression slope from 1.0 made also a large contribution. The latter
indicates a proportional bias due to the inadequate representation of the relationships
involved. Because carbohydrate and total NAN flows were predicted well for a range
of diets, these results suggest that the stoichiometric coefficients derived by Murphy-
et al. {1982) from a statistical analysis of a large data set are not applicable to the
diets used for evaluation in combination with the concepts of the present models.
VFA molar proportions as predicted by Beever et a/. (1981a), Baldwin et al. {1987b)
and the updated version of the latter model (Argyle & Baldwin, 1988) did not respond
accurately to dietary characteristics either {see Chapter 2 for full discussion}. Iry order
to predict VFA molar proportions accurately, other coefficients are needed which take
into account the dynamics of VFA production and absorption in the rumen.
Generally, the need to maintain redex balance through reduction and reoxidation
of pyridine nucleotides {(NAD} control fermentation reactions and this affects the
energy vield obtained and fermentation products formed (Macfarlane & Gibson,
1993). The methanogenic bacteria are of specific interest, in that they maintain a
very low partial pressure of hydrogen, favouring a maximal flow of carbon towards
highly oxidized VFA endproducts which have been praduced by other species (Wolin
& Miller, 1988). A number of factors are involved in the maintenance of redox
balance and consequently affect the pattern of VFA in the rumen. These include the
composition, amount and rate of depolymerization of the substrate available, and
substrate preferences and fermentation strategies of individual species present. The
highly integrated nature of the fermentation processes prevents conclusions with
respect to a single factor. Thus, while fermentation of a diet with a high woodpulp
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{NDF content 99% of DM}, high starch or high glucose content resulted in molar
proportions of acetic, propionic and butyric acid of 74:18:5, 60:25:10 and 38:22:26,
respectively {@rskov & Oltjen, 1987), these patterns were probably also affected by
differences in pH (6.9, 6.7 and 5.7, respectively) and microbial species present. High
substrate concentrations, resulting in high growth rates, generally cause a shift in
fermentation pattern from acetic acid to butyric and lactic acid in vitro, because these
latter two act as a sink which disposes of excess reducing power (Cummings &
Macfarlane, 1991}. In contrast, during carbon limited growth, acetic acid formation
is optimal. Russell (1984} showed that increasing /in vitro growth of Streptococcus
bovis, decreased acetic acid and increased lactic acid proportions. During starvation,
Sefenomonas ruminantium produced acetic acid only, and during growth produced
both acetic and propionic acid {Mink & Hespell, 1981). Thus, differences in the rate
of depolymerization of the same chemical component, resulting in differences in the
rate of growth, could lead to differences in the molar proportions of VFA formed. It
is impossible to confirm such relationships /n vivo, because of confounding with the
substrates degraded and differences in pH. Experiments in which passage rates were
increased, and therefore also had increased microbial growth rates, have not shown
conclusive results. Harrison et a/. {1376) reported increased acetic and butyric acids,
and decreased propionic acid molar proportions with a purified diet which had an
increased fluid passage rate, but rumen g-linked glucose degradation also decreased
as well as cellulose degradation increasing. On 90% and 40% roughage diets,
increases in fluid passage rate were accompanied by increases in the molar
proportions of acetic acid, decreases in propionic acid and either increases or
decreases in butyric acid (Harrison et a/. 19875). Kennedy ef &/, {1976} and Kennedy
& Milligan (1978) exposed sheep, fed on brome grass diets, to cold, and observed
increased fluid and solid passage rates as well as increased propionate and decreased
butyrate proportions in rumen fluid, Bacteria have been observed to shift pathways
in response to changes in pH. Decreasing the pH in vitro caused acetic molar
proportion to decrease and propionic and butyric molar propertions to increase during
starch fermentation (Marounek et a/. 1985}, but Strobel & Russell {19886) reported
an increase in butyric and lactic acid and a decrease in propionic acid molar proportion
from starch fermentation when pH was decreased from 6.7 to 5.8 with mixed
bacteria /n vitro. Other substrates (sucrose, cellobiose, xylan, pectin} in the same
experiment, however, increased propionic, butyric and lactic acid molar proportions,
indicating the presence of pH x substrate interactions. Many microbial species in the
rumen are selective fermenters. Hence, differences between species in fermentation
pattern reflect to a certain extent, differences in VFA pattern of the preferred
substrate degraded and again stress the integrated nature of the processes. Protozoa
may be of specific interest in this respect. The main VFA endproducts of protozoa are
acetic and butyric acids, while only trace amounts of propicnic acids are produced
{Russell & Hespell, 1981; Williams & Coleman, 1988). A specific association between
protozoa and methanogenic bacteria has been observed (Krumholz ef a/. 1983;
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Stumm & Zwart, 1986}, enabling a rapid hydrogen transfer and atlowing more acetic
acid to be formed by protozoa. Removal of protozoa from the rumen did not have a
consistent effect on changes of VFA proportions, probably because other effects
resulting from defaunation, such as changes in OM degradation, N availability, and
pH, obscure the direct protozoal VFA formation effect. Still, a number of authors
concluded that defaunation increased the molar proportion of propionic acid at the
expense of butyric acid in vivo, and in vitro studies have confirmed these results (see
review Jouany et a/. 1988). Thus, starch and sugars fermented by bacteria would be
likely to vield much more propionic acid, and less acetic and butyric acid per unit
substrate fermented, than would fermentation of starch and sugars by protozoa.
There are no data available concerning the relative amounts of VFA produced by
bacteria and by protozoa in the rumen. Presumably, diets which promote a high
protozoal biomass, will result in a major contribution of the protozoa to rumen VFA
formation as well. Estimates of protozoal contribution to total rumen VFA formation
on the range of diets used previously (to derive the results depicted in Figure 1) varied
between 16 and 37%, the pattern closely following the pattern of proportion of
protozoa in the total rumen biomass. With respect to the specific pattern of VFA
formed by protozoa, such differences in relative VFA contribution could influence VFA
molar proportions and it may be worthwhile to take these contributions into account.
At present, the complex interactions between protozoa and other factors which affect
the profile of VFA produced in the rumen, do not allow the establishment of the
definite influence of protozoa on VFA molar proportions found in the rumen. In
summary, the prediction of VFA molar proportions was not improved by comparison
with existing rumen models. Validation with respect to other rumen fermentation
characteristics, however, indicated the likely source of error, viz. the stoichiometric
coefficients applied, since these coefficients do not sufficiently account for the
dynamic, integrated character of VFA production and absorption processes.

IMPLICATIONS OF THE RESULTS OF PRESENT MODELS
TO FUTURE FEED EVALUATION

In the previous section, the contribution of models to the integration of fermentation
processes and prediction of the nutrient supply was discussed in relation to the
general concepts and assumptions described in the first part of the Discussion. In
several aspects, the models represent a substantial change to previous models. In
particular, the role of several microbial groups, including protozoa, in efficiency of
microbial synthesis and turnover within the rumen have been depicted. Although
predictions of nutrient supply could not always be fully validated, the results
suggested that outflow of NDF, starch, sugars and total N were predicted well, that
the prospects to predict duodenal AA flow were satisfactory, but that the type of
VFA formed was not predicted adequately. Baldwin et a/. {1987a) indicated that
fermentation processes in the colon could be represented relatively simply. Therefore,
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given the major objective of the models and the effects of type of VFA on product
and product composition, further consideration of the modelling and prediction of VFA
production in the rumen should have a high priority. Results of this study could form
the basis for such further research. In Chapter 3, VFA absorption rates as affected
by concentraticn, pH and liquid volume have been quantified. The representation of
amylolytic and cellulolytic bacteria and protozoa could be used to represent
differences in VFA production due to the particular microbial species which ferment
the substrate. Improved accuracy of prediction of individual VFA production is then
likely to result from application of parameters, providing relationships between
substrate fermentation and VFA produced, accounting for the type of substrate, its
rate of hydrolysis, and pH of rumen fluid. The classification into five substrates
{cellulose, hemicellulose, starch, scluble sugars, and protein} and into two diet types
{(forages and concentrates) applied by Murphy et a/. (1982} to derive VFA
stoichiometric parameters, give some consideration to the pH and substrate
hydrolysis rate, but is likely to be an oversimplification of the true relationships. In
this respect, it is important to consider the recycling of OM within the rumen. Some
of the VFA are produced from recycled OM and the amount and type of this OM
could affect the VFA molar proportions. Again, the models devsloped, offer
opportunities to estimate the type and amount of OM recycled within the rumen.
Major drawbacks identified in the models developed, include the necessity of
defining parameters such as the pH and fractional passage rates. The application of
appropriate information to establish these driving variables will result in satisfactorily
predicted profiles of nutrient supply, as discussed in the previous section. Thus, inthe
case of predictive models, there is no urgent need to improve this representation.
However, in research models there is indeed a need to integrate the mechanisms of
passage of fluid and particles and of microbial degradation, in order to achieve
progress in the understanding and quantification of the rate of passage (Faichney et
al. 1989). Moreover, a mechanistic approach to the dynamics of particles
(degradation, comminution, passage) in the rumen, and of the metabolic processes
within the animal, could in the long term provide more accurate predictions of feed
intake {Gilt & Beever, 13988; AFRC, 1931). Prediction of intake is of clear significance
to feed evaluation, if nutrient supply is to be calculated in animals fed ad /ib. As
discussed previously, current feed intake predictions are applicable for only a limited
range of diets and animal and environmental situations. Mechanistic approaches to
voluntary feed intake are concerned with the different mechanisms which control feed
intake and their interactions, providing a possible integration of the numerous factors
affecting voluntary feed intake. The models in the present paper could contribute to
such an approach by predicting the metabolic activities of the microorganisms and the
resulting fermentation products, and by providing estimates of nutrient availability,
to be used in models of metabolism in the body. Attempts to include rumen models
into models which predict feed intake, have been described. Thus, lllius & Gordon
(1991) developed a model to predict intake and digestion in ruminants, and included
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the approach to modelling fibre kinetics described by Mertens (1977). Hyer et al.
{1991) used the rumen model of France et al. (1982} to predict voluntary intake in
grazing cattle and concluded that the inclusion of the fermentation component of this
rumen model responded well in predicting the various nutrient contributions to rumen
fill. The results of the VFA absorption experiment described in Chapter 3 are
important in this respect as well. In this Chapter, it was shown that high
concentrations of propionic and acetic acid, tended to decrease the fractional
absaorption rate, and that high rumen liquid volumes reduced absorption rates as well.
This would lead to an increase in the proportion of VFA removed by passage to the
omasum. In Chapter 3, it was calculated that in dairy cattle, the estimated
contribution of passage to total VFA disappearance increased from 20 to 35% when
DMI was increased from 5.3 to 21.0 kg/d. In some instances, voluntary feed intake
may be controlled by the rate of VFA absorption from the rumen or the ratio of VFA
absorbed to other nutrients absorbed {Tamminga & Van Vuuren, 1988; Ketelaars &
Tolkamp, 1981}). As shown previously in this Discussion, the models described in
Chapter 1 and 4 apply in the steady state situation, and so do not predict patterns
of VFA concentration in rumen fluid nor rumen pool sizes of degradable and
undegradable fibre, even though both may act as feedback signals and therefore may
be used in predicting voluntary feed intake {AFRC, 1991}. The first detailed
representation of particle size and particle size reduction integrated with degradation
has been provided by Baldwin et a/. {1987b} and offers a promising way of simulating
diurnal patterns of substrates and endproducts in the rumen. With respect to the
impact on production and utilization of nutrients, the effect of discontinuous feeding
regimes on patterns of pH and metabolite concentrations in the rumen have been
frequently described {Robinson, 1989). Much less is known about the pattern of
absorption of nutrients from the digestive tract. Reynolds & Huntington (1988a, b)
reported differences in the appearance of nutrients in the portal vein of steers related
to the frequency of feeding of lucerne diets (every 2h or twice daily). However,
measurements were only made over a limited period during the feeding cycle, which
may have enhanced these differences. In case of differences in the appearance of
nutrients in the portal vein due to feeding frequency, the utilization and efficiency of
utilization of nutrients in the liver may be changed, but there are few data available
to test this suggestion. Despite the pronounced effects of feeding frequency on
rumen metabolite concentrations and pH, and metabolite appearance in the portal
vein, there is little experimental evidence of increased milk yield, although milk fat
content has been shown to be affected by feeding frequency (review Robinson,
1989). This may be the result of altered acetate:propionate ratios. However, even the
steady state models developed could accommodate such dynamic differences by
specifying pH values which depend on the frequency of feeding, after modifications
have been made to include the effect of pH on VFA molar proportions. Rumen
simulation models, which take account of the feeding frequency, could also offer a
possible means to quantify the synchronization of the available carbohydrate and N
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sources. Rumen fibre degradation has been shown to improve when N sources were
provided more frequently, but results vary considerably {Dixon, 1987). Besides, the
efficiency of microbial synthesis could be expected to increase, thus |eading to
reduced losses of N {through absorption of ammonia) to the environment (Tamminga,
1992).

At present, a general problem with mechanistic approaches is an ignorance of
individual variation in performance between animals. Thus, predictions of models give
an average value of a group of animals fed the same diet in the same environment,
whereas individual variations might exist {Curnow, 1988). For example, @rskov et a/.
(1988) found consistent differences in outflow rates between cows with ad /ib or
restricted intakes. This makes correct predictions for each individual extremely
difficult, because it requires knowledge of the underlying individual factors responsible
far these variations. Besides, genetic capacities need to be accounted for. Oldenbroek
(1986) made comparisons between breeds fed all-roughage or 50% roughage diets
and found a breed x diet interaction for feed intake, milk and protein vield and fat
percentage, which indicates differences in the capacities of animals to ingest and
utilize feed, dependent on dietary characteristics. To summarize: the explicit
representation of discontinuous feeding patterns is probably of minor importance in
predicting the profile of available nutrients, except for the differences in VFA molar
proportions due to feeding frequency. However, it is of considerable value in the
integration of metabolic processes in order to elucidate the mechanisms influencing
passage of material out the rumen and voluntary feed intake.

Having established the need to predict VFA patterns more accurately and, for
research purposes, the need to represent discontinuous feeding patterns and particle
dynamics, the next step is to develop models which predict responses to given
inputs. As discussed in the first section, current rationing systems are usually based
on separate empirical models of energy and protein supply and utilization, which aim
to meet requirements for given outputs. Empirical energy and protein ruminant
response models have been constructed and evaluated (see e.g. Geisler & Neal,
1979; Bruce et a/. 1984; Broadbent et a/. 1984; Hulme et a/. 1986). However, like
the current rationing systems, marginal cost analysis is not possible since these
models are not suitable for prediction of the product composition in relation to dietary
inputs. In order to evaluate carcass composition or milk constituents, linear regression
models have been developed and evaluated with variable success (see e.g. Harries
et al. 1976; Rook, 1991). As discussed previously, longer term progress will result
from mechanistic models which simulate the response of animals by representation
of the metabolism of nutrients by individual tissues. Current mechanistic models of
nutrient utilization in beef cattle (e.g. Oltien et a/. 1986; France et a/. 1987b; Di
Marco et a/. 1989; Buchanan-Smith et a/. 1990) and dairy cattle {e.g. Baldwin et a/.
1987a; Danfaer, 1990Q) are not yet suitable for predictive purposes, primarily because
of insufficient knowledge of the mechanisms invalved. Future prospects for
mechanistic predictive models, however, are considered good (MacRae et a/. 1988;
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Gill & Beever, 1988). A majar limitation identified in several of these mechanistic
models is the lack of adequate data concerning the profile of nutrients absorbed (Gill
et al. 1984; France et a/. 1987b; Buchanan-Smith et a/. 1990). In this respect, the
framework of the models developed in the present study could be of considerable
value in providing estimates of the nutrient profile, particularly when the type of VFA
produced and the AA composition of ducdenal protein flow can be predicted
accurately. Next, central is the prediction of how these nutrients are used by the
ruminant for the competing processes of body cell maintenance and service functions
{maintenance), fetus and body protein and fat deposition (pregnancy and growth),
and lactose, protein and fat secretion in milk {lactation). In the current metabolism
models, the partitioning of nutrients have been principally represented according to
substrate concentration, based on Michaelis-Menten kinetics. The use of these
mathematical expressions is generally acknowledged in animal modelling {Gill et af.
1989; Sainz, 1990). Gill et a/. (1989) mentioned three useful properties for nutrient
partitioning of these Michaelis-Menten equations, viz. that all parameters can have
a biolegical meaning ascribed to them; that priorities between fluxes for a particular
nutrient are reflected in affinity constants; and that hormonal influences can be
mediated through changes in parameter values. Qften, the relationship between
plasma concentrations of substrates and substrate uptake by tissues do indeed follow
Michaelis-Menten kinetics (including aceto-acetate, non-esterified fatty acid, B3-
hydroxybutyric acid, AA} {Baldwin et a/l. 1980; Miller et a/. 1991). However, uptake
of glucose and lactate was not determined by plasma arterial concentration,
suggesting that factors in addition to glucose concentration can modify glucose
uptake. Probably, accommaodation has to be made for the effects of hormones on the
maximum rates of utilization and the affinities of tissues for substrates. Whilst the
role of hormones in metabolic regulation, and consequently in determination of animal
responses, is large {e.g. Freedland & Briggs, 1977; Bauman & Currie, 1980},
quantitative expressions of their effects have received only limited attention in current
animal metabolism models {(Sainz, 1990). Merely the models of sheep {Sainz & Wolff,
1987) and dairy cattle {Baldwin ef a/. 1987a) have provisions for endocrine control
of metabolism, represented by functions of glucose concentration. The availability of
alternative approaches for the representation of hormonal effects, and the lack of
quantitative data on hormonal factors limits such an explicit representation of the
roles of hormones. In metabolic models, a simple representation of hormoenal effects
is obtained by simulating the relative availability of a substrate versus its references
state. For example, in situations of simulated glucose deficit, gluconeogenesis and
lipogenesis were stimulated, and body fat storage and glucose oxidation deactivated,
thus simulating hormonal control of nutrient flux without explicitly stating hormane
concentrations (France et al. 1987b; Pettigrew ef al. 1992). However, with the latter
model, the same initial parameters could not simulate hormonal effects on a wide
range of diets (McNamara et a/. unpublished results}. In view of this inaccuracy and
given the likely refinements of current models, inclusion of a representation for
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endocrine control clearly merits further study.

Whilst the representation of metabolites by plasma concentrations in metabolism
models is attractive for its simplicity, it should be noted that the metabolism of
substrates, particularly the PDV and the liver, will significantly affect the profile of
substrates available for production tissues. These organs are metabolically very active
and account for a significant part of the whole body heat production {Reynolds &
Tyrrell, 1989). Thus, the type and amount of nutrients reaching the productive
tissues can differ markedly from those absorbed from the gastrointestinal tract. The
resuits of a study showing that even for high concentrate diets, no net absorption of
glucose from dietary sources across the PDV occurred {(Huntington, 1990}, have been
mentioned in a previous section, as has the preferential metabolism of butyrate and,
to a lesser extent, propionate by the gut wall {Bergman, 1990). Equally, the
composition of AA absorbed from the gastrointestinal tract and that found in the
peripheral circulation also differed substantially (Reynolds & Huntington, 1988a;
Reynolds & Tyrrell, 1989). Besides, endogenous protein secretion (enzymes, mucus,
epithelial cells) represents a significant contribution to protein flow in the intestines
(Swanson, 1982). This may affect AA profiles, and resynthesis of endogenous
protein requires both energy and AA, the latter considerably more than re-
incorporated into the protein synthesized (Simon, 1989). In some metabolism models,
body and visceral protein and fat pools have been distinguished {e.g. Baldwin et al.
1987a; Buchanan-Smith, 1990), while the model of Danfeaer {1920} inciuded a
representation of intestinal wall and liver metabolism. However, data concerning the
metabolism in gut and liver tissue are scarce and there is limited knowledge available
of the factors governing the utilization of nutrients by gut wall and liver (including
dietary factors such as intake level and roughage:concentrate ratio). With respect to
the impact of gut wall and liver metabolism on the amount and type of nutrients
available for productive tissues, more information is required to represent these
processes mathematically. This conclusion is supported by recently reported results
of a model of liver metabolism in dairy cattle (Freetly ef a/. 1993).

To summarize this section, the progress made and some future directions for new
approaches to feed evaluation have been identified. The need to establish accurate
predictions of VFA profiles, as well as the need to represent metabolite trans-
farmations in gut wall and liver, as well as hormonal effects, have been emphasised,
but for adequate representation, more guantitative information is required.
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SUMMARY

In ruminants, the profile of nutrients available for absorption generally differ largely
from that potentially present in the ingested feed. The type and amount of nutrients
absorbed can significantly affect the amount and composition of products (milk,
meat, wool). Thus, there is an obvious need to the mechanisms responsible for the
transformation of ingested to absorbed nutrients. The response of the profile of
available nutrients to variations in nutrients entering the rumen is the result of
complex interactions occurring during the fermentation. Whilst research on various
aspects of rumen fermentation has yielded valuable information on these fermentation
processes, the concentration of research on individual components rather than on its
integration has resulted in insufficient information on many important mechanisms
which link the individual components, and thereby hampers adequate predictions of
the supply of nutrients. Mathematical modelling of the fermentation processes
provides a means of achieving this integration and for improvement of our
understanding of the mechanisms involved, so as to predict the nutrient profile. Such
an integration could in the long term improve level and efficiency of animal production
with respect to feed input and desired product and product compasition, and reduce
the output of waste.

The main aim of the present study is the mathematical modelling of the rumen
fermentation processes to obtain the integration and quantification of these
processes. Considerable progress in modelling rumen function has been made over
the years, particularly due to the formulation of improved concepts as knowledge of
the subject increased. However, earlier models did not include certain aspects of
rumen function which are now recognized as being of major importance in the overall
transformation of ingested to absorbed nutrients. In the present study, models of
nutrient digestion, absorption and outflow in the rumen were developed which
addressed a number of these previously absent concepts. In Chapter 1, a
mathematical model of rumen fermentation is described, and the evaluation of this
model is reparted in Chapter 2. The objective of this dynamic, mechanistic model was
to examine the effects of the diet on the profile of nutrients available for absorption
in cattle. The equations constituting the model were described by Michaelis-Mentan
or mass action forms. Parameter values were calculated from the literature or
assigned arbitrarily. Given the specific issues which previous models either did not
represent or represented inadequately, the present model represents a substantial
change from those published earlier. Considerable emphasis has been placed on the
representation of microbial metabolism. Aspects of improvement in the mathematical
representation of rumen processes include microbial substrate preference, differential
outflow and chemical composition of rumen microbes, recycling of microbial matter
within the rumen, uncoupling of fermentation with respect to nitrogen availability,
reduced microbial activity at reduced rumen pH, and pH-dependent absorption of
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volatile fatty acids and ammaonia.

Evaluation of this model was described in Chapter 2. Sensitivity analysis on high
fibre, high starch and high protein diets, indicated that the model responded
appropriately to these types of diets and to changes in parameter values. The model
appeared to be sensitive to the availability of hexose for non-growth microbial
processes, and to the maximum storage rate of polysaccharides in amylolytic
microbes, although sensitivity varied with the composition of the diet. The model was
also particularly sensitive to fluid and solid passage rates and to the fraction of
protozoa in the amylolytic microbial pool, all input parameters of the model. Model
predictions were compared with values observed for a wide range of dietary inputs
(dry matter {DM) intake 5-24 kg/d; 25-100% roughage in diet DM). There was
satisfactory prediction of duodenal flows of neutral detergent fibre (NDF), total non-
ammonia nitregen {(NAN)}, and total volatile fatty acid {(VFA) concentrations. Further
partition of NAN flow into microbial and non-microbial NAN parts showed that these
components were predicted less accurately. Equally, there were considerable
differences between the observed and predicted molar proportions of VFA in the
rumen. The reasons for these discrepancies have been given in Chapter 2. From the
results of model development {Chapter 1} and model evaluation (Chapter 2}, it was
concluded that the representation of the complex interactions between rumen
micrabial populations, particularly the metabolism of protozoa, and of their effects on
the production of specific VFA merits further study.

Some part of the inaccurate prediction of VFA molar proportions (Chapter 2) might
be attributed to insufficient representation of individual VFA absorption rates, because
quantitative information on the factors governing VFA absorption are rare. Therefore,
an experiment was performed to quantify the effects of rumen liquid volume, pH, and
concentration of VFA, on the fractional absorption rates of acetic, propionic and
butyric acids from the rumen of lactating dairy cows (Chapter 3}. Experimental
solutions of known VFA concentrations but which were at different volumes, pH and
concentrations, were introduced into the emptied, washed rumen. Fractional
absorption rates were reduced by increasing the amount of solution introduced. An
increase in the initial pH of the solution, decreased the absorption rates of ali acids,
but the effect was more pronounced when the chain length of the acid was
increased. Concentration effects were less pronounced. Acetic acid absorption at low
concentrations was lower than at medium concentrations, while the absorption rate
of propionic acid tended to decrease as the level of concentration increased. These
results indicated that the relative concentrations of VFA in rumen fluid might not
represent relative production rates. Thus, attempts to estimate individual VFA
production from substrate digestion must take into account the volume, pH and VFA
concentration.

Evaluation of the developed model {Chapter 2} also indicated the need to represent
in more detail protozoal metabolism and the interactions between protozoa and
bacteria. The importance of rumen protozoa in the transformation of ingested to
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absorbed nutrients is generally recognized. Yet explicit representation has received
only limited attention and mathematical procedures to describe the interactions
between protozoa and bacteria have not been satisfactorily developed. Therefore, a
model was developed in which emphasis was placed on the mathematical represen-
tation of the metabolic activities of rumen protozoa (Chapter 4). The abjective of this
medel was to evaluate concepts and data to provide a quantitative understanding of
the protozoal dynamics and of the integration of protozoal functioning with other
microorganisms and diet composition. Parameters in this model were often assigned
values on a priority basis, given relevant experimental observations. The general
behaviour of the model was satisfactorily. Comparisons between experimentally
observed and predicted protozoal biomass showed general agreement, but the
protozoal turnover time was predicted less accurately. Sensitivity analyses indicated
that the model was particularly sensitive to the rate of bacterial engulfment, and
protozoal maintenance requirements and fractional death rates. Simulations were
performed in which dietary components were varied independently, to assess the
effects of chemical entities in the feed. Protozoal biomass rapidly increased in
response to increases in dietary starch content, but with high concentrate diets
further increases in starch caused protozoal biomass to decline due to a rapidly
increased death rate. Equally, moderate elevations of the dietary soluble sugar level,
increased protozoal biomass, though protozoal biomass was predicted to decrease
with high soluble sugar contents of the diet, particularly with high concentrate diets.
These simulation results were qualitatively in agreement with data from the literature.
Variations in dietary NDF content did not change the simulated protozoat biomass.
Reduced dietary nitrogen content decreased the simulated bacterial growth efficiency
and total bacterial biomass, and this resulted generally in an increased protozoal
biomass. Protozoal biomass either increased or decreased due to changes in feed
intake level, depending on the dietary composition and basal intake level. This
integration of microbial and dietary characteristics by mathematical representation
provided a quantitative understanding of the mechanisms of response of protozoa to
changes in dietary inputs. |t was also shown that such changes in the relative
amounts of bacterial and protozoal biomass in the rumen affected the profile of
nutrients available for absorption.

The model described and evaluated in Chapter 4 was used to examine the
contribution of protozoa to NDF degradation {described in Chapter 5}. Research into
the degradation of fibre in the rumen is of particular interest in view of the increased
utilization of roughages by cattle herds in the Netherlands, as well as the widespread
use of high-fibrous diets in developing countries. The application of mathematical
modelling in order to establish the protozoal contribution to NDF degradation allowed
the integration of the mechanisms involved. This approach is of considerable
importance, because it is impossible to study the protozoal contribution directly in
vitro and results of defaunation studies have not been conclusive. Simulations were
performed for diets in which the concentrate content was varied between Q and
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100% of diet DM and fed at levels ranging between 5.3 and 21.0 kg DM/d.
Generally, the simulated protozoal contribution to NDF degradation decreased with
increases in intake level or increases in concentrate levels and amounted to 5-35%
of the total rumen NDF degradation. However, cellulolytic bacteria were predicted to
disappear on all-concentrate diets fed at levels exceeding 15 kg DM/d, and the very
low NDF degradation in the rumen was entirely related to the activities of the few
protozoa remaining in the rumen for these diets. When dietary NDF levels were
reduced, or starch and sugars levels increased independently, there was an increase
in the contribution of protozoa to NDF degradation. The protozoal contribution
generally declined in response to added nitrogen as well. Such changes in the
predicted protozoal contributions to NDF degradation, provided possible explanations
for differences in rumen NDF degradation observed in vivo when animals were
defaunated.

In the General Discussion, the limitations, contributions and conclusions of the
results described in previous chapters are discussed with respect 1o the integration
and quantification of rumen fermentation processes, as well as the implications of
these results for feed evaluation systems. The usual approach in current feed
evaluation systems is to establish the requirements for nutrients to sustain a certain
level of production. In the first part of the Discussion however, it is argued that
further progress in the field of feed evatuation needs a shift from the current approach
towards an approach of predicting responses in product and product composition
which result from changes in feed input. Also, it is stressed that it is necessary to
recognize metabolism of individual substrates within the rumen or available after
absorption from the gut. Finally, it was argued that the models provide an integration
and quantification of the processes involved in transformation of ingested to absorbed
nutrients. For research type of models, the major limitations identified in the
developed models include the necessity of defining pH and fractional passage rates
before simulations are performed. Emphasis was placed on the need to integrate the
mechanisms of fluid and particle passage and of microhial degradation in order to
achieve progress in perception and prediction of passage of material out of the rumen
and in voluntary feed intake. Besides, the detailed representation of protozoal and
bacterial metabolism allows evaluation of the effects of diet on the turnover and
efficiency of synthesis of microbial matter in the rumen. For predictive purposes, the
framework of the models developed is of considerable value in providing estimates
of the nutrient profile available for absorption. However, given the impact of the type
of VFA on product and product composition, and the inaccurate predictions from
models of rumen fermentation, further consideration of the prediction of VFA
production in the rumen is identified as an area of high priority. The results of both
the in vivo experiment and the models developed in the present study, could form a
suitable basis for further consideration of VFA prediction. Subsequently, an
improvement of predictions of the responses of ruminants will be achieved through
a recognized interaction of individual nutrients available for absorption at organ and
tissue level.
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Main conclusions

The mathematical models developed in the present study have addressed a number
of aspects of rumen function which were not included in previous models, but have
been recognized as being of major importance in the transformation of ingested to
absorbed nutrients. In particular, representation of microbial metabolism has been
improved and as such the models developed represent a substantial change to
previous models.

Results of model evaluation suggested that the outflow of nutrients from the rumen
{NDF, starch, soluble sugars, nitrogen} were predicted well on a wide range of dietary
inputs. However, the type of VFA formed was not predicted satisfactorily and
possible reasons for this inaccurate prediction have been identified.

The absorption of the main VFA in the rumen is affected to a variable extent by
volume, pH and VFA concentration. Hence, molar proportions of VFA in rumen fluid
do not necessarily represent the proportions in which they are formed. These factors
should be taken into account if production of individual VFA in the rumen is to be
predicted accurately,

Major aspects of rumen protozoal metabolism have been represented mathemnatically.
The mathematical integration of protozoal, bacterial and dietary characteristics
provided a quantitative understanding of the mechanisms of protozoal responses, and
their effects on nutrients available for absorption, to changes in dietary inputs.

The prediction of response to dietary inputs of the amount and composition of the
product should recognize the metabolism of individual substrates within the rumen
or available after absorption. The models developed provide a basis for the estimation
of the profile of nutrients available for absorption and thus, ultimately for production.
With respect to the prediction of these responses, further consideration of the
prediction of type of the VFA formed in the rumen should have a high priority.
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Bij herkauwers is er een aanzienlijk verschil tussen hoeveelheid en aard van nutriénten
die met het voer worden aangeboden en die welke voor absorptie beschikbaar zijn.
Het profiel van voor absorptie beschikbare nutriénten kan een wezenlijke invioed
hebben op de produktie van de herkauwer, zowel in termen van absolute
hoeveelheden produkt {melk, vlees, wol) als de samenstelling van het produkt. Het
belang van het onderzoek naar mechanismen die aan deze drastische verandering van
nutriéntenprofiel een bijdrage leveren is daarmee duidelijk. De door veranderingen in
voeropname en voersamenstelling veroorzaakte effekten op het profiel van nutriénten
die uit het maagdarmkanaal geabsorbeerd kunnen worden, komen tot stand via
veranderingen in de fermentatieprocessen inde pens. Onderzoek naar de verschillende
facetten van pensfermentatie heeft waardevolle informatie opgeleverd over
deelaspekten ervan. Het onderzoek naar de integratie van die deelaspekten heeft
echter aanzienlijk minder aandacht gekregen en dit belemmert een juiste voorspelling
van het aanbod van voor absorptie beschikbare nutriénten. Als goed bekend is hoe
het penssysteem werkt en op welke wijze effekten tot uiting komen {(kennis), dan zijn
schattingen te maken en kan er sturing plaatsvinden {voorspelling). Een belangrijke
bijdrage aan de integratie van deelaspekten van pensfermentatie en de toename van
kennis over de verschillende mechanismen die hierbij betrokken zijn, kan geleverd
worden door het wiskundig modelleren van de processen in de pens. Op langere
termijn kan deze integratie de efficiéntie van produktie verbeteren, met name met
betrekking tot de gewenste samenstelling van het produkt. Bovendien zou de uitstoot
van milieubelastende componenten (mest, urine, gassen) verminderd kunnen worden.
Het grootste deel van het in dit proefschrift beschreven onderzoek is gericht op de
wiskundige modellering van pensfermentatieprocessen, met het doel deze processen
te integreren en te kwantificeren.

Gedurende de laatste twee decennia is aanzienlijke vooruitgang bereikt in het
wiskundig weergeven van de fermentatieprocessen in de pens, met name doordat de
kennis over deelaspekten ervan telkens toenam en wiskundige principes verder
werden ontwikkeld. Toch waren reeds ontwikkelde maodellen onvolladig in de
weergave van een aantal aspekten, die nu algemeen als van bijzonder belang in het
proces van omzettingen worden beschouwd. In het onderzoek beschreven in dit
proefschrift werden modellen van de fermentatie in de pens ontworpen waarin deze
tot nu toe onvolledig weergegeven facetten wel werden opgenomen. In Hoofdstuk
1 is een wiskundig model van de pensfermentatieprocessen beschreven. Resuitaten
van simulaties met dit model en model evaluatie worden in Hoofdstuk 2 beschreven.
Het doel van dit dynamische, mechanistische model was om, op basis van uit de
literatuur bekende processen in de pens, te onderzoeken hoe rantsoeneigenschappen
invioed uitoefenen op de hoeveelheid en aard van nutriénten die uit de pens stromen
of uit de pens geabsorbeerd worden. Reaktiesnelheden werden wiskundig beschreven
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met behulp van standaard vergelijkingen afgeleid van de enzymkinetiek {Michaelis-
Menten vergelijkingen) of, in enkele gevallen, met zogenaamde ‘mass action’
vergelijkingen. Waarden van parameters in het model werden berekend uit literatuur
gegevens. Wanneer geen bruikbare gegevens voorhanden waren, werden aannames
gedaan over parameterwaarden. Het model verschilt wezenlijk van eerder ontwikkelde
modellen met betrekking tot de specifieke deelaspekten en (voorall kombinaties van
deelaspekten die eerder niet of onvolledig weergegeven waren. Er werd vooral veel
aandacht gegeven aan de aktiviteiten van de micro-organismen in de pens. Verbeterd
werden met name de wiskundige weergave van de voereffekten op samenstelling van
micro-organismen;  substraatvoorkeur van  micro-organismen;  verschillende
uitstroomsnelheden van micro-organismen; recycling van micro-organismen in de
pens; niet met microbiéle groei gepaard gaande afbraak van koolhydraten gerelateerd
aan stikstof beschikbaarheid; verminderde microbiéle aktiviteit bij lage pH waarden;
pH afhankelijke absorptie van viuchtige vetzuren en ammoniak.

De evaluatie van het model bestond uit een gevoeligheidsanalyse en validatie bij
een range van qua samenstelling sterk verschillende rantsoenen (Hoofdstuk 2). De
gevoeligheidsanalyse werd uitgevoerd met op silage gebaseerde rantsoenen waarin
door supplementatie respektievelijk het aandeel NDF, zetmeel of stikstof hoog was.
Deze simulaties gaven aan dat het model goed reageerde op deze verschillende
rantsoenen. De resultaten bleken afhankelijk te zijn van vooral de beschikbaarheid van
hexose voor micro-organismen voor andere dan aan groei gekoppelde doelen en voor
de waarde van de parameter die de maximale snelheid van vorming van reserve
koolhydraten weergeeft. Overigens was de gevoeligheid voor parameters afhankelijk
van het type rantsoen. Daarnaast bleek het model gevoelig voor de input variabelen
die de fraktionele passagesnelheid van vioeistof en deeltjes uit de pens definiéren en
voor de fraktie protozoén in de pool van amylolytische microcben. Model validatie
gebeurde door experimenteel gevonden waarden bij verschillende rantsoenen {droge
stof opname 5-24 kg/dag en ruwvoeraandeel in het rantsoen variérend tussen 25 en
100%])} te vergelijken met waarden voorspeld door het model. De uitstroom van
neutral detergent fibre (NDF) en totaal niet-ammoniak stikstof {(NAN)} naar de darmen
en de concentratie van vluchtige vetzuren (VVZ} in de pensvloeistof werden goed
voorspeld. De komponenten waaruit de NAN uitstroom bestaat, namelijk die van
microbiéle en niet-microbiéle oorsprong, werden echter minder goed voorspeld.
Bovendien waren er grote verschillen tussen experimenteel waargenomen en
voorspelde verhoudingen van VVZ in de pens. Een aantal mogelijke redenen voor
dergelijke verschillen werden gegeven. Gebaseerd op de resultaten van de
ontwikkeling van het model {Hoofdstuk 1) en de evaluatie van het model (Hoofdstuk
2) werd de conclusie getrokken dat zowel de weergave van de complexe interakties
tussen micro-organismen, en met name de weergave van de aktiviteiten wvan
protozoén in de pens, als de effekten daarvan op de produktie van VVZ nader
onderzoek verdient.

Kwantitatieve gegevens over de faktoren die de snelheid van absorptie van VVZ
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uit de pens bepalen zijn schaars. De onjuiste voorspellingen van VVZ verhoudingen
in de pens zou deels aan dit ontbreken van gegevens te wijten kunnen zijn. Daarom
werd een experiment opgezet en uitgevoerd met als doel de effekten van pH, VVZ
concentratie en vloeistofvolume in de pens op de absorptie van azijnzuur, propionzuur
an boterzuur uit de pens van melkvee te kwantificeren {Hoofdstuk 3). Vioeistof met
bekende concentraties van VVZ werden in de leeggemaakte en gewassen pens
gebracht en concentraties van VVZ werden aansluitend iedere 10 minuten gedurende
1 uur bepaald. Een toename in het vioeistofvolume had een daling van de fraktionele
absorptiesnelheid van de VVZ tot gevolg. Een toename van de pH van de vloeistof
verlaagde de fraktionele ahsorptiesnelheden van de VVZ. Het effekt hiervan was
groter naarmate de ketenlengte wvan het vetzuur toenam. De fraktionele
absorptiesnelheid van azijnzuur was bij geringe concentraties lager dan bij gemiddelde
concentraties, terwijl er een tendens tot afname wvan absorptiesnelheid wvan
propionzuur met een toename van de concentratie werd gevonden. Deze resultaten
gaven aan dat de verhoudingen van VVZ in de pensvloeistof niet noodzakelijkerwijs
de verhoudingen waarin ze geproduceerd zijn weergeven. Wanneer de produktie van
individuele VVZ vit fermentatie van substraat geschat wordt dient er daarom rekening
te worden gehouden met de effekten van pH, concentratie en vloeistofvolume.
Evaluatie van het ontwikkelde model (Hoofdstuk 2) maakte bovendien duidelijk dat
het metabolisme van de protozog&n en de interakties met bacterién beter weergegeven
zouden moeten worden. In de literatuur wordt het belang van de protozoén in de
omzetting van opgenomen nutriénten in geabsorbeerde nutriénten algemeen erkend.
Omdat protozoén zich moeilijk laten kweken heeft de expliciete weergave van de
aktiviteiten van de protozo&n maar weinig aandacht gekregen en wiskundige
technieken om de interakties tussen protozoén en bacterién te beschrijven zijn matig
ontwikkeld. Daarom werd een model ontworpen {beschreven in Hoofdstuk 4} waarin
de nadruk werd gelegd op de wiskundige weergave van de aktiviteiten van de
protozoén. Het doel van dit model was am concepten en gegevens van protozoén te
evalueren, om zo kwantitatief meer kennis te verkrijgen omtrent de dynamiek van
protozoén in de pens en een integratie te bewerkstelligen tussen zowel de aktiviteiten
van de protozoén in de pens als het metabolisme van bacterién en rantsoen-
eigenschappen. De parameter waarden werden vaak op prioriteitsbasis afgeleid van
relevante {meest kwalitatieve) experimentele gegevens. Het gedrag van het model
was in het algemeen bevredigend. Waargenomen en voorspelde hoeveelheden
protozoén in de pens kwamen goed overeen, maar de voorspelling van de turnover
snelheid van protozoén in de pens was minder goed. De gevoeligheidsanalyse gaf aan
dat het model gevoelig was voor met name de snelheid waarmee bacterién door
protozoén werden opgenomen, de onderhoudsbehoefte van protozoén en de
fraktionele snelheid van afsterven van protozoén. De effekten van afzondertijke
voederbestanddelen op de aktiviteiten van protozoén werden bepaald in simulaties
waarin de rantsoencomponenten {NDF, zetmeel, oplosbare suikers en stikstof) onaf-
hankelijk van elkaar werden gevarieerd. Een toename van het zetmeelgehalte van het
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rantsoen vergrootte de biomassa van protozoén in de pens. Maar op rantsoenen met
een hoog aandeel krachtvoer, en daarmee veel zetmeel en suikers, nam de fraktionele
sterfsnelheid dusdanig snel toe met verdere verhogingen van het zetmeelgehalte dat
juist een verlaging van de hoeveelheid protozoén voorspeld werd. Gesimuleerde
hoeveelheden protozoén veranderden op dezelfde wijze in respons op verhogingen van
het oplosbaar suikergehalte van het rantsoen. Dergelijke resultaten komen kwalitatief
overeen met veranderingen zoals vermeld in de literatuur. De voorspelde hoeveel-
heden protozoén veranderden niet wanneer het NDF gehalte van het rantscen werd
gewijzigd. Een verlaging van het stikstofgehalte van het rantsoen leidde tot een ver-
minderde efficiéntie van bacteriéle groei en verminderde hoeveelheden bacterién in
de pens, en daarmee in het algemeen tevens tot verhoogde hoeveelheden protozoén
in de pens. Afhankelijk van het basis nivoe van voeropname en van de rantsoen-
samenstelling werd een verhoogde of verlaagde biomassa van protozoén voorspeld
wanneer het voeropnamenivo toenam. De geintegreerde wiskundige weergave van
protozoén, bacterién en rantsoeneigenschappen zorgde voor een verbeterd kwanti-
tatief begrip van responsmechanismen van protozoén in relatie tot het rantsoen.
Bovendien werd aangetoond dat dergelijke veranderingen in relatieve hoeveelheden
van protozoén en bacterién in de pens het profiel van voor absorptie beschikbare
nutriénten beinvlceden.

Het model, bheschreven en geévalueerd in Hoofdstuk 4, werd toegepast om de
bijdrage van protozoén aan de afbraak van NDF in de pens vast te stellen (Hoofdstuk
5). Het onderzoek naar de afbraak van NDF is van speciaal belang gezien het
toenemende gebruik van ruwvoer op de Nederlandse rundveehouderij bedrijven en
gelet op het belang van ruwvoer voor de rundveestapel in ontwikkelingslanden. Zoals
hiervoor al is gemeld, maakt de toepassing van wiskundige modellen om de bijdrage
van protozoén aan NDF afbraak vast te stellen een integratie mogelijk van de
verschillende faktoren die hierbij een rol spelen. Deze methode van aanpak van het
probleem kan van aanzienlijke waarde zijn omdat het niet megelijk is de bijdrage van
protozoén aan NDF afbraak direkt /7 vitro te bestuderen, terwijl de resultaten van
onderzoek, waarbij de pens werd gedefauneerd, geen uitsluitsel gaven over deze
bijdrage. Simulaties werden uitgevoerd op rantsoenen waarvan het krachtvoeraandeel
varieerde tussen O en 100% en bij voeropnamenivo’s variérend van 5.3 tot 21.0 kg
droge stof per dag. In het algemeen nam de gesimuleerde bijdrage van protozoén aan
NDF afbraak in de pens af met een toename van het voeropnamenive of een afname
van het krachtvoeraandeel. De bijdrage lag tussen 5 and 35% van de totale NDF
afbraak in de pens. Echter, op 100% krachtvoerrantsoenen voorspelde het model het
uitsterven van ceflulolytische bacterién bij een voeropname boven 15 kg droge stof
per dag. De (zeer lage} NDF afbraak in dergelijke situaties kon wvolledig worden
toegeschreven aan de gesimuleerde kleine hoeveetheid protozoén. Een verhoging van
het NDF gehalte of een verlaging van het zetmeel- of suikergehalte, onafhankelijk van
elkaar, deed de bijdrage van protozoén aan NDF afbraak toenemen. Deze bijdrage nam
echter meestal af wanneer het stikstofgehalte van het rantsoen werd verhoogd.
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Dergelijke veranderingen in voorspelde NDF afbraak door aktiviteiten van de protozoén
kunnen bijdragen aan het verktaren van verschillen in NDF vertering in de pens die zijn
waargenomen in vivo bij gedefauneerde dieren.

In de Algemene Discussie is ingegaan op de beperkingen, bijdragen en conclusies
van de resultaten beschreven in de Hoofdstukken 1 - & in relatie tot het integreren en
kwantificeren van de fermentatieprocessen. Bovendien zijn de implikaties ervan voor
voederwaarderingssystemen voor herkauwers aangegeven. In het eerste deel van de
Discussie is aangevoerd dat verdere vooruitgang op het terrein van voederwaardering
een verschuiving vraagt van de berekeningsmethode van behoeften aan nutriénten om
een bepaalde produktie te bereiken naar de berekeningsmethode van respons van
produktie en produktsamenstelling op veranderingen in het rantsoen. Vervolgens is
beklemtoond dat het noodzakelijk is kennis te hebben van het metabolisme van de
afzonderlijke substraten in de pens of, na absorptie, in weefsels en organen, Tenslotte
is het belang aangegeven van wiskundige modellen in het integreren en kwantificeren
van de processen die betrekking hebben op de omzetting van opgenomen in
geabsorbeerde nutrienten. Een belangrijke beperking van toepassing van modellen,
beschreven in dit proefschrift, voor toekomstige modellen die gericht zijn op het
beantwoorden wvan onderzoeksvragen, is de noodzaak om pH en fraktionele
passagesnelheden te moeten definiéren voordat de simulatie plaatsvindt. Dit is van
belang, omdat vooruitgang in kennis en voorspelling van passage van materiaal uit de
pens en van de maximale voeropname een integratie van passage- en microbiéle
afbraakmechanismen vereist. Bovendien maakte de gedetailleerde weergave van het
microbiéle metabolisme een evaluatie mogelijk van de effekten van het rantsoen op
recycling en efficiéntie van synthese van microbieel materiaal. Met betrekking tot
voorspellingsgerichte modellen kan het kader van de in dit onderzoek ontwikkelde
modellen van aanzienlijke waarde zijn voor het schatten van de beschikbaarheid van
nutriénten voor absorptie. Echter, gelet op het belang van het type VVZ voor de
produktie en produktsamenstelling enerzijds, en de minder goede voorspellingen van
de verhoudingen van VVZ anderzijds, dient het onderzoek.naar de voorspelling van
het patroon van geproduceerde VVZ bij een range van rantsoenen hoge prioriteit te
krijgen. De resultaten van zowel het in Hoofdstuk 3 beschreven experiment als de in
de andere hoofdstukken beschreven modellen vormen een geschikte basis voor
verdere ontwikkeling van modellen voor VVZ voorspellingen. Vervolgens kan de
voorspelling van de respons van herkauwers verbeterd worden door de individuele
nutriénten, die beschikbaar zijn voor absorptie, en de interakties daartussen op
weefsel- en orgaannivo in cgenschouw te nemen.




216 Samenvatting

Belangrijkste conclusies

In de wiskundige modellen die in dit onderzoek werden ontwikkeld zijn een aantal
facetten van de fermentatieprocessen in de pens opgenomen, die in reeds eerder
ontwikkelde modellen niet of onvolledig waren weergegeven en die nu algemeen als
belangrijk voor deze processen worden beschouwd. Met name de wiskundige
weergave van het microbiéle metabolisme werd verbeterd. In dit opzicht zijn de
ontwikkelde modeflen wezenlijk verschillend van reeds bestaande modellen.

Resultaten van model evaluatie gaven aan dat de uitstroom van nutriénten naar de
darmen {(NDF, zetmeel, oplosbare suikers, stikstof] bij een brede range van rantsoenen
goed werd voorspeld. De voorspelling van de vorming van het type viuchtige vetzuur
was echter minder goed en de meest waarschijnlijke redenen hiervoor werden
aangeduid.

De absorptie van vluchtige vetzuren uit de pens werd, afhankelijk van het type
vetzuur, beinvloed door de pH van de pensvloeistof, de concentratie van het vetzuur
en het vioeistofvolume in de pens. De verhoudingen van vluchtige vetzuren in de pens
hoeven dus niet noodzakelijkerwijs de verhoudingen waarin ze zijn geproduceerd weer
te geven. Wanneer de produktie van individuele vetzuren in de pens geschat wordt
dient rekening te worden gehouden met dergelijke effekten.

De belangrijkste facetten van het metabolisme van protozecén werden wiskundig
weergegeven. De integratie van het metabolisme van protozoé&n en bacterién en
voedereigenschappen zorgde voor een kwantitatief begrip van de mechanismen
betrokken bif de respons van protozo&n op wijzigingen in het rantsoen en van de
effekten van protozoén op de beschikbaarheid van nutriénten voor absorptie.

De voorspelling van de invioed van veranderingen in het rantsoen op de produktie en
produktsamenstelling vereist een kennis over het metabolisme van de afzonderlijke
substraten in de pens of beschikbaar na absorptie. De ontwikkelde modellen vormen
een basis voor de schatting van de hoeveelheid en het type nutriénten beschikbaar
voor absorptie en uiteindelijk voor produktie. Het onderzoek naar de voorspelling van
het type vluchtig vetzuur dat in de pens gevormd wordt bij uiteenlopende rantsoenen
verdient hoge priariteit.
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