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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.
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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).



Simulation of Rumen Fermentation: Model Description 19

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



20 Chapter 1

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.






