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Abstract

Grazing animals in the semi-arid tropics are subjected to short or long periods of moderate to severe.
undernutrition. Many simulation models were developed to represent the mechanisms of ruminant
adaptation. These mechanisms include, among others, the differential mobilization of tissues, the recycling
of nitrogen to the rumen via the saliva and across the rumen wall, and the relation between intake and animal
size. However, most simulation models have attempted to represent the mechanisms for above-maintenance

nutritional restrictions.

In this study, a simulation model, a linked rumen and intermediary metabolism model (RUMET), is
developed to simulate rumen function and nutrient utilization during continuous growth, undernutrition
(submaintenance) and realimentation for growing cattle. The model will represent two mechanisms of
adaptation: the differential mobilization of tissues and the recycling of nitrogen to the rumen via the saliva
and across the rumen wall. The model consists of a system of ordinary differential equations that simulates
the supply of nitrogen and energy to intermediary metabolism and the changes in the weights of ash (bone),
muscle, adipose tissue, liver and small intestine and the relative effects of these changes on the maintenance

expenditure.

The model shows that during nutritional restriction, the visceral organs (in particular, the small intestine and
liver) exhibit quick responses to undernutrition whereas the peripheral tissues (for example the muscle) show
a lag in its response to undernutrition. After a nutritional restriction, the enhanced food intake in relation to
size and the reduced maintenance expenditure enable the animal to use proportionately more nutrients for
growth. The model may be used to predict energy expenditure, liveweight changes and the probability of
survival during periods of undernutrition. Voluntary intake, liveweight gains and changes in body
composition may be predicted for animals given diets of different composition during and following a period

of undernutrition.

The ability to predict the probable short- and long-term consequences of undernufrition will support the
planning and evaluation of measures to ameliorate undernutrition on semi-arid and arid rangeland systems.
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Chapter 1

The Undernutrition Problem

1.1  Challenges for managing arid and semi-arid rangeland

The world's steadily expanding population as well as the economic improvements
among developing nations has intensified the demand for food, especially animal
protein, and made it imperative that food production (including livestock products) be
increased. Arid and semi-arid lands cover about one-third of the earth's land surface
and nearly two-thirds of the African continent. The majority of African livestock and
possibly 30 million livestock-dependent people reside in these zones (Ellis and Swift,
1988). In contrast to intensive systems of animal production which require intensive
arable crops and artificial pastures for their support, livestock in arid and semi-arid
regions subsist on natural grazing as rainfall is inadequate to support reliable rainfed

crop production.

On the semi-arid and arid rangeland, rainfall is seasonal and varies from year to year
(for example, see Figure 1.1a,b) and is therefore the driving variable for animal
performance in these complex ecosystems. Herbage availability varies with the
variation in rainfall (Figure 1.2) and also on soil type and the presence of bush (Dye
and Spear, 1982). In addition to herbage quantity, the nutritive value of herbage
(nitrogen content and digestibility) varies with season and to a lesser extent between
years; the fibre content is slightly lower and digestibility slightly higher in the dry
years (Dye, 1984). The nitrogen content of the diet also affects the intake of the

animal (Elliot, 1967).

As a consequence of the variation of herbage quantity and quality, grazing animals are
subject to short- or long-term periods of moderate to severe undernutrition.
Undemutrition in young ruminants affects the chances of their survival and the time
required to reach the weight and physiological condition at which they are productive,
that is, suitable for slaughter or able to work as draught animals or, if female, to

conceive and rear offspring.
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Figure 1.1: (a) Simulation model results showing the variation in rainfall and woody
perennials (WP) at Paulshoek, Namaqualand, in South Africa for a 100 year period
(Richardson et al., in preparation), (b) Histogram of annual rainfall recorded at the
Matopos Thornveld site in Zimbabwe (Dye and Spear, 1982).
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contribute to compensatory growth is a reduced energy expenditure of animals during
undernutrition and at the early stages of realimentation. This reduction in maintenance
increases the energy available for growth and the extent of this contribution depends
on the persistence of the reduced maintenance requirement during realimentation, the
longer the reduction in maintenance persists the greater the contribution to
compensatory growth. When food intake is restricted, the metabolically active tissues,
such as the digestive tract and the liver, are likely to be reduced in size and activity

(Taylor and Murray, 1991; Burrin ef al., 1990).

The management strategies to prevent undernutrition during the dry season have been
either to reduce animal numbers per hectare (destocking) or to supplement the diet
with protein or urea (nitrogen) during the dry season and nitrogen and energy during
drought periods. Reducing the herd size is usually reserved for extended periods of
severe forage shortages. A disadvantage of this strategy is that when range conditions
are good the forage is often under-utilized, resulting in decreased productivity per
hectare. However, during a drought, some pastoralists are reluctant to sell animals
because of the belief that keeping their herd increases the probability of them being
left with some animals after the drought period. A problem with keeping all the
animals arises when there is high mortality of breeding and young females due to
limited resources. After the drought these animals are extremely expensive because of
the increased demand and a loss of breeding stock makes it difficult for a pastoralist to
get back into the system. Therefore, livestock marketing in these environments must
be responsive to highly variable levels of supply, both between years and between
seasons. Garoian et al. (1990) stated that increased efficiency and reduced risk could
possibly be achieved through smaller breeding herds and utilization of flexible
marketing strategies. However, the production system model of Richardson and Hahn
(1991) indicated that herd sizes do not necessarily have to be small. They emphasized
the importance of flexible marketing strategies and the need for simulation models to
assist in management decisions: for example, a decision has to be taken before the
beginning of the dry season as to which animals must be sold.

1.3 How do animals adapt?

The aim of this thesis is not to attempt to understand the dynamics of an entire
rangeland system but will address the mechanisms of adaptation of ruminants to
submaintenance feeding on arid and semi-arid rangelands. In this section an outline of
the current theories of mechanisms of animal adaptation will be described. In the next



section (section 1.4) a general description of managing arid and semi-arid rangeland

systems will be outlined.

There are three questions which arise: firstly, what is the growth rate, body
composition, including changes in the relative proportions of organs, and weight
change of an animal undergoing different degrees of undernutrition during a period of
nutritional limitation, secondly, what is the growth rate, body composition and weight
change after this period of nutritional restriction when the animal is fed ad libitum
(realimentation period) and, thirdly, at which body composition, given the various
factors affecting compensatory growth (Table 1.1), does the animal survive?

Table 1.1: Factors affecting survival and compensatory growth (modified from

Lawrence and Fowler, 1997).

Animal Factors

1. The degree of maturity at the start of undernutrition, that is, the
proportion of expected normal mature mass already achieved.

2. The proportion of body weight attributable to adipose deposits at the
start of undernutrition.

3. The genotype.
Changes in metabolic rate.

5. Changes in both energy and nitrogen metabolism.
Nutritional factors
1. The severity of the undernutrition, that is what fraction or muitiple of

the maintenance energy required is eaten on a mean daily basis.
The duration of the period of undernutrition.

The nutrient density of the food during undernutrition.

Food intake during rehabilitation,

Intake of rumen degradable protein.

A

To understand how animals adapt we will attempt to understand the exogenous and
endogenous factors affecting undernutrition. There are three major causes of reduced
growth rate which lead to the same end result. Two of these are the intake of sub-
optimum amounts of good quality food and free access to food limited in one or more
essential nutrients (O'Donovan, 1984). These causes of undernutrition can best be
illustrated by an example from studies in a semi-arid area of Zimbabwe where the
deficiencies of three major nutrients usually lead to sub-optimal production. Firstly, a



shortage of energy (food) occurs when the grass is sparse due to drought or
overstocking or both. Secondly, during the dry season the protein content of available
herbage is low and this limits animal intake and consequently, production, even if
grass is plentiful. This is because ruminants eat small amounts of low protein
roughages. However, the provision of small quantities of protein-rich concentrates or
non-protein nitrogen, such as urea or biuret, increases the rate of digestion, stimulates
dry matter intake and improves the animal's energy status (Elliot, 1967). Thirdly, a
deficiency of phosphorus may occur throughout the year (Ward, 1968) and adversely
affect performance since phosphorus plays an important role in energy metabolism.
We assume for the purpose of this thesis that phosphorus is not deficient simply
because phosphorus supplementation is relatively inexpensive and easy to administer.

Another factor which contributes to undernutrition can be explained in terms of the
variation in animal maintenance energy. In order to understand this phenomenon, a
scheme (Figure 1.3) is depicted of the partition of dietary energy as used by an
animal. The utilization of ingested food energy (Gross Energy Intake, GE) by an
animal involves several kinds of losses. Part of the GE is lost through excretion of
energy in faeces, urine and combustible gases. The remaining part of the GE intake,
the metabolizable energy (ME), is used firstly for the supply of the energy
requirements for maintenance. The part of the ME used for maintenance (ME_)is
used to produce the ATP required for sustaining primary life processes and the heat
increment of utilization for maintenance. This part of maintenance is fully dissipated
as heat. If GE intake (Relative Feeding Level, RFL: RFL = 1 at maintenance) is
higher than the maintenance requirement, the ME available for production (ME),), is

retained in the body as energy (Energy Retention, ER).

During growth, part of the available energy for production is lost as heat due to the
inefficiency of use of ME. Thus, ER is the difference between ME and the total heat
production. If GE intake is below the maintenance requirement, energy reserves from
the body are mobilized (negative ER) to cover the deficit in ME for sustaining
primary life processes. If an animal has no intake then it will still produce heat
because the metabolic processes continue. This is known as fasting metabolism (Fy,).

Following McDonald et al. (1981),

ER =k, [ME-:—:] (1.1
where k= 0.5034+0.35 x ¢ (1.2)
and k= 0.006+0.78 x g (1.3)
and g¢= uor. (1.4)
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Figure 1.3:  Partitioning of dietary energy (Young, 1975).-

In most ME based models, the ME requirement of an animal is calculated as the sum
of ME required for maintenance, growth, lactation and other activities. ME
requirements for maintenance (ME ) are usually calculated from body weight (W, kg)

as ME, = a X —w;—m where the coefficient, a, might range from 0.25 to 0.50 for

animals on a low plane of nutrition and 0.50 for lactating animals and & _ (i.e., the
efficiency of ME utilization for maintenance) might range from 0.65 to 0.75
depending on the ME content of the feed (Baldwin and Sainz, 1995). Similarly, the
ME requirement of the gain (ME,) would be calculated as ME, = %l:i where RE is the

energy retained in the gain (MJ/kg) and &, is the efficiency of ME utilization for gain.
k, might range from 0.33 to 0.65 depending on the relative content of fat and protein
in the expected gain and ME content of the diet (Baldwin and Sainz, 1995).

These factors determine the nutrient requirements of an animal for unconstrained
growth and accounts for the animal's potential growth in terms of both overall rate and
composition. However, before the energy ingested can be used for the synthesis of
new tissue, certain essential demands to maintain existing tissues must be met. This
theory led to the development of feeding systems in which animal demands for
maintenance are calculated separately from those for production. These systems have



assumed that maintenance costs are constant, relative to current animal weight, but
this assumption is increasingly being questioned. Consequently, two main criticisms
of the maintenance concept will be considered. The first is that models of ER assumes
that ME_ is a function of weight only (in practice the basal energy costs are
influenced by recent and current growth rates, that is, not just liveweight). The second
group takes the same theme further and questions the validity of separating energy
requirements for maintenance from those for growth (Gill and Oldham, 1993).
Arguments relating to whether maintenance is solely a function of current state have
been reviewed in detail by Tumner and Taylor (1983).

Experimental findings show that animals either losing or maintaining liveweight over
a considerable time, appear to have lower feed or energy requirements (Ledger and
Sayers, 1977). Foot and Tulloh (1977) showed that the daily dry matter intake of the
same diet by steers maintained at constant weight declined over time from 5.9 kg to
4.4 kg over a 100 day period. Also, Graham and Searle (1975) estimated that the
energy requirements in lambs were reduced when they were given a constant feed
intake. Some workers have less confidence in the validity of retaining the concept of
an empirical value for maintenance (Milligan and Summers, 1986). They point out
that the costs of some functions, which are normally accounted for as maintenance,
vary continuously from low to high planes of nutrition and therefore the change in
efficiency of ME utilization at zero energy balance is artificial. The adaptability of
metabolism to stabilize at a new energy level is the basis of compensatory growth,
which occurs after periods of undemnutrition as the animal returns to its genetically
determined growth pattern (O'Donovon, 1984).

The phenomenon whereby the animal increases its growth rate during realimentation
is termed compensatory growth (Bohman, 1955). More factors assumed to affect
compensatory growth are listed in Table 1.1 and explained in Lawrence and Fowler

(1997).

1.4 Mathematical Models

The need to evaluate management strategies for rangelands resulted in the model of
Jones and Sandland (1974) which was based on empirical relations between animal
production and stocking rate. Subsequently, the influence of rainfall and stocking rate
have been incorporated into the model (Danckwerts, 1984). There are, however,
limitations to these models based on empirical relations in that they provide accurate
predictions only for conditions closely similar to those under which the original data



was collected. A more flexible production model was developed by Richardson and
Hahn (1991) to assist development agencies and agricultural planners to evaluate
alternative production strategies (Figure 1.4). The management options include
changing the stocking rate, milk off-take and sales policy. However, the equations of
the animal submodel assumed that the composition of body weight change (protein
content of gain, fat content of gain) of the animal is a function of the weight of the

animal only.

v

[ANIMALS SOLD ! ANIMALS }—{MILK]

Figure 1.4: Model structure of a rangeland system (Richardson and Hahn, 1991).

In order to predict the response during and following a period of nutritional limitation,
there is a need to develop a model to include more detailed components (Figure 1.5).
The appropriate degree of detail with which to represent the animal in mathematical
models of growth will depend on the objective of the model. Detailed mechanistic
models of components of the system have largely contributed to our understanding of
parts of the system but have not satisfied our aim to predict the outputs of the system.
An example of such models would be the detailed model of the mammary gland by
Freetly et al. (1993). The model gives us insight into the biochemical processes
involved in the mammary gland but has not attempted to give ways of increasing the
milk output relative to environmental and physiological conditions. Another example
are the detailed intermediary metabolism models of France et al. (1987) and Gill et al.
(1984). These models provide valuable information and aid our understanding of the
partitioning of energy during growth of an animal but do not predict the effects of
undernutrition and realimentation on body composition.
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Figure 1.5: Components of arangeland model (Richardson et al., 2000).

Over the past decade there has been considerable progress in the modelling of both
rumen and intermediary metabolismm due to the increased availability of data and
power of computers, but more importantly, due to the improved concepts that have
been formulated as knowledge of the subject has increased. However, two problems
still occur (Witten and Richardson, 2000):

1. Most mathematical models are developed to simulate the continuous growth
process and do not adequately predict animal responses to limited (sub
-maintenance) feeding.

2. Although suggested by France et al. (1987) that the modelling focus should
also be on the integration of components to increase adequate predictions, the
integration of models of the whole digestive process has been slow.

Therefore, the general aim of this thesis is to develop a mathematical model to

simulate the effects of undernutrition and to account for some of the factors (such as

relative organ weights) that influence maintenance energy requirements over time.
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1.5 Managing arid and semi-arid rangelands under uncertainty

Conventional approaches (as outlined in Scoones, 1994) to managing arid and semi-
arid rangeland systems will not be sufficient in providing effective solutions. A
variety of problems are characterized by unpredictable conditions, potentially
resulting in qualitative changes in system dynamics. Uncertainty poses a challenge to
managing such systems and results in the need for a flexible and adaptive response
(Behnke and Scoones, 1993). For example, on arid and semi-arid rangeland, rainfall,
forage production and animal productivity all vary between years, between regions
and within landscapes (Richardson et al., 1997). Such systems are characterized by
the heterogeneity of their components, which provides the variability on which
selection can act, typically through non-linear interactions among those components.
Consequently, these systems become hierarchically arranged into structures that are
determined and reinforced by the flows and interactions among the parts (Levin,

1999).

In order to practically adopt a flexible management approach, it is required to
understand the relation between the structure and functioning of an ecosystem and to
understand the variation and interactions of processes; for example, patterns of
nutrient flux, trophic structure, diversity-productivity relations, and how these
processes feed back to influence the subsequent development of those processes and
interactions between those processes. In addition, elucidating these processes and their
interactions across temporal and spatial scales is fundamental in understanding
ecosystem functioning (Levin, 1999). However, in general, it may be difficult to
detect signals of change early enough to motivate effective solutions and such signals,
even when detected, are likely to be displaced in time and space from the cause. For
example, the variation and timing of the rain must be considered.

The initial goal of managing such systems in the past has been directed toward high
short-term productivity at the expense of long-term sustainability of the system
(Scoones, 1994). Developing sustainable approaches to system use implies
understanding which processes, both across and within scales, determine what
maintains system resilience (Holling, 1992) and how human interventions, for
example, might affect it. By resilience we mean that a system tends to maintain its
"integrity" when subject to disturbance (Holling, 1973). Even though natural
ecosystems are complex and adaptive, heavily managed systems are not and are

vulnerable to single perturbations, for example, pest outbreaks.
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Ironically, the mechanisms that provide short-term resilience may also impose a
rigidity of structure that erodes the capacity to respond to disturbances over long time
scales. In addition, an important aspect is to elucidate the thresholds for the change of
processes and their interactions across scales (Walker, 1993). For example, during a
drought, one would like to know which animals would survive, the size and
composition of the herd eventually affecting vegetation composition (Witten and

Richardson, 2000).

1.6  Research motivation and thesis outline

In the previous sections the factors affecting the compensatory growth of cattle on
arid and semi-arid rangelands and the possible role that mathematical models can play
in integrating the components of the system have been outlined. Mathematical models
can also assist in elucidating the thresholds for the change of processes, which is
required to understand the mechanisms involved during undemutrition and
realimentation of animals on arid and semi-arid rangeland. The objectives of this
thesis are to develop dynamic mechanistic elements representative of the growth
process that will enable (1) the simulation of the change of body weight and
composition of an animal during and following a period of sub-maintenance feeding
(2) the simulation of body composition changes of animals fed to maintain a constant
body weight and (3) the understanding of the mechanisms involved during

undernutrition and realimentation.

In Chapter 2 the theoretical background of models currently in use in modelling
digestion and metabolism processes in ruminants will be described and a modelling
framework from which to develop an integrated model to satisfy the modelling
objectives will be presented. Chapter 3 describes the development and evaluation of a
rumen model based on a rumen model developed by Dijkstra et al. (1996). In Chapter
4 a chemostat-type model of three aggregated functional classes of microbe species in
the rumen is proposed. The aim of Chapter 4 is to understand the general qualitative
behaviour of the model: the effects of changing substrate composition and quantity,
the effect of nitrogen (ammonia) supplementation, and the effect of a periodic input of
substrate on the abundance of microbial populations in the rumen. In Chapter 5 the
mechanistic model of intermediary metabolism of France et al. (1987) is modified to
simulate the effects that changes in relative feeding level (RFL) have on the weights
of liver and small intestine. In Chapter 6, four mechanistic mathematical models, three
of which are based on different assumptions of growth, are compared when simulating
different feeding patterns. The objective of Chapter 7 is to modify the linked rumen
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and metabolism models described in chapter 3 and chapter 5 to examine the recycling
of nitrogen to the rumen via the saliva and diffusion across the rumen wall. Finally,
Chapter 8 provides a general discussion of the results of this thesis and important
implications for future research.
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Chapter 2

The Modelling Approach

2.1 Introduction

The utilization of food by an animal depends on the quantity and quality of food
ingested, and the subsequent processes of digestion, absorption and metabolism. In
vivo studies are required to quantify nutrients absorbed, while the processes of
metabolism have been studied through experiments conducted at the level of the
whole animal, the tissue and the individual cell, with the aim of understanding
component parts of the overall process (Gill et al., 1989). As experimental techniques
used by researchers and the quality and quantity of the data collected have improved,
the desire to integrate this knowledge into a conceptual framework of the whole
system has grown. In order to interrelate the component parts, an attractive framework
exists via the development of mathematical models. However, the tremendous
increase in the quality and quantity of data presents a challenge to anyone who wishes
to develop a mathematical model of a given system. At what point does the model
cease to have explanatory value, having become too complex to do anything more
than to simulate a variety of parameters values and initial conditions for a system? In
part, the answer to this question depends on the objectives of a particular modelling
exercise. Models proposed often have many parameters and many of these parameters
may not be known for the particular system studied. Furthermore, the complexity of
the models makes it difficult to study sensitivity to parameters and initial conditions,
even on fast computers. This difficulty is magnified when the systems, or parts
thereof, that are simulated are inherently stochastic. In addition to the computational
difficulties and the incomplete knowledge of parameters, there may be a lack of
experimental data to evaluate model output of particular systems, for example, for

animals feeding at or below maintenance.

Simply integrating the component parts of a particular system is a necessary condition
to understand system behaviour but is not sufficient. One needs to consider the
interactions among components and how they give rise to macroscopic system
properties and how, in turn, these properties feed back to influence the subsequent
development of those interactions. For example, nitrogen recycling from the blood
plasma to the rumen may be an important mechanism to aid the ruminant to survive
during periods of food shortages. Nitrogen is recycled to aid the growth of rumen
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microorganisms, which are an essential source of nitrogen for the host animal. Also
the system optimum is not the sum of the local optima. For example, manipulating
rumen processess has attempted to optimize rumen output with little or no
consideration of the needs of host animal metabolism (@skov, 1977). The multiple
time and spatial scales in biological systems forces one to, in general, focus on some
particular level, often using heuristic approximations for the finer detail, which are
neglected. Because one goal of this thesis is to predict body composition, there is a
need to integrate models of rumen digestion and metabolism. The models developed
in this thesis will provide such a framework where improvements to the models can

be made within this framework.

2.2  Classification of Models
The following scheme has been proposed by France and Thornley (1984) for the

classification of models:

Dynamic or Static
Deterministic or Stochastic
Mechanistic or Empirical.

Even though this terminology was adopted by the animal science modelling
community, there remain ambiguities which will be discussed later. An empirical
equation is one that has been fitted to experimental data in order to describe a relation
which has actually been observed between two or more variables (Riggs, 1963). Such
equations imply nothing about the underlying reason for the relation and thus,
although a particular set of data may be faithfully described, it cannot be safely
applied beyond the range of values for independent variables upon which the model is
based (Baldwin, 1995). Many models currently in use in animal science are empirical
(including most of the models that form the basis of feeding standards) and these
models must be applied with care to ensure that recommendations are not made for
conditions where the data used in formulating the equations do not apply.

In contrast, mechanistic models are derived from theory or hypothesis and formulated
on the basis of concepts regarding underlying functions in an attempt to account for
variations in experimental data. France and Thomley (1984) also presented the
following formulation of the organizational hierarchy of biclogical systems as related
to levels of aggregation, the formulation of models and further definition of the terms
"empirical” and "mechanistic":
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Level Description of the Level

i+ 1 herd of animals
) animal

1—1 organs

1—2 tissues

t—3 cells

According to the hierarchy, an empirical model is an equation or set of equations
formulated at a given level of organisation based on data gathered at that level; for
example, input/output data gathered at the level of the animal (z) are used to describe
or model animal level functions. In contrast, mechanistic models imply that both
equation forms and parameter values arose from studies of lower level processes
(i—1,7—2,i— 3,..) (Baldwin, 1995). In general, the empirical modeller formulates
equations at the given level of organisation based upon data gathered at that level, e.g.
input/output data gathered at the animal level (i) are used to describe or model animal
level functions (Baldwin, 1995). Regression analysis is the most common approach
used in formulating such models. Riggs (1963) remarked that the only constraint that
need to be imposed upon the form of a regression equation is that it best fits the data.
However, regression equations can be formulated on the basis of concepts developed
from studies of lower level processes (i — 1,7 — 2,7 — 3, etc.), for example, the
lactation curve model of Pollott (2000).

Furthermore, definition of the terms "theoretical” and "mechanistic" imply that both
equation forms and parameter values in mechanistic models arose from studies of
lower level processes. However, this is a difficult criterion to satisfy (Baldwin, 1995).
For example, there are empirical models derived from underlying (z — 1, ¢ — 2, i — 3,

etc.) processes, such as the model of Blaxter and Boyne (1978), which describes the
efficiency of utilization of gross energy for maintenance and for body gain. These
types of models may be referred to as phenomenological. Deterministic behaviour
means simply that the future state of the system is predictable based on its current
state and future input. In contrast, stochastic behaviour has an intrinsic (probabilistic)
uncertainty about the future state of the system even if the current state and future
inputs are completely known (Baldwin, 1995).

2.2.1 Empirical models: example of equations describing animal growth
The growth process is generally considered from two aspects; firstly, the increase of
body mass as a function of time, usually described by the liveweight growth curve for
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the whole animal, and secondly, changes in the form of the animal resulting from
differences in the relative growth rates of the component parts of the body (Fowler,
1968). The simplest models of growth describe weight (W) as a function of time (2):
W = f(t). These equations are unrealistic because they assume that food is never
limiting. The unconstrained growth curve is sigmoidal and thus f, which is required
to be representative of potential growth from birth to maturity, must generate a curve
of this nature. Thus, growth is a rate and many growth functions are obtained by
considering the rate of growth () as a function of W: —‘%tz = h(W).

The most common empirical growth equations used in animal science are the
Gompertz equation, logistic equation and Richards equation. The former two are
special cases of the Richards equation. Richards (1959) proposed a flexible empirical
model for describing different patterns of animal growth in which the rate of growth is
given by the differential equation

% =[] -] e

where Wmaxz is the maximum attainable size and k is a rate constant. Flexibility is
achieved by varying the parameter m. The solution to the differential equation is

W(t) = Wmaz(1 ~ Ae"")m. The following are two of the most commonly used

cases of Richards equation in animal science.

Logistic or autocatalytic (case m = 2):

The logistic equation assumes that growth is proportional to weight and to the amount
of substrate available for growth (Gill and Oldham, 1993). For this model the relative
growth rate declines linearly with size. The growth curve is symmetrical about its
point of inflection at W (t) = 0.5 x Wmax where the growth rate is a maximum.

Gompertz equation (case m = 1):

The equation assumes that growth is proportional to weight and that substrate is
nonlimiting. It also assumes that the fractional growth rate decreases exponentially
with time. The equation generates a sigmoidal curve, but non-symmetrical, with the
inflection point occurring at % times the final weight (Gill and Oldham, 1993).

2.2.2 Mechanistic model development: Compartment models

A mechanistic approach to predicting animal productivity would be to simulate
animal performance based on studies conducted at the tissue, cellular, and organ
levels. Moreover, the parameters used in the equations must, if possible, be derived
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from data obtained at the lower levels of organisation. Significant progress towards
this end has been made in recent years, and it appears that mechanistic elements are
currently in use in feeding systems to increase the accuracy of prediction and general
applicability. For example, a mechanistic element currently used in feeding systems is
the estimation of available (absorbed) amine acids from the protein degradation rate

and microbial synthesis in the rumen.

A challenge is to develop a model that can trace through time the effects of
submaintenance feeding on animal performance and the response to energy and
protein. To meet this requirement, specific nutrients (e.g., glucose, amino acids, lipid,
etc.) must be included as state variables since their pattern of use as energy sources
and for productive functions affect productivity. In addition, factors such as relative
organ weights that influence maintenance energy requirements over time must be

explicitly represented.

For this purpose, compartimental systems have been used to represent biological
concepts. A compartment is an amount of some material that is kinetically
homogeneous (Godfrey, 1983; Jacquez, 1972). By kinetically homogeneous it is
meant that the material of a compartment is at all times homogeneous; any material
entering it is instantaneously mixed with the material of the compartment. The box in
Figure 2.1 represents the ith compartment of an ncompartment system. Let X,
represent the mass of compartment i. The arrows in Figure 2.1 represent the sum of

the flows into and out of the compartment.

X

!

Figure 2.1:  One compartment of a compartmental system.

The flows into the compartment from outside the system, or input, are represented by
In, > 0, the transfers from the ith to jth compartment by F,, the outflows to the
environment and, therefore, out of the system by F, . Allthe F,, are > 0.
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The general equations for such a system are obtained by writing the instantaneous

mass balance equations for each compartment:

n n
T=rm-TE-F)-LF. @2)
7 == VK =) g ==

The inputs, In,, are always nonnegative and are generally constant or functions of time
only, though occasionally there may be systems in which the inflows are functions of
X as well. The functions F,, F, and F, can be functions of X ,...,X, . and possibly .
By definition, F, = 0. All flows are defined to be nonnegative quantities; the signs in
equation 2.2 take care of the direction of flows. Since there cannot be negative
masses, the amounts X, must always be nonnegative. Thus, when X, =0, X, > 0

whatever the values of X for j # .

The total flow out of a compartment over any interval of time must be bounded by the
amount that was initially present plus the amount that flowed into the compartment
during the interval. The following analytical properties summarize these physical
constraints:

(1) F,>20,I,>0and F, >0 Vi, j,t.

) If X, =0, then F, = Oand F, = 0V}, so that X, > 0.

Theorem 1:  If F is k-times continuously differentiable, that is, C*, then the first
part of condition (2) implies that we can write each F, (X)) as
F(X) = f,(X). X, for some function f,(X), which is at least C"".

Proof: Let F(z) > 0be C", r > 1and F(0) = 0. Consider the function

F{zt). %g?) = 2 F'(xt). (A)
Integrating in t, from zero to 1,

F(z) - F(0) =z [ F (t)dt (B)
The integral in (B) is a function of z, f(z), and using F'(0) = 0,

F(z) = zf(z).
From the derivation, if F(z) is C7, f(z)is C". We will usually want
f(z) to be at least C. O

As aresult, equation 2.2 can be written as
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The f,'s are called the fractional transfer coefficients. In general, they will be
functions of X and t. If the fractional transfer coefficients are constants or functions
of time only, such systems are called linear systems. If each f, is a function of only
X, and some X, ~ f,(X,)is not constant, system (2.3) is called nonlinear donor

controlled.

The forms of the equations for the input, production, utilization and output can take
many different forms depending on the biological mechanisms being described.

General reaction kinetics

Four principles guide the reaction kinetics (Pettigrew et al., 1992). First, the kinetics
apply to the entire transactions (pathways) in the model and not to individual reactions
within these pathways. Second, the rate of a transaction is a function of the state of the
animal. Specifically, the rates are determined by the concentration of substrates, and
sometimes by the concentration of inhibitors and hormones. Third, model transactions
are saturable with substrate, and the kinetics follow established patterns of saturable
systems (Mahler and Cordes, 1971). Tissue catabolism transactions are the exception
to this rule. Fourth, most rates are expressed per unit of tissue constituting the reaction
site, to reflect differences in body size. These principles lead to the generalized
Michaelis-Menten equation for a reaction velocity involving n substrates of

concentration S_;
Venaz X X,
= X 2.4)
i+l

i=] i=1

i

where V.. is the maximum velocity per unit tissue and K; is the affinity constant for
substrates with concentration S;, and I, is the affinity constant for an inhibitor with
concentration J.. A low affinity constant produces a relatively high rate of reaction
when substrate is limiting. Therefore, the priority of one reaction over another for a
limiting substrate is produced in the model by assigning a smaller affinity constant to
the high priority transaction. According to France et al. (1987), V;q. is described by a
modified logistic form which affects the rate of the production reaction, P, :

Vias, = k, [1 - [7’—‘:—]0] 2.5)

where k, is a rate constant, X; is a variable describing the weight of a particular body
component, Xgy, is the maximum value of X; and 0; is a steepness parameter of the
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ith reaction. Therefore, a generalized production of a substance from the ith

compartment to the jth compartment is

Production = P, = (2.6)

For catabolic transactions, the utilization (U,) of the i** tissue follows simple linear
kinetics:

U =uvX, @7
where v; is a rate constant of the ith reaction. Figures 2.2(a) shows the effect of
changing the value of the affinity constant (X,) on the response of transaction rate to
substrate concentration and Figure 2.2(b) shows the effect of changing the value of the
steepness parameter on the response of tramsaction rate to substrate concentration

(Pettigrew et al., 1992).

w
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Figure 2.2:  (a) The effect of changing the value of the affinity constant (X))
on the response of transaction rate to substrate concentration and
(b) the effect of changing the value of the steepness parameter (6)
on the response of transaction rate to substrate concentration.
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2.3  Framework for integrating system components

2.3.1 Aggregating the system

Most mechanistic models in ruminant digestion have dealt with parts of the whole
digestive system largely because of the increased number of differential equations
with increasing model complexity which results in tedious computation. Bywater
(1990) suggested that the aggregation of detailed explanatory models (which represent
mechanisms of underlying biological processes) provides a suitable method of
establishing models at an appropriate resolution for inclusion in whole farm studies.
He also suggested that knowledge derived from detailed models can be used to
identify and select factors to be included in aggregate models. Models established by
such a procedure will tend to predict performance across differing environments better
than empirical models or models which attempt to provide a mechanistic
representation of biological processes, but which have not formally identified the

relative importance of modelled processes.

In this section, a systems approach to the development of mathematical models is
provided. The driving force behind the creation of models is the admission that "Truth
is elusive, but we can gradually approximate it by creating better and better
representations” (Yeargers et al., 1996). One reason why the truth is so elusive in real
systems is because the universe is extremely complex. No living system operates in
isolation; it is part of a living network arranged in a hierarchical fashion. Miller
(1978) proposed a general approach to the analysis of living systems in which the
presence of seven hierarchical levels were postulated; namely, supranational, national,
organization, group, organism, organ and cell. The level at which we study biological
systems in animal nutrition is at the level of the organism and organ. We have
eliminated the cell as a distinct level and have aggregated the levels above the
organism level and refer to it as the environment. Therefore, our model of a living
system is composed of three interconnected levels in the following order from top to

bottom; 1) environment, 2) organism, 3) tissue/organ.

In addition to dividing living systems horizontally, Miller (1978) also divided them
vertically; namely, matter/energy and information processing systems. Such a division
cannot be made for two reasons; firstly, all matter/energy processing systems have
information processing subsystems incorporated in them for control purposes and
separating the two systems on this level is practically impossible, even though it is
possible on a subsystem level (Jaros et al, 1988). Secondly, information processing in
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itself is often achieved by the handling of matter/energy. A good example is the
endocrine system, in which hormones are physically circulated for control purposes.
Jaros et al. (1979) proposed to divide an organism vertically into two major groups of
processes: endodynamic processes and exodynamic processes (Figure 2.3). Although
such a grouping is made, none of these processes can proceed in isolation. In fact,
they interact with one another at various levels. The division simply signifies that the
interactions within the groups are much stronger than between groups (Jaros et al.,
1988). However, the main reason for the division is the similarity in the way they

function and to which their purposes are aimed.

Tissue

Figure 2.3: Diagram showing the relationship between the three hierarchical
levels and the enodynamic and exodynamic processes..

Endodynamic processes are directed towards a lower level of the hierarchy. On the
level of the organism, endodynamic processes are directed towards the maintenance of
the tissue. The processes in this category are mainly concerned with the transfer of
matter/energy between the environment and the tissues and vice versa. The substances
involved in the transfer are nutrients from the diet and waste products. Matter/energy
transfer can take place in both an upward and a downward direction through the
organism. Exodynamic processes are aimed towards the external environment of the
hierarchical level under observation. The reason for the existence of these processes is
to ensure the continued existence of the organism within its environment. An example
would be reproduction. The subdivision of the whole system into endodynamic and
exodynamic processes helps to sort available knowledge into smaller compartments.
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2.3.2 Endodynamic Processes

At the level of the organism, endodynamic processes can be defined as the study of
processes involved in the conservation of optimal tissue function (Jaros et al., 1988).
Although these processes are concerned primarily with the processing of matter and
energy, each of them requires a considerable amount of information processing for
control purposes. The proposed framework (Figure 2.4) is adapted for models in
nutrition from Jaros ef al. (1988).

Environment
& &
L 2 L 4
" BXODYNAMIC
ENDODYNAMIC
&
¥ Tissus

Figure 2.4: A framework for endodynamic processes.

The framework divides endodynamic processes into two major types of subsystems,
namely, matter/energy subsystems and co-ordination (information processing)
subsystems. The matter/energy subsystems fulfil the endodynamic purpose of
providing a link between the environment and the tissue and between tissue and
tissue, while the co-ordination processes can be regarded as accessory to ensure

optimal functioning.

2.3.2.1 Matter/Energy subsystem

There are similarities between the various matter/energy and coordination processes.
Both the matter/energy and coordination systems can be divided into four types of
subsystems (Figure 2.5): (1) Input/output subsystems, (2) Distribution subsystems, (3)
Processing subsystems, and (4) Tissue subsystems.

Figure 2.6 gives a scheme of the proposed RUMET (RUmen and METabolism) model
developed in this thesis.
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Figure 2.5: A diagram of matter/energy processing subsystems.
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Figure 2.6: A scheme of the RUMET model.

a) Input/Output subsystems

The matter or energy needed by the tissues is obtained from the environment. The
input/output system is situated between the environment and the organism, and is
involved in the exchange of matter or energy between the two levels in both
directions. This divide could be the feed intake of the organism. An example of a
subsystem in this group may be the rumen. The rumen is part of the digestive tract of
the ruminant. Of central importance to the nufrition of ruminant amimals is the
existence of a large microbial population within the rumen which serves to digest
ingested nutrients with the associated production of volatile fatty acids (VFA) and

provides a substantial proportion of the total protein absorbed from the small intestine,
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through the ruminal synthesis and subsequent small intestinal digestion of microbial
biomass. The rumen also plays an important role in the control of intake.

b) Distribution subsystems

The function of these subsystems is to transport substances between the various parts
of the organism. There are several ways that transport can take place. We are
specifically concerned with the transport of nutrients or substances via the blood but it
may also be, for example, via the lymphatic system etcetera. In many cases more than
one method is utilized. An example of a subsystem in this group may be the
circulatory system. It is the most important distribution subsystem. The heart provides
the power for the circulation of blood, which acts as the distributing medium, while
the blood vessels are the conduits. Matter/energy enters and leaves it via the capillary
vessels in the organs. In animal nutrition, models have assumed the blood to be static,
that is, models have not accounted for the flow of blood from compartment to
compartment, with the exception of one model by Cant et al, (2001). Dynamic models
may include the flow of blood especially to account for basal energy costs.

¢) Processing subsystem

Substances taken up by the input/output subsystem cannot always be utilized
immediately or in the same form as they entered the organism. The processing
subsystems modify the substances for use in intermediary metabolism. An example of
a subsystem in this group may be the /iver. It is the most important single processing
subsystem, and its position in series with the gastrointestinal tract (GIT), and more
significantly, between the GIT and the peripheral circulation, bears witness to its
importance. It is the major organ where chemical transformation processes occur and
also serves to balance the nutrients in metabolism. In addition, it also serves as a
storage organ for different substances such as protein, glycogen, iron and various
vitamins.

d) Tissue subsystem

These substances are the important sources of deposition of the end-products of
digestion and metabolism of nutrients. The dynamics within these tissues are
important. Examples of a subsystem in this group may be the mammary gland and
muscle. The mammary gland of the ruminant is important in the conversion of
nutrients into milk and the muscle is the biggest store of protein in an animal and
important for posture and movement (and has other functions).
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2.3.2.2 Co-ordination processes

Endodynamic processes are complex and depend on the contributions from many
organs and tissues. The main point to remember is that there is a complex,
interdependent and continuous sequence of reactions, flows, and time constants, all of
which contribute to the process. Each of the components must function properly in
order to ensure the efficiency of the entire process. Therefore, a stringent control must
be exercised on the components. In our model of animal nutrition we are mainly
concerned with the endocrine system via hormones and assume that the autonomic
nervous system has little effect on the utilization of the nutrients. This may, however,
be found to be important because of the increasing interest in the neural effects on

hormones (Lawrence and Fowler, 1997).
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PART II

MODEL DEVELOPMENT
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Chapter 3

Modelling rumen function: the effects of different N
supplements on low quality roughages

3.1 Chalienges for rumen models

Understanding rumen function, with respect to nutrient digestion and ultimately
nutrient supply, requires an understanding of rumen microbial dynamics (see chapter
4), rumen metabolism (energy and protein interactions) and the degradation of
substrate and formation of endproducts (Figure 3.1). The importance of energy and
protein interactions within the rumen is well established and research effort has
mainly been directed towards qualitative descriptions of rumen processes and how
such processes may be manipulated in order to improve overall efficiency of ruminant
livestock production (Chalupa, 1977). However, due to the development of improved
experimental techniques, including automated techniques, the quantity and quality of
data has increased tremendously leading to an increase in quantitative descriptions of
rumen processes. This facilitated the development of mechanistic models as a
framework to integrate knowledge of rumen processes in order to understand and/or
predict aspects of rumen function. Initiated by the pioneering work of Baldwin et al.
(1970), several mathematical models of whole rumen function were developed in
order to integrate rumen processes. These models do not necessarily share common
objectives and the evaluation of these models depends on an appraisal of the total
effort in relation to the objectives of the modelling exercise (France and Thomley,
1984).

Mm(,___w_’m
astivity

Bustsatrats Borataion,
B prascts

Figure 3.1: Understanding rumen function requires understanding rumen microbial
dynamics, rumen metabolism (energy and protein interactions) and the degradation of

substrate and formation of endproducts.

France et al. (1982) were the first to develop a rumen model based on the rate:state
formalism. Most of the rumen models developed subsequently followed their
approach. Baldwin et al. (1987) developed a model of rumen function in dairy cattle.
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Their objective was to predict the rate and pattern of nutrient absorption in the dairy
cow. The limited evaluation against in vivo data in high producing dairy cattle was
satisfactory for most diets, with the exception of the volatile fatty acid (VFA)
production rates. Some of the suggestions to improve the model were addressed by
Argyle and Baldwin (1988) and Baldwin (1995). Dijkstra et al. (1992) extended the
models of Baldwin et al. (1987) primarily by improving the representation of the
microbial population. The objective of their modelling exercise was to examine the
effect of supplementation of forage dicts on the profile of nutrients available for
absorption in cattle. Specific areas of improvement included representing a
combination of microbial substrate preference, differential outflow and microbial
composition, and the recycling of microbial matter. This model was tested thoroughly
on a range of diets and generally provided reasonable predictions, with the exception
of VFA molar proportions (Neal et al., 1992). However, the model tries to be too
general and simulates a wide range of possible diets. It was shown that the
representation of protozoan activities needed more attention and this was subsequently
addressed by Dijkstra (1994), in which the objective was to provide a quantitative
understanding of protozoan dynamics. This mathematical integration of dietary,
bacterial and protozoal factors improved the understanding of factors involved in the
contribution of protozoa to fibre degradation (Dijkstra and Tamminga, 1995) and
microbial recycling (Dijkstra et al., 1998) in the rumen. Dijkstra et al. (1996) also
constructed a simple mechanistic model of digestion of sugarcane in cattle. The
aggregation level and mathematical approach were based on the model of France et al.
(1982). The primary objective of their rumen model was to predict nutrient supply to
the host animal from intake of sugarcane and supplements as a means of indicating
pre-experimentally which combinations of available supplements are most likely to

enhance animal production.

Progress towards the prediction of rumen output has been encouraging, however,
Dijkstra and France (1996) listed some of the major limitations that remain:
exarriining the effect of discontinuous feeding regimes and outflow of material from
the rumen, the effects of microbial distribution in the rumen on fermentation and
degradation of substrate, the effect of manipulating microbial interactions, examining
the factors determining VFA profile, and examining the factors affecting the amino
acid composition of microbial matter and undegraded food.

3.2  Nitrogen supplementation for cattle on rangelands

During the dry winter months on arid and semi-arid rangelands, the crude protein
content of the dry herbage is low (10-30g/kg), while the percentage of crude fibre
range from 400-450g/kg (Elliott et al., 1965). A protein (nitrogen) deficiency reduces
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feed intake by limiting the rate of microbial growth and, therefore, the rate of
digestion of organic matter and hence the clearance of digesta from the rumen.
Consequently, microbial protein synthesis is limited and smaller quantities of amino
acids are available in the intestine to meet the animal's tissue demand for protein.
Initially, a lack of herbage nitrogen sources for the microbes in the rumen can be
overcome with nitrogen supplements of protein or non-protein nitrogen that are
degradable in the rumen. If the resulting increased microbial protein flow to the
intestine is not sufficient to meet the tissue requirements for amino acids after
supplementation, the short-fall can be met by supplements of protein not subjected to
rumen degradation. Research has aimed to predict rumen microbes protein
requirement so that the maximum intake of roughage can be achieved for the minimal

input of protein supplements.

For these reasons, the rumen model developed by Dijkstra er al. (1996) was modified
and used to examine the effects of different nitrogen supplements on a low-quality
roughage diet. The rumen model was modified in three ways: firstly, to predict
voluntary food intake by cattle grazing tropical rangeland, secondly, to account for the
delay due to the attachment of microorganisms to food particles and thirdly, by adding
a roufine to calculate the molar proportions of VFA from the data of Reed et al.
(1968). Notation and symbols are defined in Table 3.1 and Table 3.2, respectively,
and follows the notation and symbols used by Dijkstra et al. (1996).

3.3 Rumen model changes
This section will describe the three changes made to the rumen model developed by

Dijkstra et al. (1996).

3.3.1 Adding an intake component to predict voluntary food intake

The total dry matter intake, DM Itot (g/day), can either be limited by intake
controlled by the rate of digestion (DM I, g/day) or by the rate at which the animal
eats (BiDM 1, g/day), described by Poppi et al. (1994). The model combines these
two mechanisms of total food intake in the following way:

DMTtot = min|[DMI, BiDMI]. (3.1)

Firstly, intake (DM I) may be limited by the digestive system, which is modelled as a
function of the rate of output of faecal dry matter and the digestibility of the diet
selected. Rumen volume is related to body weight and is at a maximum when the
animal's weight is 0.75 of its mature weight (Butterfield, 1988). In animals weighing
less than 0.75 of their mature weight, rumen volume is assumed not to decrease with a
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decrease in liveweight. Following Richardson et al. (2000), a routine was added to
ensure that the rumen volume does not decrease if an animal of less than 0.75 mature
size loses weight. This is because ad libitum intakes of animals that have lost weight
are greater than in animals of the same weight that have grown continuously (Saudibet
and Verde, 1976). Therefore, intake (DM1I) is estimated from the rumen volume,
Rwvol (L), maximum concentration of dry matter in the rumen, c DM Ru (g/L), and the
fractional rate of disappearance of dry matter from the rumen, kRuFEx (Richardson et
al, 2000):

DMI = kRuEz x cDMRu x RVol. (3.2)

The fractional rate of disappearance of dry matter from the rumen, kRuFz, is
calculated as the proportion of the total loss of dry matter from the rumen by
absorption, passage and as gas, U DM Ru (equation 3.32 in Appendix 3.1), and the
total weight of dry matter in the rumen, Rumen DM (equation 3.33 in Appendix 3.1):
kRuEzx = %—ﬂ;‘jﬂ%‘ﬂ. The concentration of dry matter in the rumen (¢ DM Ru) was
assumed to be 80.06 g/ (Czerkawski, 1986). The rumen volume is related to

liveweight by the equation of Butterfield (1988):

Yrvol = 3.0 x Xwt + (1 — 3.0) x (Xwt)? (3.2a)
where Yruvol = vl (3.2b)
igh
Xwt = Yeht (3.2¢)

Ruol volume of the rumen (litres)
Rvolmat volume of the rumen at maturity (assumed to be 75 litres)
Weight weight of the animal (kg)
Wmazx mature weight of the animal, kg (assumed to be 650kg)

Secondly, intake (BiDM1) can be limited by the rate at which the animal is able to

eat herbage:
BiDMI = Bbite x mazbite x AdjDM. (3.3)

This intake (BiDM1I) depends on the size of the mouth, herbage density and the
maximum number of bites per day, maxzbite. The maximum number of bites per day,
maxbite, increases from zero at birth to 38 000 at 16 weeks. Maximum bite size is a
function of arcade breadth, Arc, which is related to the peak weight (highest weight
so far attained by the animal) already attained by an animal (Taylor et al., 1987):
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Arc = 9.1 x Weight®?® x Wmaz®%. (3.3a)

Peak weight is used as arcade breadth does not decrease if an animal loses weight.
Bbite is the amount eaten in one bite if forage density is optimal. It is estimated to be
0.00035 kg per individual bite. Bbite is also a function of arcade breadth, Arc:

Bbite = Abite x Arc. (3.3b)

We have simulated animals over a relatively narrow weight range (200-250 kg) and
have therefore assumed Abite to be constant, Abite = 0.0000041.

The intake (BiDM) is adjusted for herbage density using the following adjustment
factor, AdjDM, based on the approach of Johnson and Parsons (1985):

ghoot 33
AdjDM = lﬁ("‘f_‘% (3.30)

1+ Bhoat

where shoot is the density of the herbage in ;g, and kshoot is the maximum density of

the herbage (assumed to be 120-5).

3.3.2 Delay of microorganism attachment to food particles

When animals eat tropical forages, the food entering the rumen consists of a high
proportion of course fibrous particles that affect the pattern of digestion in the rumen
and passage of matter to the duodenum. When fibrous particles enter the rumen,
microbes must become attached to them before fermentation can begin. In addition,
the size or specific gravity of digesta particles must reach a critical value before they
can pass from the rumen. The delay in the attachment of microbes does not affect
digestibility (Allen and Mertens, 1988) but contributes to rumen fill and so reduces
intake. The delay in the onset of fermentation has been demonstrated experimentally
by Pienaar and Roux (1989).

For these reasons, the undegradable protein (Pu) and insoluble degradable protein (Pd)
pools and the undegradable fibre (Fu) and degradable fibre (Fd) pools, were divided
into forage and non-forage components. The fibre referred to is crude fibre. The non-
forage components consists of a single pool and is exactly the same as the
undegradable protein (Pu) and insoluble degradable protein (Pd) and undegradable
fibre (Fu) and degradable fibre (Fd) pools described in Dijkstra er al (1996).
However, for each forage undegradable protein and insoluble degradable protein and
forage undegradable fibre and degradable fibre pools, three pools (unavailable
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unescapable pool, available unescapable pool, available escapable pool) were added
so that the lag at the start of fermentation and selective passage of forage particles
may be simulated. Therefore, twelve additional forage pools were added to the model
developed by Dijkstra et al. (1996). The representation of the delay components of
both forage protein and forage fibre is based on model III of Allen and Mertens
(1988), but the action of rumen micro-organisms is represented explicitly. The forage
fibre and protein components are transferred from the pool where it is not available to
microorganisms and cannot escape from the rumen (unavailable unescapable pool,
UaUe) to the pool where it is available for microoganisms but not able to escape from
the rumen (available unescapable pool, AvUe) and then to the pool where it is
available to the microorganisms and able to escape from the rumen (available
escapable pool, AvEs). As an example, Figure 3.2 gives the scheme of the three
forage degradable fibre pools. The input to the forage protein and fibre pocls is from
food component 1 (D,, see, for example, equation 3.8) and the input to the non-forage
pools is from food component 2 (D,, see, for example, equation 3.8).

Hydrolysis
deSc/ \km.w
/ \
k k, kror,
Deqi  — FdUaUe FdUaA‘ FdAvUe Fd.UcEi FdAvEs Fo Ex’

Figure 3.2: Sub-model of forage degradable fibre.

The sub-model of forage fibre and protein in the rumen is included in the equations in
Appendix 3.1. The notation follows that of Dijkstra et al. (1996). Consequently, the
values of k... Kpquorrs Kraueny and k.., are the same fractional rate as the digesta
particles (12/day). The values of K, > Kpuvemr Kequerss Keupess ar€ assumed to be the
same (6.0/day).

3.3.3 Molar proportion of volatile fatty acids
A routine was included to calculate the molar proportions of VFA from the data of

Reed et al. (1968). A, =FrAcx A, (3.4a)
A, =FrPr x A,,, (3.4b)
A, =FrBux A, (3.4¢)
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where A, , A,, A, are the absorbed acetic, proprionic and butyric acid (in moles)
respectively, and FrAc, FrPr, FrBu are the fractions of absorbed acetic, propionic and
butyric acid estimated to be 0.63, 0.23 and 0.14, respectively.

3.4  General model structure

This scheme is based on the model developed by Dijkstra et al. (1996) with the
modifications already described. The scheme adopted for the model is given in Figure
3.3, except that the forage fibre and protein pools have been divided, as shown in the
example in Figure 3.2, and is indicated by broken boxes (- - -) in Figure 3.3. Principal
model symbols are defined in Table 3.1 and model notation is listed in Table 3.2. The
rumen model comprises 23 state variables represented as solid and broken boxes in
Figure 3.3. Four zero pools are defined for the hindgut which represents nutrients
available for absorption and is represented as dotted boxes (...) in Figure 3.3. The food
components are represented as three major fractions: a nitrogen-containing fraction, a
carbohydrate containing fraction and a fatty acid fraction. The nitrogen-containing
fractions in the rumen include non-forage undegradable protein (Pu), non-forage
insoluble degradable protein (Pd), three forage undegradable protein (PuUaUe,
PuAvUe, PuAvEs), three forage degradable protein (PdUaUe, PdAvUe, PdAvEs),
soluble protein (Ps) and ammonia (Am). The carbohydrate fractions in the rumen
include non-forage undegradable fibre (Fu), non-forage degradable fibre (Fd), three
forage undegradable fibre (FuUaUe, FuAvUe, FuAVEs), three forage degradable fibre
(FdUaUe, FdAvUe, FdAvEs), insoluble starch (Si) and soluble starch and sugars (Sc).
The fatty acid fractions in the rumen are long chain fatty acids (Ld) and volatile fatty
acids (Va). A single pool representing an aggregated microbial DM (Mi) is included
in the model.

All pools are expressed in grams except for the volatile fatty acids that are expressed
in moles, volume is expressed in litres and time in days. Because the time scale of the
rumen model developed by Dijkstra ef al. (1996) is in hours and the desired time scale
is days, all the rate constants in the model were multiplied by twenty four. This could
be done because the models on the daily and hourly time scales gave similar output.
The concentration of each entity (C,) is the pool size divided by the rumen volume.
General model assumptions are that the growth of microbes is related to the
availability of energy (Sc) and nitrogen (either Ps or Am) and it is assumed that
energy derived from protein fermentation is not significant relative to the energy
derived from carbohydrate fermentation (Russel ef al., 1983). The composition of Mi
and the amounts of carbohydrates and Am or Ps needed for growth are adopted from
Reichl and Baldwin (1975), assuming a yield of 4 mol ATP/mol glucose.
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The subscripts used in the hydrolysis rates (for example, k., and k) refers to the

components of the diet, that is, component 1 or 2.

Table 3.1%: Symbols used in the model.
Symbol | Description
Aa Post-rumen amino acids
Ab Absorption
Am Ammonia
Ex Exit from rumen
Fd Non-Forage rumen degradable fibre
Fl Rumen fluid phase
Fu Non-Forage rumen undegradable fibre
Gl Post-rumen glucose
Ld Rumen long chain fatty acid
Li Post-rumen long chain fatty acids
Mi Microbial dry matter
N Nitrogen
Pd Non-Forage rumen insoluble, degradable protein
Ps Rumen soluble protein
Pu Non-forage rumen undegradable protein
Sc Rumen soluble starch and sugars
Si Rumen insoluble starch
So Rumen solid phase
Ur Urea
Va Rumen volatile fatty acids
Vi Post-rumen volatile fatty acids
VFA Total absorbed volatile fatty acids
PuUaUe | Forage undegradable protein, unavailable and unescapable
PuAvUe | Forage undegradable protein, available and unescapable
PuAvEs | Forage undegradable protein, available and escapable
PdUaUe | Forage degradable protein, unavailable and unescapable
PdAvUe | Forage degradable protein, available and unescapable
PdAvEs | Forage degradable protein, available and escapable
FuUaUe | Forage undegradable fibre, unavailable and unescapable
FuAvUe | Forage undegradable fibre, available and unescapable
FuAvEs | Forage undegradable fibre, available and escapable
FdUaUe | Forage degradable fibre, unavailable and unescapable
FdAvUe | Forage degradable fibre, available and unescapable
FdAvVEs | Forage degradable fibre, available and escapable

*Notation and symbels are adopted from Dijkstra et al. (1996)
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Table 3.2": Notation used in the model.

Notation | Translation Units
A, Absorption rate of ¢ g/day
C, Concentration of gL
D, Dietary input of g/day
k, Fractional rate constant for ¢-7 transaction /day
K., Fractional rate constant of 7 in j-k transaction /day
i Inhibition constant for j-k transaction with respectto ¢ | gi/L
M, Affinity constant for j-k transaction with respectto ¢ | gi/L
P, Rate of production of 7 in j-k transaction gi/day
Q Quantity of ¢ gi
R, Requirement for 7 in j-k transaction - gi/gj
t Time days
U, Rate of utilization of ¢ by j-k transaction gi/day
\2 Velocity for i-j transaction /day
Yo Yield of i for j-k transaction gi/gj
Environment
RUMEN |
r_._._l '____y_l ‘_“—-i ‘_xL.,l
|Ful|Fd| Si Ld e IPdIIPul
I__.....l |__....' m:l,:“ | VS N B [ WO -
e | ] ,
I 8e 1 :'m"_“ An; e Py
l 1
Abs‘__" Vs ] " Mi'
----------------- T o W O
HIND GUT 3 X
vf Gl Li Aa
v v ¥
Abs Abs Abs Abs
v & v v v v .

Figure 3.3: A modified rumen model

*Notation and symbols are adopted from Dijkstra et al. (1996)
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The nutrients absorbed in the intestines are amino acids and small peptides (Aas),
glucose (Ag)), long chain fatty acids (Ay;) and volatile fatty acids (Ayr). Fermentation
of fibre and starch not absorbed from the small intestine is represented as well, these
fermentation products are assumed to be absorbed as Vf from the large intestine.

Model Input
Three different food components (DMI;, 1 < j < 3), constituting the diet, can be used
as input to the model by specifying the proportion of each component (frDMI;)

multiplied by the total dry matter intake (DM I ¢ ):
DMI; = frDMI; x DMI. (3.5)

The input can either be a specified amount of food (as in equation 3.6 below) or an
adlib intake (as in equation 3.2).

DML, = food + bint x days, (3.6)

where food is the amount of food in grams and bint is a constant for the frequency of
feeding per day. The =1 and 2 components of the diet are made of ten (10)
constituents which are estimated from experimental data as far as possible (for

example, see Table 3.3).
D, =C, x DMI; i=1t010, j=1to2. (3.7

In addition, for example, we can write the total dietary Fd as the sum of the Fd
constituent from food component 1 (DN] ) and from food component 2 (Dy,,) as

D, = DFdl + DFd2 (3.8)

The j = 3 component is used for a nitrogen supplement only and therefore only
contains one constituent (usually ammonia).

3.5  Description of the model

The parameters and variables for each pool will be described now. The differential
equation will be given after the description of each pool and all equations are listed in
Appendix 3.1 and all parameter values are given in Appendix 3.2.
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Forage Undegradable Fibre

Forage unavailable unescapable undegradable fibre, ¢J,,.,. (2)-

: 4

There is one input to this pool from the food (DFlll or P, :equation 3.9a)and the
outflow is to the available unescapable undegradable fibre pool (U_,  : equation

3.9b).

dQF;UaUe o * . U ( 3 .9)
t Fu,InFu Fu,UaAv
diet input flow to available

unescapable undegradable fibre

Forage available unescapable undegradable fibre, ¢, _, .. (2).
There is one input to this pool from the unavailable unescapable undegradable fibre
pool (P, .. :equation 3.10a)and the outflow is to the available escapable

undegradable fibre pool (U, .., : equation 3.10b).

dQPuAvUe
7 = Pruu - Ut uess (3.10)
N et N s
inflow from unavailable outflow to available escapable
unescapable undegradable fibre undegradable fibre

Forage available escapable undegradable fibre, Q,_, .. (2)-
There is one input to this pool from the available unescapable undegradable fibre pool
(Pr,yezs - €quation 3.11a) and the outflow is out of the rumen (U, ., : equation 3.11b).

dQFuAvEI
& PFu.UeEl - UFu,ElEx (3.11)
R —
inflow from available outflow with solid materia!
unescapable undegradable fibre

Non-Forage Undegradable fibre pool, @, (g).
There is one input to this pool from the food (D,,, or P,,,., : equation 3.12b) and the

outflow is with the solid material (U, ,,,.: equation 3.12c).

dQFu

at = PFu'lnPu - Uru,v..ax (3 1 2)
A———
diet input outflow with solid material
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Forage Degradable Fibre
Forage unavailable unescapable degradable fibre, Q... (&)-

*

There is one input to this pool from the food (D, or P, . : equation 3.13a) and the
outflow is to the available unescapable degradable fibre pool (U, ...: equation

3.13b).

4@ e "
gt = Tramea - Uk vaav (3.13)
diet input flow to available
unescapable degradable fibre

Forage available unescapable degradable fibre, @, .. (&).

There is one input to this pool from the unavailable unescapable degradable fibre pool
(Psua, - €quation 3.14a). There are two outputs from this pool: the hydrolysis of Fd to
Sc by the rumen microorganisms (U, : equation 3.14b)and the outflow to the
available escapable degradable fibre pool (U,,,.,: equation 3.14c). The hydrolysis
rate (k. ) can be calculated from the relevant experimental input data chosen and

C_,. is a reference value (12.5 g/L) of the concentration of microbial DM in the

rumen based on data reported by Robinson et al. (1987).

4Qrgavue
@G = Provers - UFd,UeSc - Urguess (3.14)
inflow from unavailable hydrolysis to Sc outflow o available escapable
unescapable degradable fibre degradable fibre

Forage available escapable degradable fibre, Q,,, ., (2).

There is one input to the available escapable degradable fibre pool (U,,,..,: equation
3.15a). There are two outputs from this pool: the hydrolysis of Fd to Sc by the rumen
microorganisms (U, : equation 3.15b)and the outflow to the hindgut (U, :
equation 3.15c). The hydrolysis rate (k. )can be calculated from the relevant

experimental input data chosen and C_  is a reference value (12.5 g/L) of the
concentration of microbial DM in the rumen based on data reported by Robinson et al.
(1987).

dQFdAvEl
4t = PFd.UeEl - UFd.E.rSc - Ul-‘d,ElEx (3-1 5)
v st
inflow from available hydrolysis to Sc outflow
unescapable degradable fibre
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Non-Forage Degradable fibre pool, Q,, (g).
There is one input to this pool from the food (D, : equation 3.16b). There are two

outputs from this pool: the hydrolysis of Fd to Sc by the rumen microorganisms
(Upers.: €quation 3.16¢) and the outflow to the hindgut with the solid material (U, :
equation 3.16d). The hydrolysis rate (k. _)can be calculated from the relevant
experimental input data chosen and C__ is a reference value (12.5 g/L) of the
concentration of microbial DM in the rumen based on data reported by Robinson ef al.

(1987).

3Qgq
at Prgtrs — Urapase - U pase (3.16)
L R —
diet input hydrolysis to Sc outflow with solid material

Insoluble starch pool, Q, (g).
There is one input to this pool from the food (P, equation 3.17b). There are two

outputs from this pool: the hydrolysis of Si to Sc by microorganisms (U, : equation
3.17¢) and the outflow of Si to the hindgut with the solid material (U, : equation
3.17d).

dQs;
B PSi,lnSi USi,SiSc - USi.SiEx (3.17)
N o S s
diet input hydrolysis to Sc outflow with solid material

Soluble starch and sugars pool, (...

There are four inputs to this pool: from the food (P, : equation 3.18b), the
hydrolysis of dietary lipid (Pg,,,: equation 3.18c), the hydrolysis of Fd (P, g..:
equation 3.18d) and the hydrolysis of Si (P, : equation 3.18¢). The yield of Sc from
the hydrolysis of dietary lipid (Y, ,,,)is estimated based on the assumption that the
hydrolysis of 1 kg of feed lipid is assumed to give 150 g glycerol, 800 g L.d and 50 g
of other compounds (Reichl and Baldwin, 1975), assuming that the total input from
the Ld pool is 80% of the lipid intake. Therefore, Y ,,, = g% = 0.19kg Sc / kg Ld.
The yield of Sc from Fd (Y. ) and the yield of Sc from Si (Y, ) are set at unity
(Dijkstra et al., 1996), assuming no loss in the respective transactions.

There are four outputs from this pool: Sc is required for microbial growth with
ammonia (Am) (Ug,.,.: equation 3.18f) and with soluble protein (Ps)(U,,,,:
equation 3.18g), for microbial non-growth purposes (Ug ¢ ,,: equation 3.18h) and the
outflow of Sc with the fluid phase (U, : equation 3.18i). The requirement factors,
Rg amw and Ry ..., were calculated by Dijkstra et al. (1996) from Reichl and Baldwin
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(1975) as 5.28gSc/gAm and 3.15 gSc/gPs, respectively. The utilization of Sc by
microbes for non-growth purposes (Ug,,,: equation 3.21h) is divided into a
maintenance requirement part and an energy spilling part due to a lack of Ps. The rate
at which Sc is used for maintenance (vgcl‘}_) is set at 2.4 g Sc/ g Mi/day (Russel and

Baldwin, 1979). The maximum utilization rate of Sc not related to growth or
maintenance (vg‘l) is calculated from the maximal potential use of Sc for growth with

Ps, minus the maximal use for growth with Am. Therefore, v = 12 g Sc/g Mi/day.
The affinity and inhibition constants, Mg ., and J, .., were assigned values of 12.08
and 0.230 g/L (Dijkstra et al., 1996),

dQS:
a = P SeinSe + P Se,inLd + P SeFdSe + P Sc,sise
O ! LS g—_— ‘ S s RE—
diet input Input from Ld hydrolysis fromFd  hydrolysis from 8i
- USc,AmMi - USc,PsMi - Us:.s.:v.
S, s’
microbial growth microbial growth microbial non-growth
with ammonia with soluble protein
Ug, sean (3.18)

outflow with fluid

Forage Undegradable Protein

Forage unavailable unescapable undegradable protein, Q,, ... (g).
There is one input to this pool from the food (D,, or P;mh: equation 3.19a) and the

outflow is to the available unescapable undegradable protein pool (UMJW: equation
3.19b).
dQPuUuUe g
di = PPII,IHP\I - Pu,UsAv (3"19)
diet input flow to available

unescapable undegradable protein

Forage available unescapable undegradable protein, @, , .. (g).
There is one input to this pool from the unavailable unescapable undegradable protein
pool (P, ..., :equation 3.20a)and the outflow is to the available escapable

undegradable protein pool (U,, ., : equation 3.20b).
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dQPw\vUe
A Pp... UnAv - UPu.Ue.El (3 .20)
et gt L
inflow from unavailable outflow to available escapable
unescapable undegradable protein undegradable protein

Forage available escapable undegradable protein, Q,, , ., (g).
There is one input to this pool from the available unescapable undegradable protein
pool (P, .. : €quation 3.21a)and the outflow is out of the rumen (U, .. : equation

3.21b).

dQPuAvE:
LR — Unpn (3.21)
inflow from available outflow

unescapable undegradable protein

Non-Forage undegradable protein pool, Q,, (g).
There is one input to this pool from the food (D,, or P, ,,, : equation 3.22b) and the

outflow is with the solid material (U, .., : equation 3.22c).

dQ,,
at = PPu.lnPu - UP’u.PuEx (3.22)
Le—
diet input outflow with solid material

Forage Degradable Protein

Forage unavailable unescapable degradable protein, Q, ... (g)-
There is one input to this pool from the food (D,,, or P, . : equation 3.23a) and the

Pd.inPd

outflow is to the available unescapable degradable protein pool (U,,,...: equation
3.23b).

dQPdUaUe W
&t T Ledmrs - UPd.UaAv (3.23)
diet input flow to available

unescapable degradable protein

Forage available unescapable degradable protein, Q,,, .. (g)-

There is one input to this pool from the unavailable unescapable degradable protein
pool (P,,...: equation 3.24a). There are two outputs from this pool: the hydrolysis of
Pd to Ps by the rumen microorganisms (U,,,..: €quation 3.24b) and the outflow to the
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available escapable degradable protein pool (U, equation 3.24c) . The hydrolysis
rate (k,y, ) can be calculated from the relevant experimental input data chosen and

C_,. is a reference value (12.5 g/L) of the concentration of microbial DM in the
rumen based on data reported by Robinson et al. (1987).

dQPdAvUe
& = | SO - UPd.UeSc - UPd,UeF_: (3.24)
inflow from unavailable hydrolysis to Ps outflow to available escapable
unescapable degradable protein degradable protein

Forage available escapable degradable protein, Q,,, ., (2)-

There is one input to the available escapable degradable protein pool (U, : equation
3.25a). There are two outputs from this pool: the hydrolysis of Pd to Ps by the rumen
microorganisms (U, : equation 3.25b)and the outflow to the hindgut (U, :
equation 3.25c). The hydrolysis rate (k,,, )can be calculated from the relevant
experimental input data chosen and C__ is a reference value (12.5 g/L) of the
concentration of microbial DM in the rumen based on data reported by Robinson et al.
(1987).

dQPdAvEI
d PPd.UeEn - Upd,m.: - UPd.EnEx (3.25)
inflow from available hydrolysis to Ps outflow

unescapable degradable protein

Non-Forage insoluble degradable protein pool, Q,, (g).
There is one input to this pool from the food (P,,,,, : equation 3.26b) and two outputs:

the hydrolysis of Pd to Ps by proteolytic enzymes produced by rumen microorganisms
(U,epe,: €quation 3.26c) and the washout with the solid material (U,,,.,: equation
3.26d). The hydrolysis rate (k,,, ) can be calculated from the relevant experimental

input data chosen and C__ is a reference value (12.5 g/L) of the concentration of

microbial DM in the rumen based on data reported by Robinson et al. (1987).

aQp,
ar = Prgwra — Ubipars " Usapae (3.26)
S e
diet input hydrolysis to Ps outflow with solid material
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(Rympae = 38 mg Am/g Ps) was calculated from Reichl and Baldwin (1975). The
average maximum relative growth in vitro of five microbial bacterial species was
0.8/h, when preformed monomers were supplied (Russel and Baldwin, 1979) and the
growth with Am as the sole N source is set at half this maximum growth rate (Maeng
et al., 1976). These values were used to calculate the maximum uptake rates of Ps and
Am (v, = 10.464 g Ps/g Mi/day; v, . = 1.224 g Am/g Mi/day). The affinity
constant for Am uptake (M, , ..) is set at 26 mg/L (Hespell and Bryant, 1979). The
affinity constant for Ps uptake for microbial growth (M, ,,; = 230 mg/L) was
calculated by Dijkstra et al. (1996) from bacterial growth data as affected by amino
acid availability (Russel e al. 1983). The inhibition constant(J,, ,...) is estimated to
be equal to M, ... The values of the affinity constants, M,_, . and M .. are equal,
because the ratio of Am versus Ps utilization by bacteria is not affected by the
availability of carbohydrate (Russel et al, 1983), and is calculated below. The
voluntary DMI of unsupplemented sugarcane and the passage rates, k., and k . , are
16g DM/kg LW, 1.921/day and 0.72/day, respectively (Leng and Preston, 1976;
Owens and Goetsch, 1986). The rumen protozoal biomass with sugarcane diets is up
to 40% of total microbial biomass (Leng and Preston, 1976). The fractional outflow of
protozoa is taken to be 1k, (Faichney et al, 1989). The attached bacteria are
assumed to be 75% of the total (Foererg and Lam, 1976; Craig et al., 1987) and are
washed out with the solids, whilst the non-attached bacteria flow out of the rumen
with the liquid phase. Hence, the fractional outflow rate of microorganisms (which in
steady state is equal to the net fractional growth rate) is 0.0315/h by Dijkstra et al.
(1996). The affinity constants M, .. and M, (= 12.08 g/L) were then calculated
using this net growth rate and equations 3.30d and 3.31f, assuming for a reference diet
that C, = 26mg/L (Leng and Preston, 1976), C, = 6 mg/L (Wright and Hungate,
1967) and C,, = 600mg/L (Clapperton and Czerkawski, 1969). Finally, M, . .. and
M, aTe assigned low values (1.0 mg/L) in order to ensure that microbial Ld
uptake is smaller than the amount available. The fractional absorption rate in equation
3.28g (k,...,) is allocated the value of 12/day (Siddons et al., 1985).

4@\
dt = PAI!\.!nAm + PA"\.UrAm + PAm,PsAm
L | S R ——
diet input transport of urea fermentation of Ps
- UAm,PsMi - UAm,AmMi - UAm,AmAb
\——v—/ Sttt o’
microbial growth microbial growth absorption across rumen wall
= Uppamee (3.28)

outflow with fluid

46



there are numerous factors that affect microbial protein synthesis and efficiency: for
example, nitrogen concentrations in the rumen, nitrogen sources, rates of nitrogen and
carbohydrate degradation, carbohydrate sources, the ratio of forage to concentrate in
the diet, dry matter intake, synchronisation of nitrogen and simultaneous release of
energy. Other factors, such as the rates of solid and liquid passage, must also be
considered (Hoover and Stokes, 1991). If nitrogen is not limiting, then the yield of
microbial protein can be assumed to be energy dependent (Hume et al., 1970).
However, this is not the case for ruminants on arid and semi-arid rangelands.

Gomes et al. (1994) found that the supplementation of barley straw with 15.5 or 31%
of a 1.2 to 1.0 mixture of maize and barley increased microbial protein synthesis from
12.8 to 14.1 and 17.5g N/kg DOMI. Their study implied that with low quality straw,
supplementation of the diet with 31% concentrate increased both voluntary intake and
microbial protein synthesis per unit of DOMI, apparently due to increased liquid and
solid outflow rates when starch was included in the diet. This study also indicated that
the addition of readily fermentable carbohydrates into the rumen increased microbial
growth. However, increasing the energy level beyond an optimal level was shown not
to increase microbial growth further (McAllan et al., 1994).

The simulation model of rumen function described will be used to examine the effects
of different nitrogen supplements on a low-quality roughage (Autumn grass®) diet.
The composition and degradation rates of the diet were estimated and given in Table
3.3. The model was used to examine the effects of supplementing the roughage diet
with a constant amount of nitrogen: 338g/day of Cottonseed Meal (CM1: 23g N),
675g/day of Cottonseed Meal (CM2: 46g N), 100g/day of urea only (UR: 46g N), and
292g/day of a mixture of 50% Cottonseed Meal and 50% Maize Grain (CMMG: 41g
N). The composition of all the supplements are also given in Table 3.3.

The roughage diet alone has a slow rate of rumen digestion and therefore the
residence time of particulate matter in the rumen will be long and the rate of physical
breakdown of particles would play a major role in regulating rumen clearance.
Supplementing the roughage diet with the CM1 (23g N) and CM2 (46g N)
supplements was done to examine the effects of an increase in the nitrogen content in
the rumen on absorbed nutrients from the rumen. It has been shown experimentally
that supplementing with urea alone does not result in a significant increase of the
intake and nitrogen content of the rumen liquor, however, supplementing with both a
carbohydrate source and nitrogen source has a huge effect on the N content of the

*mature grass harvested at the end of the rainy season
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rumen liquor, amount of microbial DM in the rumen and consequently, on the
absorbed nutrients (Elliott et al., 1965). It will then be of particular interest to
compare the absorbed nutrients for animals given the UR (46g N) supplement and the
CM2 (46g N) supplement.

A sensitivity analysis of some of the key parameters identified in the model
development stage was also examined. In particular, the lack of soluble protein in the
rumen limits microbial growth (Hennessy et al., 2000) and it will be of particular
interest to examine the effects of changing the amount of soluble protein recycled to
the rumen via the saliva (Psal) on the nitrogen content of the rumen and the absorbed
amino acids. The rates at which ammomnia (v,,,) and soluble protein (v,,) are
incorporated into microbial biomass are essential processes that limit microbial
growth and, consequently, the degradation of organic matter. These rates and the rate

of ammonia absorption across the rumen wall (k,_,,) will also be examined.

3.7 Model results and discussion

The effects of supplementing a low quality roughage diet with four supplements on
nutrient intake, rumen nutrient concentrations and the absorption of nutrients is shown
in Table 3.4. To obtain the initial values in Table 3.4 the model was run for 20 days
(At =1 day) with a 50% roughage and 50% concentrate as continuous input ad

fibitum.

Using the 50% roughage and 50% concentrate diet as input, the model simulated a
decrease in the absorption of amino acids, glucose, long chain fatty acids and volatile
fatty acids. This was expected because of the low nitrogen content of the roughage
diet (31.7g/day). When the roughage diet was supplemented with CM1 (23g N), the
DM intake of roughage increased substantially (by about 909g) from the DM intake
on the roughage diet only. When the roughage diet was supplemented with CM2 (46g
N), the DM intake also increased but only by 379g more than the DM intake on the
CM1 (23g N) supplement (Figure 3.4a). Nolte et al (2000) demonstrated that
digestible OM intake decreased linearly with the addition of increasing proportions of
urea. This could be due to the decrease in NDF digestibility observed at higher urea
levels because of the shorter retention time of the digesta. They also showed that
microbial protein increased between 25% and 50% urea inclusion, after which a
plateau was reached, even though NH3-N concentrations in the rumen kept increasing.
Increasing the quantity of the Cottonseed Meal supplement increased the
concentration of ammonia and microbial DM in the rumen, which increased the
degradation of neutral detergent fibre (NDF) and starch and soluble sugars.

50



s

Table 3.3: Feed Composition and hydrolysis rates of feed components of a roughage basal diet and supplements.

Feed Composition (g/kg) Hydrolysis rate (/day)
Feed Fd  Fu  Sc  Si  Ps Pd Pu Am Ld Ash| ¥d Pd_ §
Autumn grass 536 (204 [160 [0 |7 25 [0 10 18 15 |0.09 [0.00 [0.84
Cottonseed Meal 263 (135 |47 |13 |57 3359 (8 |0 |50 [0 |1.36 |182 [3.00

50% Cottonseed Meal + | 181 |73 125 1273 137 211 16 0 42 0 139 1198 11.33
50% Maize Grain

Urea 0 0 0 0 0 0 0 549 |0 0 0.00 |0.00 [0.00

Fd = Degradable fiber, Fu = Undegradable fiber, Sc = Soluble sugars and starch, Si = Insoluble starch and sugars, Ps = Soluble protein,
Pd = Degradable protein, Pu = Undegradable protein, Am = Ammonia, Ash, Ld = Fat.
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Table 3.4: Inputs and simulated nutrient profile of a low quality roughage diet and four supplements: 338g/kg of Cottonseed Meal

(CM1: 23g N), 675g/kg of Cottonseed Meal (CM2: 46g N), 100g/kg of urea only (UR: 46g N), 292g/kg of a mixture of 50%
Cottonseed Meal and 50% Maize Grain (CMMG: 23g N).

Tnidal Autumn Grass CMi CM2 CMMG “UR
@3gN) @6g N) (23gN) (462 N)

General
Days 0 50 50 50 50 50
Weight (kg) 201 193 221 235 233 224
Gross Energy (Ml/day) 149.65 65.58 96.60 11064 112.62 114.24
Rumen volume (Litres) 58.9 59.1 63.2 65.8 65.5 63.7
Intake:
Roughage DM (g/day) 6515 4720 5629 6008 5654 7061
Supplement (gDM/day) 0.0 0.0 338 676 568 1060
Starch and soluble sugars 34.2 755.2 1165.1 6219 §05.7 1129.8
(g/day)
NDF (g/day) 5563.5 34930 2T 3418.7 2809.9 3784.8
Total N (g/day) 94.95 3l72 232.84** 269.99++ 156.43%# 450.2
Non-Urea N (g/day) 94.95 3172 209.84 223.99 133.43 0.00*
Long chain fatty acids (g/day)  29.74 37.80 163.23 174.24 141.35 56.49
Rumen fluid concentration of:
Ammonia (mg/L) 214 1.7 2.2 12.5 15.2 20.0
Volatile fatty acid (mmole/L) 55.7 277 38.3 40.2 42.5 48.1
Microbial DM (g/L) 329 8.4 17.5 222 19.8 16.7
Absorption of
Amino acids (mole/day) 7.0 2.1 4.1 5.4 5.0 i9
Glucose (mole/day) il 1.9 1.7 1.7 19 22
Long chain fatty acids 0.2 0.06 0.1 0.1 0.1 0.09
{mole/day) _
Volatile fatty acids (mole/day)  36.2 18.1 26.7 292 307 338
Energy (MJ/day) 75.07 35.00 51.31 58.8 59.79 60.40
% Roughage non-ures nitogen % Includes s constant amount of urea across the rumen wall (Lijicstrs ef al., 1996)












3.8 Conclusions
Mature fibrous forages are inadequate sources of nufrients for both the rumen

microorganisms and the host animal. Therefore, their nutritional value could be
dramatically improved by supplementing with key nutrients to the rumen to produce
protein by the microbes and energy from VFA. A model of the digestion and
absorption of low quality roughage diets was used to evaluate various supplements for
growing cattle on arid and semi-arid rangeland. The objective of the model was to
predict dry matter intake and absorbed nutrients for the host animal in order to
indicate which supplements were most likely to improve the utilization of low quality
roughage. Because of the very low nitrogen level of the roughage, a nitrogen
supplement is usually added to improve the nitrogen availability in the rumen. The
model shows that feeding the CMMG supplement resulted in the highest rumen
ammonia concentration, however, the CM2 (46g N) supplement produced about the
same amount of absorbed VFA (58.84 vs 59.79) but more amino acids were absorbed
from the rumen (5.36 vs 5.04). Also, even though the urea supplement (UR) gave the
largest increase of roughage intake, the absorbed nutrients with the UR supplement
was not much different to the absorbed nutrients on the other supplements. The effect
of urea-N recycling to the rumen via the saliva and diffusion across the rumen wall

will be examined in chapter 7.
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APPENDIX 3.1
MODEL EQUATIONS

DMItot = min[BiDMI, DMI).
DMI = kRuFEzx x cDMRu x RVol.

Yrvol = 3.0 x Xwt + (1 — 3.0) x (Xwt)?

. Rvol
where Yrvol = Tochant

... Weight
Xwt = Wmazx

BiDMI = Bbite x mazbite x AdjDM.
Arc = 9.1 x Weight®? x Wmaz®?7,

Bbite = Abite x Arc.
shoot 43
AdjDM = ‘Q';;_‘;L,

A =FrAc x A,
A, =FPrx A,

A, =FBuxA,

DMIJ == f’I‘DMIJ X DMItOt.

DM, = food + bint x days

D, =C, x DMI; i=1t010, j=1to2.

DFd = DFdl + Dm,

G.nH
3.2)
(3.2a)
(3.2b)
(3.2¢)
(3.3)

(3.3a)

(3.3b)

(3.3¢c)

(3.42)
(3.4b)
(3.4¢)

(3.5)

(3.6)

(3.7)

(3.8)
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Forage Undegradable Fibre

Forage unavailable unescapable undegradable fibre, Q.. (8)-

Input: P .. =Dg (3.9a)
OUtput: UF".U:AV = kFu,UaAv X QFuUaUe (3'9b)
Differential Equation:
dQ ulJale A

i‘ll; - = Fu,InFu - Fu,UsAv (3"9)

Forage available unescapable undegradable fibre, Q. ... (8)-

Input: PFu.UaAv = UFu,UnAv (3.103)
Output: Urives = Kewvems X @runvte (3.10b)
Differential Equation:

dQpunvue

_:'1“':_”‘ = Provurv — Urivess (3.10)

Forage available escapable undegradable fibre, @, ., (8)-

Input: Peovees = Uppers (3.11a)
OUtPUt: UFu.ElFJ: = kForEx X QFMVE; (3'1 lb)
Differential Equation:

dQpun,

_3?'& = Pryer — Unosss (3.11)

Non-Forage Undegradable Fibre, Q. (g).

Concentration: C, = R—Q‘% (3.12a)
Input: Peyines = Dp,, (3.12b)
OUtput: UFu,FuEx = kSoEx X QFu (3120)
Differential Equation:

dQFu

~dt = PFanFu - UFn,I'nEx (312)
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Forage Degradable Fibre

Forage unavailable unescapable degradable fibre, Q.. (8)-

Input: P e = D, | (3.13a)

OUtput: UFd.UaAv = de.UnAv X QFdUuUe (3‘13b)

Differential Equation:

AQpguae N

:;::m = PFd,].an - UFd. UsAv (3.13)
Forage available unescapable degradable fibre, Q,,, .. (8)-
Input: Peivanv = Ursvear (3.14a)
G i

Output: Urguese = Krase, X (270) X Qranvee (3.14b)
UFd,UeEl = de.Ue.Es X Yraavte (3.14¢)

Differential Equation:

AQean e

l;d:vu = PFd.UnAv - UFd.Uéc - UFd.UeEs (3.14)
Forage available escapable degradable fibre, Q,,, .., ().
Input: PFd,UeEl = UFd.UeEu (3‘15 a)
o

Output: UFd,E.lSc = des.:, x (E":";) X Qrarves (3.15b)
Upssss = Kpgm X @ rorves (3.15¢)

Differential Equation:

dQpanves

___1;‘%_&3 = PFd.UeE: - UFd_a.s.: - UFd,ElEx (3.15)

Non-Forage Degradable fibre pool, Q,, (2).

Concentration: C,, = % (3.162)

Input: Prosrs = Dig, (3.16b)

C i

Output: Urgrase = Kpase, X Qs ¥ (’6:3;) (3.16¢)

Urerase = Ksose X Qg (3.164d)
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Differential Equation:

2 Pure — Unirese = Unarase (3.16)
Insoluble starch pool, Q) (g).
Concentration: 4 C, = g,so—il (3.17a)
Input: P s = Dsll + D (3.17b)
Ouput: Uy, =k, X Qq X (2 (3.17¢)
Usisiee = Koo X g (3.17d)
Differential Equation:
D5 Py~ Uyes — Uy (3.17)
Soluble starch and sugars poel, Q. (g).
Concentration: C. = KQV% : (3.18a)
Input: Pgse = Dg, + D, (3.18b)
Pod = Youma X (DLdl + Duz) (3.18¢c)
Porose = Yooprase X (Urgpase ¥ Upavese + Upapse) (3.18d)
Posse = Yoesise X Ugisise (3.18e)
Output: Useams = Recamti X Unmamys (3.18f)
Uscrs = Rocpi X Upypg (3.18g)
U... =VvD xQ Y X (3.18h)
Ve sw M 1+(S°—c::v—')+(3;;§'5,;)
Ug s = Ko X @ (3.18i)
Differential Equation:
'?'si = Poese + Pocinia T Poorese ¥ Pacsise = Useamni — Uscran
— Useseove = Uscsene (3.18)

60



Forage Undegradable Protein

Forage unavailable unescapable undegradable protein, @, ... (8)-

Input: P, o = Dy, (3.19a)
Output: Usvane = Kowaar X @rutive (3.19b)
Differential Equation:
L —— -

:: = PPu.InPu - UPu,UnAv (3'19)

Forage available unescapable undegradable protein, @, ... ().

Input: Prvr = Upiar (3.20a)
Output: Upvers = Kouvers X @ravise (3.20b)
Differential Equation:
dQ

Pc;?ﬂk = Provav — Unipesn (3.20)

Forage available escapable undegradable protein, Q,., .. (8)-

Input: Poere = Upvess ' (3.21a)
QOutput: Uz = Koe X Qpinnie (3.21b)
Differential Equation:
AQpun,

:,1": = PP\I.U:E.: - UP\l,ElEx (3.21)

Non-Forage undegradable protein, Q,, (g).

Concentration: C, = %g“z (3.22a)
Input: Ppire = Dy, (3.22b)
Output: UPu.PnEx = kSaEx X QPU (3'220)
Differential Equation:

4@

= = Poinn = Uppus, (3.22)
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Forage Degradable Protein

Forage unavailable unescapable degradable protein, Q... (8)-

Input: PP 4npd =Dy,
OUtput: Pd.UlAv de,UnAv QPdUnUe
Differential Equation:

dQPdUIUe — P* U

dt T pdmpd | - PdUsAv

Forage available unescapable degradable protein, Q,,, ... (8)-
Input: PPd.UnAv = UPd UnAy
Output: U,y krdh, X ( ) X Qpaavte

UPd.UeEl = de.UeEI X QPdAvUe

Differential Equation:
dQPdAvUe
gt - Prd,u-m - UPd,UeSc - UPd,UeEl

Forage available escapable degradable protein, @, , ., (8)-
Input: de,u:& = UPd,UeBs
Output: PdElSC k‘Pd.Psl X ( ) X QPdAan

UPd.,Ele = K, X was.

Differential Equation:

dQPdA\'EI — P

dt -U

PUeEs UPd,EsSc Pd,EsEx

Non-Forage insoluble degradable protein pool, Q,, (g).

. Q
Concentration: C,= R—Cﬁ.i
Input: Poomrs = Dsz
Output! Pd,l’ds¢ dePsz X QPd X (C

Pd,PdEx kSon X QPd

(3.23a)

(3.23b)

(3.23)

(3.242)
(3.24b)

(3.24c)

(3.24)

(3.252)
(3.25b)

(3.25¢)

(3.25)

(3.263)
(3.26b)
(3.26¢)
(3.264d)
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Differential Equation:

dQyy
a Pl’d.]an - UPd.PdSc - UPd,PdEx

Soluble Protein Pool, Q,, ().
Concentration: C, = %
Input: Poies = D,,,l + th

PPa,l’dPs = YP:,PdPs X (UPu.PdPs + UPu.UnAv + UPu.UeF..)

MP!. i Mc,P:Mi MLd.P:Mi
Output: Uy = [Vewe X Que]/[1+(25) + (—22%) + (—220)]
PsAm CSc
Upin = [V X @ua/[1+ (F222) + (2]

UP-.Psax = Kpg, X QP:

Differential Equation:
dQ,,
3= Poes T Pz = Unipas = Unepuam = Uppuse
Ammonia pool, @, (g).
Concentration: C..= %
Input: Poinsm = Dy T Do, ¥ D,
_ Y amuram XDy
Am,UrAm 1+ JAm:;‘Am

where Dy, = 0.16 x (D,, +D,, +D, +D, +D,, +

=Y x U

Am,PeAm Am,PiAm Ps,PsAm
Output: UAm,PgMi = RAm.PsMi X UP:.PsMi
M, Mi
UAm,AmMi = [VA.mMi X QMi]/[l +( c. )

C,, Mg, M,
() FCED )]

UAm,AmAb = kArnAb X QAm

UAm,A.mEx = Ky, X QAm

(3.26)

(3.272)
(3.27b)

(3.27¢)

(3.27d)
(3.27¢)

(3.271)

(3.27)

(3.28a)
(3.28b)

(3.28¢)

D,, +0.82x D, +D,, +D,.)

(3.28d)

(3.28¢)

(3.286)

(3.28g)
(3.28h)
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Differential Equation:
Dom _ P U U
a PArn,lnAm + PAm,UrAm + AmPsAm | AmPsMi | Am,Ambi

- UAm.AmAb - UAm.AmEx

Long chain fatty acid pool, @, (g).

. Q
Concentration: Cu = i
Input: Pliws =Dy, ¥ Dy,
Output: Uiamii = Risamsi X Usmamii

ULd,PuMi = RuunM.‘ X UP:,P:M:‘
ULd,Ld.Ex = kSoEx X Qu

Differential Equation:
d_fi?fdz Prawa ~ Uieamss — Unaras = Unsrame
Microbial pool, Q,,.
Concentration: Cu= %gi
Input: Pruianti = Yigamai X Unmamui
Puiri = Yooz X Upppa

Outflow: Upipiee = [0.2 X kg + 045 x kg p +0.15 x ke | X @,

Differential Equation:

dQy
— = PMi  Ambi + Pmi,psui - UMi,MiEx

Rumen volatile fatty acid pool, Q),, (mol).

Concentration: C,, = g;,‘—;‘-]
Input: PVn,ana = DVn
PVa,AmMi = YVa.AmMi X USc.AmMi

(3.28)

(3.292)

(3.29b)

(3.29¢)
(3.294d)
(3.29%¢)

(3.29)

(3.30a)
(3.30b)
(3.30¢c)

(3.30d)

(3.30)

(3.312)

(3.31b)
(3.31¢)
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. x U (3.31d)

Proomi = YVn.PsM-

Sc PsMi
VaScVa — Yv;,cha X USc.ScVa (3.31¢)
PVn.PsAm = Yv.,psAm X UP:,PlAm : (3.31f)
Outflow: Uy, vers = Kvans X @va (3.31g)
Uyviee = Ko X @, (3.31h)
Differential Equation:
dQ .
_dtv_ = Pvunv. + PVn,.AmMi + PV;,PsMi + PVn,ScVa + Pv;,rmm
— Uv..v.m, e UVn,VnEx (3.31)

- UDMRu = UPd.Ele + UPu.,F.sBx + UFu.ElEx + UFd,EuEx + UPu,PuEx + UPd,Pde + UPs.PsEx

+ UAm,AmEx + Uld.LdEx + UFu.FnEx + UFd,FdEx + USi,Sin + USc.ScEx + UMi,MiEx

+ U, auns + VFAEXRu + GasAmMi + GasPsMi + GasScVa

+ GasPsAm + (k. X @,,.) (3.32)

Weight of VFA leaving Rumen (g)
VFAExRu = MWVFA X (Uy, v + Uvavans) (3.32a)

Moles of VFA leaving Rumen (moles)

VFAEXM = U, v.ec + Uyevans (3.32b)
GasAmMi = U, , o + Ug s — Proaes — MWVFA x P, ) (3.32¢)
GasPsMi = U, o + Uscons F U — Prioma

— (MWVFA X Py, pu0) (3.32d)
GasScVa = Ug ., — (MWVFA X P, ) (3.32¢)
GasPsAm = U, ... — (MWVFA X P, ....) = P oame (3.321)

RumenDM = Qe+ Qrunwe T Prunes T Cravuve + Qranve T Cranes + Cruvive
+ Qraavie + Qrunees + Craveve T Cranvwe + Cranves
+@n+Qp+ @+ Qs +Q, +Q, +Q,, +Q,,
+ Qu + Qe + (@Q,, X MWVFA) (3.33)
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Post ruminal zero pools
Absorption of amino acids, A, (moles/day)

AAa = [UPd,EsEx + UPd,Pd.Ex + UPs.PsEx + Fl‘l‘nlc X UMi,MiEx]/l 10

Absorption of glucose, A, (moles/day)
IfD,, = 0 Then
A, = [USM, +0.202 X Uy, ]/181, Else

If (U e./Ds;) > 1 then
Aq = [Ussa, +0202 X Uy, +0.75 x Uy, | /181, Blse

8¢,ScEx

A(il = [USC.SGBX + 0'202 X UMi.MiEK + 0'75 x (USi,SiSc/DSi) X USi,SiEx]/lgl

Absorption of long chain fatty acids, A , (moles/day)
A= [09 X (Upyuu +0.0805 x Uyy,)] /630

Absorption of volatile fatty acids, A, (moles/day)
IfDg = 0 Then
Ay = 0.01064 x 0.11 X Uy, + Uy, v

If (U, 4. /Dg) > 1 then
A, = 0.01064 x (0.25 X Ug g, +0.11 X U, .) + U, ., Else
Ay = 0.25 X (U 36./Dy) X Ugg + 0.11 X U, e,

Ay = Uy +0.01064 X A,

AVFA = UVI,VIAb + AVf

(3.34)

(3.35a)

(3.35b)
(3.35¢)

(3.36)

(3.37a)

(3.37b)
(3.38¢c)
(3.38d)

(3.39)
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APPENDIX 3.2

Values of model parameters

cDM Ru = 80.06 g/L

k. = 1.921/day

Abite = 0.0000041

Ry s = 5.28 g8c/gAm

Ky pone = 12/day R i = 3.15 gSc/gPs M, e = 12.08 g/L

Kpopury = 12/day vl) = 2.4g Sc/ g Mi/day M s = 1.0mg/L

Kyquu = 12/day v?) = 12g Sc/g Mi/day Ky = 12/day

Ke vy = 12/day M g, = 12.08 g/L C,.=28mg/L

K. i = 0.0/day s = 0.230 g/L C,, = 6.0mg/L

Ky v = 6.0/day Y re = 1.0 g Ps/gPd C,. = 600 mg/L

K, e, = 6.0/day V,.; = 10.464 g Ps/g Mi/day R = 0.545 g Ld/g Am

K, e = 6.0/day M, 0 = 230 mg/L R, = 0.127 g Ld/g Ps

frAc = 0.63 Mg s = 12.08 g/L Yinms = 7-89 g Mi/g Am
frPr = 0.23 Mo = 1.0 mg/L Y = 1.83 g Mi/g Ps

frBu = 0.14 V.., = 2.28 g Ps/g Mi/day Y, = 6.75 mmol Va/ g Sc
MwVFA = 67.2040 g My o = 445 mg/L Y, pan = 8.35 mmol Va/ g Sc
key, = 0.72/day Joorum = 884 mg/L Y,.sve = 10.64 mmol Va/ g Sc
Coow =125¢g/L Y vmm = 0971 g Am/g dietary N | Y, = 15.67 mmol Va/ g Ps
k... = 0.720/day L vam = 73 mg/L Ky = 9.12/day

Yoo = 0.19kg Sc/kgLd | Y, ... = 0.194 g Am/g Ps frMIC = 0.463

Yore = 1.0kg Sc/kgFd | R, .. = 38 mg Am/g Ps

Yoo = 1.0kgSc/kg Si | v, = 1.224 g Am/g Mi/day
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Chapter 4

Competition of three aggregated microbial
species for four substrates in the rumen

4.1 The rumen microbial ecosystem

The digestive system of ruminants (for example, cattle and sheep) contains one of the
most diverse and abundant natural ecosystems of microorganisms. Over 200 species
of bacteria and 20 species of protozoa have been discovered (Hungate, 1966). The
consortium of microorganisms play a vital role in the digestion and conversion of
food entering the rumen to available energy, in the form of short-chain fatty acids
(volatile fatty acids), and nitrogen, in the form of microbial protein, for the host.
Microbial numbers and composition are affected by a number of factors of which diet
and feeding regime are probably the most important (Dijkstra and France, 1996). The
interactions between rumen microorganisms are complex and not well understood
(Wolin and Miller, 1988), and are important in the manipulation of rumen
fermentation: optimizing fermentation processes to maximize the supply of available
nutrients. However, even if all conceivable microbial interrelations have been
discovered, the challenge will still be to organize them into a coherent whole.
Therefore, it may be more profitable to approach the problem from a different
direction and seek general interactions between groups of microorganisms and their
competition for the consumption of various substrates (Czerkawski, 1986).

A compartmental model of rumen microorganism interaction was incorporated into a
whole-rumen model by Dijkstra er al (1992). Improvements to a previously
aggregated microbial pool model (France et al., 1982) included microbial substrate
preference, differential outflow of substrate and the recycling of microbial matter.
Neal ez al. (1992) evaluated the whole-rumen model and found that the model did not
adequately predict the molar proportions of VFA and suggested that the representation
of protozoan activities require further attention. Dijkstra and France (1996) reviewed
models of rumen function and outlined a number of challenges in addition to the need
to adequately predict VFA molar proportions, these included: simulation of
discontinuous feeding regimes and outflow of material from the rumen, the microbial
distribution within the rumen, the interactions between microorganisms and the amino
acid composition of undegraded feed and microbial matter.
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The objective of this chapter is to develop a chemostat-type model of three aggregated
functional classes of microbial species in the rumen based on a representation and
certain parameter values of a whole rumen model developed by Dijkstra (1994). The
aim is to understand the general qualitative behaviour of the model: the effects of
changing substrate composition and quantity, the effect of nitrogen (ammonia)
supplementation, and the effect of a periodic input of substrate on the abundance of
microbial populations in the rumen.

Table 4.1: List of symbols used in the model

Parameters | Definition Unit

X, abundance of microbial population in the rumen g

S, concentration of substrate in the rumen -E

Flex rate of fluid flow out of the rumen d—i‘—y

[T maximum growth of X, Ex%

ks, x, affinity of X, for S, ,3':

Ky affinity of X, due to predation by protozoa i

Yoi yield of protozoa by consumption of X, %

Ys,-‘ x; yvield of X by consuming S, :-’;j
i inflow rate of S, “d‘%‘

Cs,» Cy, concentration of S,, concentration of X, £

" growth rate of X, d.;y

by rate of consumption of amylolytic microbes by predation by protozoa ﬁﬁg

iy, rate of consumption of cellulolytic microbes by predation by protozoa { : Tasy

4.2  Model development

A chemostat-type model of three aggregated functional classes of species in the
rumen: amylolytic microbes (X, ), protozoa (X,) and cellulolytic microbes (X,)
competing for four growth-limiting nutrients: ammonia (.S,), soluble protein (S,), a-
hexose (S;) and [-hexose (S,) was developed. The microbial species were
distinguished according to microbial substrate preference: amylolytic microbes utilize
hexose derived from non-structural carbohydrates (soluble sugars, starch and pectin),
cellulolytic (fibrolytic) microbes utilize hexose derived from structural carbohydrate
(cellulose and hemicellulose), and protozoa, which feeds by predation on rumen
bacteria and on soluble starch. The microbial abundance is measured in grams (per
rumen) and the substrate concentration in grams per litre. The general model
equations are given below and the parameters and variables explained below.
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dx
== XX - Flez x Cy - P X X, “4.1)
e, g L - e
growth of amylolytic microbes washout predation
K= uxX 0.45 x 0.3704 x Flez x C 4.2
== W xX, - 45 x 0. x Flex x Cy “4.2)
growth of protozoa washout
dX
= s x X, - 0.3704 x Flex x Cy, = thy X X, (4.3)
S, gt [v— p v N
growth of cellulolytic microbes washout predation
ds X »X
= S, - B i Flex x C, 4.4
5.X 51, X3 i o
inflow consumption by X, consumption by X outflow
ds. 5, %X xX, xX
= S - B - e e Flex x C, 4.5)
Syt 33,5, 5, X3 X3 S ——.
N e N e
inflow consumption by X, consumption by X,  consumption by X, outflow
48, pox X x X,
= 5 - e L Flex x C;, 4.6)
[ Xy 83, X2 [
LS——— [
inflow consumption by X, consumption by X, outflow
ds, _ py X, %X,
W= S“n - Yy -——1),5 . - 0.37037 x Flex x CS‘ (47)
Nt 4X2 4, X3 - e »
inflow consumption by X, consumption by X, outflow
,u“m“Cﬁ C CS: 4 8
P = Ry 7O KR, 5 ¥ Cs Ry 2 FC5) (4.8)
’ = #3,masCs, s, Cs O, Cx 49)
27 (K, x, +Cs MK x,+Cg WKy x,+Cg NKp +Cy JKp +Cy ) ’
»“a,mscsl ng Cs‘
B = & sy, Cs XK 3 +C5 WK 4 +C) (4.10)
B, luXCX I phnxcx
PR S S — .
Hp Kp, +Cx1 Hp Kp, +st (41 1, 4, 12)

70



Some general assumptions of the model are as follows:

() Since the entrance of the rumen is relatively close to the exit, the system can
not function unless the contents are well-stirred (i.e., no spatial variations in
concentration of microbes and nutrients).

(i)  The volume of the contents and density throughout the rumen are assumed to
be constant.

(ili) Rumen metabolism depends only on the carbohydrate (hexoses) and
nitrogen-containing (ammonia or soluble protein) substrates, with other
nutrients (such as minerals and vitamins) assumed to be present in non
-limiting quantities.

(iv)  We assume that the only nitrogen supply is via the food and have not
accounted for the nitrogen transferred across the rumen wall or produced by
bacteria and protozoa (Firkins, 1996). This assumption is applied in this
chapter only and nitrogen across the rumen wall and via the saliva will be

accounted for in chapter 7.

We consider a constant and homogeneous environment, and derive an explanation for
microbial dynamics based on the dynamics of microbial interactions. Amylolytic (X))
microbes utilize hexose derived from non-structural carbohydrates (for example,
soluble sugars, starch and pectin). We assume that the growth rate of X, depends on
the concentration of a-hexose (S,) and nitrogen (ammonia, S, and soluble protein,
S,). We will assume that the amylolytic microbes have the fastest growth rate
(Hobson, 1988) and estimate its maximum growth rate (u,.,) from experimental
values by van Gylwyk et al. (1'992) to be 8.61/day. The affinity constant of amylolytic
microbes for ammonia (Ks1 x, = 0.00135g/L), the affinity constant of amylolytic
microbes for soluble protein (K s = 0.0224 g/L) and the affinity of amylolytic
microbes for a-hexose (K s = 0.0159 g/L) was estimated by Dijkstra (1993). Since
the amylolytic microbes are assumed to reside in the rumen fluid, their washout rate
will be the washout rate of the rumen fluid (Fiez, L/day), which is assumed to be an
average of 150 L/day, multiplied by the concentration of amylolytic microbes (Cy,»
g/L). The maximum rate of engulfment of amylolytic microbes by protozoa (u,,,..)
and the affinity of protozoa for bacteria as a nitrogen source (K ,) was estimated by
Dijkstra et al. (1992) based on engulfment rate data by Coleman and Sandford (1979),
therefore, ... = 15.439 gX, /(g X,.day) and K, = 34.694 g/L. It is assumed that
the amylolytic bacteria are engulfed in the proportion in which they are present
(Dijkstra, 1994), even though experimental evidence (Coleman, 1989) suggests that
there are no consistent patterns of engulfment. The yield of protozoa biomass (Y),)
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from the predation on amylolytic microbes is assumed to be 149.25 g;ll. (Dijkstra,
1993).

Carbohydrate and nitrogen sources for protozoal growth are assumed to be
complementary following Dijkstra (1993), that is, carbohydrate and nitrogen sources
must be taken together by the consumer because each resource fulfils one of the
protozoan populations' essential needs (Leon and Thumpson, 1975). The maximum
rate of growth of protozoa (u,,,. ) is assumed to be less than the maximum rate of
growth of amylolytic microbes and assumed equal to the average rate of incorporation
of a-hexose and B-hexose, therefore, y, ,, = 5.51/day. It is assumed (Coleman, 1986;
Jouany et al., 1988) that most protozoa cannot use urea or ammonia to synthesize
amino acids de novo. In the absence of available data, we assume that the affinity for
a-hexose by protozoa is much higher than for S-hexose by protozoa and therefore
K x, =0.037g/Land K, , = 0.0083g/L. Also, we assume that the chance that a

protozoan will encounter an amylolytic microbe is approximately equal to the
probability of an encounter with a cellulolytic microbe and therefore the affinity
constant for cellulolytic microbes by protozoa is K, = 34.694 g/L. The affinity of
protozoa for soluble protein (I(Sz x,) is assumed to be 0.04g/L (Dijkstra, 1994).
Protozoa are selectively retained within the rumen (see review of Jouany et al., 1988)
and therefore the outflow rate of protozoa is smaller and is set at 45% of the outflow
rate of solid digesta (Faichney, 1989), that is, 0.45 x 0.37 x Flex x C’X2 where 0.37 is

the proportion of solid (1.0/day) and liquid (2.7/day) outflow assumed by Dijkstra
(1993).

There is increasing evidence that the microbial degradation of complex
polysaccharides in the rumen is accomplished by the cooperative effort of a range of
cellulolytic and non-cellulolytic microorganisms (Cheng er al, 1991). We have
assumed here that the degradation of complex polysaccharides are accomplished by an
aggregated microbe population consisting of cellulolytic fungi and bacteria (Dehority,
1991). The maximum rate of growth (4, ) is estimated as the average of the
incorporation rate of ammonia and soluble protein, therefore, u,,, = 3.50/day. The
affinity of the cellulolytic microbes for ammonia (K ) is 0.00135g/L and the
affinity of the cellulolytic microbes for soluble protein (K 5 x) 18 0.0224 g/L
(Dijkstra, 1993). Also, the affinity of the cellulolytic microbes for a carbohydrate
source (K ) is assumed to be 0.0159 g/L. The washout rate is assumed to be equal

to the outflow rate of the solid digesta, 0.37 x Flex x C'xa. Dijkstra et al. (1992)
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represented the predation of cellulolytic microbes by protozoa and estimated the
maximum engulfment rate (u,,,,) and affinity constant (K ,) to be the same as the
constants for predation of protozoa on amylolytic microbes. We therefore assume an
engulfiment rateof s, = 15439 gX,/(gX,.day) and an affinity constant of
K, = 34.694g/L. The yield of protozoa biomass (Y,,) from the predation on
cellulolytic microbes was estimated to be 149.25 :_x)‘(: (Dijkstra, 1993).

The rate of change of liquid volume in the rumen, %‘;’91, is a function of the average
volume of fluid entering the rumen (Drink, L/day) and the average volume of saliva
secretion (Saliva, L/day) less the fluid leaving the rumen (Flex, L/day):

11-5(%’—"—’ = Drink + Saliva — Flex (4.13)

The yield of amylolytic biomass from the consumption of ammonia (Y , ), soluble
protein (YSz x,) and a-hexose (Y5, , ) is assumed to be 118.91 g/L, 149.48 g/L and

100.00 g/L, respectively. The yield of protozoa biomass from the consumption of a-
hexose (Y, ) and [-hexose (Y, , ) is both assumed to be 142.05 g/L. The yield of

protozoa biomass from the consumption of soluble protein (5, x,) is assumed to be

149.25 g/L. The yield of cellulolytic biomass from the consumption of ammonia
(Y5, x,)» soluble protein (Y, ) and S-hexose (Y, , ) is assumed to be 118.91 g/L,

149.48 g/L and 100.00 g/L, respectively.

4.3  Model application

The model was run using DRIVER (Hahn & Furniss, 1988) to examine the general
qualitative behaviour (medium and long-term), the effect of varying the maximum
growth rates, the effects of varying the composition and quantity of the substrate to
the rumen, the effect of supplementing with ammonia and the effect of periodic
substrate input on microbe population abundance, coexistence and dynamics.
DRIVER is an interactive modelling tool coded in Turbo Pascal. The parameter
values and initial microbe numbers are given in Appendix 4.1.

4.4  Results and Discussion

4.4.1 General model behaviour and the effect of changing growth rates

The substrate inputs were estimated based on cattle eating 7 kg dry matter per day of
chopped Italian Ryegrass (France et al., 1982) and is given in Table 4.2. The general
medium-term (100 days) and long-term (500 days) behaviour of the model was
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examined (Figure 4.1). The behaviour observed was expected for a continuous input
of substrate: the microbial populations exhibited oscillations initially but the
amplitude of the oscillations decreased as the populations tended towards their
equilibrium values, with all populations coexisting. The protozoa population was
dominant till about 176 days when the amylolytic bacteria became the dominant
population. It has been shown experimentally (Hungate, 1966) that the cellulolytic
bacteria is the most abundant population in the rumen, in contrast to model results.
However, most cellulolytic bacteria are attached to the substrate (Annison and
Bryden, 1998) and the model only accounts for the bacteria not attached to substrate.
It has been observed that approximately three-quarters of the bacteria are tightly
attached to feed particles or are found in biofilms (Hungate 1966). Developing a
mathematical model to account for the attached and unattached microbes in the rumen

remains a challenge.

Figure 4.1¢ shows the oscillations of the three microbial populations more clearly
ending in a limit cycle. Significant numbers of ruminal bacteria can be consumed by
protozoa, resulting in an inverse relationship between protozoal and bacterial densities
(Williams and Coleman, 1992). Ruminal protozoa have been shown to account for
half of the microbial mass in the rumen, but defaunation studies indicate that the
ruminal protozoa are not essential to their host's nutritional status. Nevertheless, many
protozoa take up and store small starch granules, thereby modulating the fermentation
rate and protecting the animal from acidosis (Russel and Rychlik, 2001).

There are a number of factors (for example, pH) that affect the maximum growth rates
of each microbial population, thereby affecting the outcome of microbial competition
(Reichl and Baldwin, 1976). The effect of changing the maximum growth rates on the
abundance of each population after 100 days was examined in Figure 4.2,
Interestingly, increasing u, .. resulted in a large increase in protozoa abundance
probably due to the predation on cellulolytic bacteria by protozoa. However, bacterial
predation (and protozoal lysis) can deprive the animal of microbial protein and
increase excess ruminal ammonia (Bird and Leng, 1978). The model showed an
increase from 0.029 to 0.04 g of ammonia in the rumen when cellulolytic growth rate

was increased from 3 - 4/day.
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4.5  Conclusions

An initial analysis of the dynamics of a model of a chemostat with a rumen microbial
system consisting of three populations competing for substrate, where one population
(the protozoa) also feeds on the other two bacteria populations, was presented. Of
particular interest is the dependence of the observed dynamic behaviour on the
conditions of the system, that is, on the quantity and composition of substrate and
change in chemostat dilution rate (Flex). The rumen is mhabited by diverse and
interdependent populations of bacteria, protozoa and fungi and a variety of models of
rumen function have attempted to include the interactions between rumen
microorganisms. However, many questions still remain to be addressed and this paper
serves as an jnitial study as part of a longer term project to understand the dynamics of
rumen microorganisms.

The analysis shows that there exists a wide range of conditions for which all three
populations coexist. This result is in accordance with earlier observations that the
presence of a population preying on two populations competing for a single rate-
limiting nutrient stabilizes their coexistence (Jost et al., 1973). Increasing the ammonia
supplementation and fluid dilution rate promotes the sustained oscillations of
populations. In particular, when increasing the fluid dilution rate, the bacteria
populations exhibited chaotic behaviour. This observation is important from an
ecological point of view because it is known that a simple food chain with one
predator and one prey population exhibits at most periodic behaviour, whereas a three-
species food chain can exhibit chaotic behaviour. The bifurcation analysis of Vayenas
and Pavlou (1999) showed that an extra trophic level can lead to chaotic behaviour
whereas the present analysis shows that a system with an extra trophic level and where
all three species compete for substrate can exhibit chaotic behaviour and also identifies
the factor (fluid dilution rate) which can lead to the system exhibiting chaotic
behaviour. Furthermore, Vayenas and Paviou (1999) showed that for biclogically
derived parameters, coexistence is realized in either a steady state or periodic state but
not in a chaotic state, however, this analysis shows that increasing the fluid dilution
rate within a biologically acceptable range, rumen miccroorganisms can coexist and
exhibit chaotic behaviour.
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APPENDIX 4.1

Values of model parameters

pr. = 8.61/day K, = 34.694g/L Y, = 100g/L
K , = 0.00135g/L K, 5, = 0.04g/L Y, x, = 142.05g/L
pr = 3.50g/day Y, , = 142.05¢/L

K, ,, = 0.0224g/L

§,X;

K, ,, = 0.0159g/L

Y, », = 11891g/L

Y, ,, = 149.48g/L

i = 15.439gX, /gX, .day

K, ,, = 0.00135g/L

5

Y,,, = 149.25¢/L

g

K, = 34.694g/L

K, ,, = 0.0224g/L

Y, ,, = 100g/L

Y; = 149.25¢X,/gX,

K, ,, = 0.0159/L

Siin = 50.20 g/L

p: = 551/day

Y: = 149.25¢X,/gX,

Shin = 541.70g/L

K, , = 0.037gL

'upz = 15'439g’X3/gX3'day

Ssin = 1795.40 g/L

K, r, = 0.0083g/L

K,z = 34.694g/L

S4in = 3668.70 g/L

Y,, = 149.48¢g/L

SZ,XI

Y, , = 11891 gL

8,
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Chapter 5

Modelling the control of energy partitioning
during submaintenance feeding in cattle

5.1 Introduction

The utilization of energy by tissues (e.g., muscle, liver and mammary gland) depends
partly on the partition of metabolizable energy (ME) among tissue compartments.
Before ingested energy can be used for the synthesis of new tissue, certain essential
demands to maintain existing tissue must be met (Lawrence and Fowler, 1997).
Relative feeding level (RFL: RFL = 1 when ME intake is equal to requirements for
ME for maintenance (A.R.C., 1980)) may modify this partition (Ferrell and Jenkins,
1985). However, the effects of feeding level on nutrient partition have mostly been
studied with animals fed at levels above maintenance, but the impact of a change of
nutrient priorities is obscured when nutrient supply is abundant (p242-245, Lawrence
and Fowler, 1997). Animals respond differently to varying food availability and there
are many factors (see the review of O' Donovan, 1984, and Table 1.1) that affect an
animal's response during and following a period of undemutrition.

Animals adapt to undernutrition because the food required to maintain a constant
body weight is not a constant function of weight but decreases with time due to a
decrease in the weight of metabolically active tissues (Foot and Tulloh, 1977; Ledger
and Sayers, 1977). One of the major factors that contribute to compensatory growth is
a reduced maintenance requirement of animals during undernutrition and at the early
stages of realimentation. This reduction in maintenance increases the energy available
for growth and the extent of this contribution depends on the persistence of the
reduced maintenance requirement during realimentation; the longer the reduction in
maintenance persists, the greater the contribution to compensatory growth. A
mechanism of compensatory growth has been postulated to be the persistent carry
over of the reduced metabolic activity by the liver and gut during restriction and into
realimentation (Shetty, 1990). When food intake is restricted, the metabolically active
tissues, such as the digestive tract and the liver, are likely to be reduced in size and
activity (Taylor and Murray, 1991). The liver and gut account for disproportionate
amount of whole-body energy consumption compared with its relative mass of
< 10% of body mass (Burrin er al., 1989). Also, the splanchnic tissues contribute a
substantial proportion of whole-animal energy expenditure (35-50%: Huntington,
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1990) and changes in the plane of feeding are associated with changes in energy
expenditure of the splanchnic tissues (Huntington, 1990), especially the liver and
small intestine (Koong et al., 1982). Liver mass, and thus energy requirement, has
been reported to change dynamically with plane of nutrition (Ferrell and Koong,
1986). It is therefore of particular interest to test whether in the context of
undemutrition the drop in energy expenditure of the liver and small intestine is an

adaptive mechanism (Ortiques and Durand, 1995).

In this chapter the mechanistic model of intermediary metabolism of France er al.
(1987) is modified to simulate the effects that changes in the relative absorption of
acetate and propionate have on the weights of liver and small intestine and also on
heat production. In order to evaluate the modified intermediary metabolism model, -
model results were compared with the experimental results of @rskov and MacLeod
(1993). In their experiment four steers were maintained wholly by intragastric
infusion of VFA and protein. The infusion was given at three energy levels: 450, 675
and 900 kJ/kg liveweight®”>, which was calculated to supply 1.0, 1.5 or 2.0 times the
maintenance requirement. In addition, the effect of an energy level of 400 kJ/kg
liveweight® "> on the heat production was examined.

The model is an aggregation of the catabolic and anabolic processes in metabolism
and is based on carbon and nitrogen fluxes (Figure 5.1). The state variables are body
ash (Ash, which is a surrogate for bone), glucose equivalents pool (C,), body lipid
pool (Lipid), Acetyl Coenzyme A equivalents pool (C,), amino acid pool (N) and four
protein pools: liver protein pool (Liv), small intestine protein pool (Si), muscle protein
pool (Ms) and other protein protein pool (Op). There are three (3) blood metabolite
pools (C,, C,,N) and six (6) body composition pools (Lipid, Ash, Ms, Liv, Op, Si).

5.2  General Model Structure

The most important end products of rumen digestion and fermentation are energy in
the form of volatile fatty acids and nitrogen in the form of microbial protein and
undegraded dietary protein. These end products are then absorbed from the digestive
tract and enter cellular metabolism. The intermediary metabolism model described in
this chapter considers the absorption of metabolites into the blood and deposition into
various tissues. The following absorbed nutrients are considered as inputs to the
model: the absorption of acetate (CH, COOH), butyrate (C,H,COOH), long chain fatty
acids (stearate: C, H,  O,), propionate (C,H,COOH), glucose (C,H,,0,) and amino
acids which are denoted as A, , A, , Ay, A, , A, and A, , respectively. The absorbed
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nutrients from the rumen are expressed in moles/day. Since metabolism is considered
only in terms of C,, C, and amino acids, it is assumed that acetate, butyrate, stearate
and part of propionate are metabolised as C,, and glucose, the glycerol moiety of
tristearin (stearate), and the remainder of propionate as C,.

The absorbed energy (Absen) of the nutrients is calculated as follows:

Absen (MJ/mole) = Zn: HA, 5.1

i=1
where H, is the heat of combustion per mole of substance and A, is the quantity of the
ith absorbed nutrient. It is assumed that the heat loss during fermentation (Fermen) is
6% of . the absorbed energy (Absen), that is, Fermen = 0.06 x Absen. The
metabolisable energy (ME) of the diet is the fermentation heat loss plus the absorbed
energy less the energy excreted as urea (that is, ME = Absen + Fermen — Urea).

In the description of each pool of the model, input and output equations are

constructed and values for the parameters were sought from the literature as far as

possible. Because this model is a modification of the model of France et al. (1987),

parameter values and initial values of the state variables of their model were used.

However, only additional and modified parameters and variable values will be

explained in the text and a list of all the formulae are given in Appendix 5.1. Also,

this model will follow the notation given in France et al. (1987). The calculations
account for the energy being produced, which is subtracted from the C, energy
required for maintenance. Glucose is converted to C, carbon and amino acids are
converted to nitrogen and both these fluxes are assumed not to require or produce
energy. Amino acids are assumed to contain 160 grams of nitrogen per kilogram. The
relative molecular mass (RMM) of amino acid is assumed to be 110 and the RMM of
tristearin is assumed to be 890. Differences between essential and non-essential amino
acids are not considered in the model because it is assumed that the amino acid
composition of isolated rumen micro-organisms is relatively constant (Storm and

@rskov, 1983). The broad objectives of the mechanistic model are to develop dynamic

mechanistic elements representative of the growth process that will enable:

1. The simulation of the change of body weight and composition (including
specific organs) of an animal during and following a period of sub
-maintenance feeding.

2. The simulation of body composition (and specific organ) changes of animals
fed to maintain a constant body weight.
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3. The understanding of the mechanisms involved during undernutrition and

realimentation.

5.2.1 Assumptions and hypothesis of the model

The model developed by France et al. (1987) was developed based on the assumption
that the maintenance energy is a function of body weight only. In order to describe the
partition of energy during and following a period of undemutrition, three changes
were made to the intermediary metabolism model of France et al. (1987).

(2) Total basal metabolism (TBM) is a function of the mass of the liver (LIVT),
mass of the small intestine (SIT), lipid (Lipid) pool, and lean body (Lbody).

To account for the contribution of the visceral organs to basal metabolism the
aggregated protein pool was divided into four: liver protein (Liv) pool, small intestine
protein (Si) pool, muscle protein (Ms) pool and other protein protein (Op) pool. This
was done to account for the large energy expenditure of the visceral organs, especially
the liver and small intestine (Koong et al., 1982). Metabolizable energy expenditure
for maintenance (ME,_ ) was shown to be closely correlated (r = 0.96) with the weights
of visceral organs in growing cattle (Ferrell and Jenkins, 1984) and sheep (Ferrell er
al., 1986; Burrin et al., 1990). Consequently, total basal metabolism (TBM) was
divided as follows:

TBM = a (LIVT)*7 + b (SIT)%¢7 + ¢’ [c(Lbody) 67 + d (Lipid) 7 (5.2)

TBM Total Basal Metabolism (MJ)

LIVT, SIT Mass of liver (kg) = 2.38 x Liv
Mass of small intestine (kg) = 2.38 x Si
(Searle and Griffiths, 1983)

a,b,c,d Parameters (a = 2.602, b = 1.092, ¢ = 0.3804,
¢ = 0.016, d = 0.1676). All units are in MJ/kg.
Lbody, Lipid Lean body weight (kg)[this excludes the liver and small

intestine], fat (kg)

The parameters were estimated by firstly estimating the total basal metabolism as
0.53 x (Liveweight)*$7 = 21.42 MJ/day for a 250 kg steer (p96, ARC, 1980). It is
assumed that 25%, 12% and 63% of the total basal metabolism is accounted for by the
liver, small intestine and viscera-free tissue, respectively (Koong et al, 1982).
Therefore, the energy expenditure of the liver will be 5.36 MJ/day, 2.57 MJ/day for
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the small intestine, and 13.50 MJ/day for the viscera-free tissue for a 250kg steer. The
parameter values will vary depending on the liveweight of the ammal and must be
adjusted accordingly. However, when evaluating the model with the data of Jrskov
and MacLeod, 1993), we assumed that these parameters were constant because of the
relatively short time period of their experiment. Therefore, assuming a liver mass of
approximately 3kg for a 250 kg steer (Taylor and Murray, 1991),

a = &"51\;'%“7 = 2.57. Similarly, b = 1.015 and ¢’ = 0.016. The viscera-free tissue

consists of the lean body (excluding the liver and small intestine) and the lipid. From
Baldwin et al. (1987), d = 3353 and c and d can be calculated as 0.3314 and 0.1459,

respectively.

(b)  Taylor et al (1981) indicated that animals attained various equilibrium states
at different feeding levels. Taylor and Murray (1991) postulated that the liver
is affected by feeding level and that the adaptation of the liver to
undernutrition is complete before the adaptation by the body weight. That is,
the liver attains its equilibrium weight before body weight changes

significantly.

For this reason an equation relating equilibrium body weight (EQBW) and food intake
(kg/day) was estimated from the data of Taylor er al. (1981). The maximum liver
protein weight (Livin) and maximum small intestine protein weight (Sim) were made
functions of equilibrium body weight:

EQBW = 66.75 x (Weight)?-9 (5.3a)
Livm = TX{F8W) (5.3b)
Sim = T (5.30)
EQBW equilibrium body weight (kg)

Livm maximum liver protein weight (kg)

Sim maximum small intestine protein weight (kg)

m,, m, parameters (m, = 0.022189, m, = 0.025145)

In addition to the digestive and metabolic effects, total splanchnic tissues also affect
nufrient partitioning via the production and the metabolism of a number of hormones.
Two general hormones having anabolic (H, ) or catabolic (H_) functions were defined
on the assumption that in many cases hormonal state is influenced by the
concentration of circulating glucose (Baldwin et al., 1987):
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2
H, = {C%‘;f} (5.4a)

2
H, = [Cg‘:f} (5.4b)

where Cg is the current glucose concentration and Cgyyer is the reference glucose
concentration (0.036 kg carbon per m® blood). Catabolic hormones affect the rate of
lipolysis and gluconeogenesis and the anabolic hormones affect the rate of protein

synthesis.

53  Model Description

In the description of each compartment that follows, input and output equations are
constructed and values for the parameters (if appropriate) were either sought from the
original model (France et al., 1987) or from the literature as far as possible.

Glucose equivalent metabolite pool, C, (kg carbon per m® blood)

The inputs to the C, pool are from absorbed propionate (A, ), absorbed glucose (A,),
absorbed stearate (A, ), the production of C, via gluconeogenesis from amino acids
(P ne,» AA—C, transaction) and the release of glycerol in the Lipid—+C, transaction
(lipolysis: P, ., ). Outputs from the C, pool are the breakdown of glucose to the C,

pool (glycolysis: U .. ) and the utilization of C,as glycerol and NADPH for

lipogenesis (U, )-

Acetyl Coenzyme A equivalent metabolite pool, C, (kg carbon per m® blood)

The C, pool serves both as a carbon and ATP source. The inputs to the model are by
absorbed acetate (A,,), absorbed propionate (A;,), absorbed butyrate (A,,), absorbed
stearate (A,) and from gluconeogenesis (P ), glycolysis (P, c,c,) and lipolysis
(P.,.c,)- The outputs from the C, pool are to provide emergy for ash synthesis
(Ue,c,4 )» to provide energy and fatty acid for lipogenesis (Ug,c,. ), energy for muscle
protein synthesis (U, ), liver protein synthesis (U, ), small intestine protein
synthesis (U, ), other protein protein synthesis (U, \,,), to satisfy the energy needs

for maintenance (U, . ,,), and to account for energy utilization via substrate cycling
(Ue, cpx)-
The requirement for energy by the protein pools were calculated as a percentage of the

total protein requirement. The requirement of C, units for protein synthesis was set at

the carbon equivalent of 5 mol ATP (Millward et al., 1976), even though this may be
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Figure 5.1:  An aggregated intermediary metabolism model (modified from France et al., 1987).
The absorption of 1. Acetate, 2. Stearate, 3. Butyrate, 4. Propionate, 5. Glucose and

6. Amino acids is shown.
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Similarly, the requirements of C, for muscle and other protein protein synthesis is
assumed to be 10% of R . that is, R, = Ry, = 0.00909 kg C, per kg

muscle and other protein protein, respectively.

- The total energy expenditure of C, to meet basal metabolism (P, ,,) is the difference
between the total basal metabolism (TBM) and the energy produced in converting

absorbed nutrients to metabolites:

P =TBM — (PMB“ + Puag, T Pusp T Puce, T Punee + Pyic,) (5.5)

MO M
The TBM is calculated to account for the effect of the variable changes in tissue
(Burrin et al., 1990)(see equation 5.2). An allometric relation with an exponent of
0.67 is assumed (based on the empirical equation of Kleiber, 1932) between the
energy expenditure and the liver weight (LIVT), small intestine weight (SIT) and
viscera-free weight, which consists of the lean body (Lbody, excluding the weight of
liver and small intestine) and lipid (Lipid ) (see equation 5.2). E, is the enthalpy value
of C, metabolite based on acetate and is equal to 38.65 MJ/kg carbon (McDonald ez

al., 1981).

Amino Acid Pool, N (kg nitregen per m® blood)

The inputs to this pool are absorbed amino acids (P, ... ) and protein turnover from the
four protein pools: the turnover of liver protein (P, ), the turnover of small intestine
protein (P, g, ), the turnover of muscle protein (P, ) and the turnover of other protein
protein (P, ). The yield factors for dietary amino acids and protein breakdown from
the four protein pools assume the nitrogen content of amino acid to be 160 g/kg on a
weight basis, that is, Y, = 0.160g x 0.110 = 0.0176 kg nitrogen per mole amino
acid (France et al, 1987). The yield of nitrogen from the accumulative protein pools
(Y,sn) was calculated as 0.16 kg nitrogen per kg protein. The yields of nitrogen from
the Liv, Ms, Si and Op pools were assumed to be 40%, 10%, 40% and 10% of the
total protein pool (P), respectively, that is, Y, = 0.4 x Y, = 0.064 = Y, and
Yipw = 0.1 X Yo, = 0.016 = Y .

Outputs are via gluconeogenesis to the C, pool (with a proportional contribution to

acetate and urea), Uy, and also protein synthesis to the liver protein, small intestine

protein, muscle protein and other protein protein pools. Because amino- acids are
assumed to contain 160g nitrogen per kg, R, = 0.16 kgnitrogen per kg amino acid
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(France et al, 1987). It is assumed that the requirements for the four protein pools are
as follows: Ry, =04 xRyp = Ry =0.064 and R, =01 X Ry =

Ry, = 0.016.

Body Ash Pool, Ash (kg)
The body ash pool is a surrogate for the skeleton and refers to the minerals

incorporated into the skeleton. Skeletal growth is assumed to be irreversible
(Millward, 1995) and therefore there is no output from this pool. The only input to the
ASH pool is the production of ASH (kg) from the C, pool, P, . ,.

Body Lipid Pool, Lipid (kg)

The rate of lipid deposition, and hence hypertrophy, depends on the relative rates of
esterification and lipolysis. The only input to this pool is P, o, (kg lipid per day),
which is the rate of lipogenesis from C, and Cs. The C, pool supplies acetyl CoA,
ATP and one sixth of the requirements for NADPH (Gill, 1984). The C¢ pool supplies
the remaining NADPH and glycerol. The only output from the body lipid pool is
U, the rate of triglyceride breakdown via lipolysis to C,.

The rate of lipolysis, v, = 0.05 kg/kg body lipid/hour. It is well established that
plasma non-esterified fatty acid (NEFA) concentrations are markedly increased during
acute energy restrictions in ruminants (Anniston, 1991). This is due to the increased
mobilization of adipose tissue in the form of NEFA. From the work of Dunshea and
Bell (1988), the influence of prolonged underfeeding on lipid catabolism is due more
to a decrease in lipogenesis and intracellular reesterification than to increased
lipolysis. More recently, Dawson et al. (1998) examined the effects of growth
hormone on the flux of [C!4] palmitate and found that the flux increased (with growth
hormone) when the animal was fed sub-maintenance and concluded that growth
hormone had little or no effect on the flux in cattle fed at or above maintenance. A
general catabolic hormone (H_) was added to increase the rate of lipolysis when the
animal is fed sub-maintenance. The syntax of the hormone term in the programme
allows for the hormone to have no effect on lipolysis when the animal was fed at or

above maintenance.
Protein pools

The splanchnic bed, comprising the gastrointestinal tract and liver, plays a pivotal role
in moderating the pattern of nutrients available for peripheral tissues. The intestinal
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tissues form an interface between the diet and the animal and have a direct influence
on the flux of nutrients from the rumen into the bloodstream. The liver forms the
central metabolic junction, further moderating and distributing nutrients to peripheral
tissues for maintenance and productive functions such as muscle protein synthesis.
Because of the importance of these tissues we have divided the protein pool of France
et al. (1987) into four protein pools to accommodate for the variable energy
expenditure of these tissues. The synthesis and breakdown rates of the protein pools
were estimated from Lobley (1978).

a. Liver Protein Pool, Liv (kg)
There is only one input to the liver protein pool, that is, from the amino acid pool
Py, ). The total body protein production was 1.55 kg/day (Lonsdale, 1976), which
is the sum of the net synthesis and breakdown at a body protein value of 16.62 kg
(France et al., 1987). These values were used to calculate the rate constant for the
synthesis of protein of 0.19 kg protein per kg protein per day (France et al., 1987).
The maximum rate of liver protein synthesis (k, . ) is 0.076 liver protein per kg protein
per day and is taken to be 40% of the total body protein synthesis (k, ), which was
estimated from the carcass protein and energy retention data of Lonsdale (1976).
There is much evidence of the marked effect of feeding level on liver proportion, for
example, McMeekan (1940) found that the liver proportion on a low plane of nutrition
was 0.77 times that on a high plane of nutrition. Baldwin ef al. (1980) expressed liver
proportion as a logistic function of energy intake and Koong et al. (1982) showed that
liver weight was strongly correlated with daily food intake. However, Taylor and
Murray (1991) showed that liver proportion was largely unaffected by feeding level
when an equilibrium body weight was attained. To account for the apparent
contradiction, they argued that the liver weight is approximately directly proportional
to the new level of food intake, that is, the liver will have a rapid response to a change
in feeding level until its equilibrium weight is attained. From the result of the
experiment of Taylor e al. (1981), the relation between the equilibrium body weight
and food intake was estimated to be

In(Weight) = 4.219 + 0.96 x In(Food/day). (5.6a)

Because the cattle were fed a diet of 9.3 MJ/kg, the equilibrium body weight equation

becomes
In(Weight) = 4.219 + 0.96 x In(3s). (5.6b)
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Taking antilogs of equation 5.6b gives us a power function for the equilibrium body
weight, which is a function of the ME of the diet. The proportion of the liver per kg
equilibrivm body weight (0.0097g liver per kg equilibrium body weight) was
calculated from Gibb et al. (1992). 8y, the steepness parameter, was set to 1
assuming no immediate switch off characteristic of the reaction. Because of the rapid
response of liver to feed intake, the affinity constant, K, , was assumed to be 10%
of the affinity constant for the protein pool (K, : 0.013 kg protein per m?> blood), that
is, Ky, = 0.1 x 0.013 = 0.0013. Burin ef al. (1990) also showed that the liver
oxygen consumption rates increased rapidly with increasing feed intake, indicating the
high priority of the liver for energy. Therefore, K ,, = 0.1 x K = 0.1 x 0.008

= 0.0008.

The only output from the liver protein pool is the liver protein breakdown (U,,,) to
produce amino acid. v,,, was assumed to be 40% of the breakdown of protein, that is,

vy, = 201 — 0.003167 per hour.

b. Small Intestine Protein Pool, Si (kg)
The rate of small intestine protein synthesis was assumed to be 40% of the total body

protein synthesized: k,, = 9'—‘%‘3'—19 = (.0033167 per hour. The proportion of the small

intestine protein (g per kg equilibrium body weight) was calculated from Gibb et al.
(1992) as 0.00904g small intestine protein per kg equilibrium body weight. fs; was
assumed to be 1 and the rate of breakdown of small intestine protein was assumed to
be 40% of the breakdown of protein, that is, v, = 0'4;}:’09 = 0.0015 per hour. Based

on the same argument of priority of the liver protein pool, the affinity constant of
small intestine protein for amino acid (K, ) was assumed to be 10% of the affinity
constant for the protein pool (K, ,): Ky = 0.1 x 0.013 = 0.0013 kg protein per m?
blood. Also, K\ = 0.1 x K ,,, = 0.1 x 0.008 = 0.0008 kg protein per m* blood.

¢. Muscle Protein pool, Ms (kg)
There is only one input to the muscle protein pool, that is, the production of muscle

protein from the N pool (P,,,, ). The rate of muscle protein synthesis, k,,,, is taken as
10% of the total protein synthesis (0.00079per hour) (Lobley 1978). K,,, was
estimated at 40% of K, which was set equal to half the normal amino acid
concentration, that is, 0.4 x 0.031 kg nitrogen per m® blood = 0.0124 kg nitrogen per
m?® blood (France et al., 1987). K, was calculated relative to the affinity constants
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for lipid and ash and, therefore, Kc2 s was  estimated as
0.4 x K = 0.4 x 0.008 = 0.0032. The steepness parameter (0ms) was set at 1.

The only output from the muscle protein pool is to the N pool (Ug,,,,)- The rate of
utilization of muscle protein was taken to be 10% of the rate of utilization of total

protein ie, thatis, v,, = 0—‘1—’2‘}2? = (.000375 per hour (Lobley, 1978).

d. Other Protein Pool, OP (kg)
The only input to this pool is the production of protein from the amino acid pool,

(Pynop) and k, was calculated as 0.1 xk, = 0.1;219 = 0.00079 per hour (Lobley,

1978). Ky o, Was estimated as 40% of K,,,, which was set equal to half the normal

amino acid concentration, that is, 0.4 x 0.031 kg nitrogen per m> blood = 0.0124 kg
nitrogen per m> blood. K, Was calculated relative to the affinity constants for lipid

and ash (as described in France et al., 1987), therefore, K ., was calculated as
0.4 x K\ = 0.4 x 0.008 = 0.0032. 8, is the steepness parameter and was set at 1.
The maximum weight of the other protein protein pool (Opm) is set at 45 kg.

The output from this pool is the utilization of protein to the amino acid (U, ,,)- The
rate constant of this utilization (v, ) is calculated as 0";2'09 = 0.000375 per hour

(Lobley, 1978).

54  Application of the model

Much controversy exists over the differences of the utilization of ME observed
between roughage and concentrate diets. McClymont (1952) suggested that the
inefficient utilization of acetic acid and the fact that the proportion of acetic acid in
the rumen is greater with roughage diets are the reasons for the differences in ME
utilization. However, Orskov et al. (1979) showed that there were no differences in
the utilization of different VFA by intragastric infusions. @rskov et al. (1991) found
no differences in animal metabolism and energy utilization when the proportions of
VFA (acetic and propionate) were varied within their normal rumen range. The model
described in this chapter was evaluated with experimental data of @rskov and
MacLeod (1993), where steers were wholly fed with constant energy levels by
intragastric infusion. The effect of four energy levels on the partition of energy in
intermediary metabolism and on energy expenditure for maintenance was examined.
In addition, the effect of the relative proportion of acetic and propionic acid on the
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partition of energy in intermediary metabolism and on heat production was examined.
The model was run using DRIVER (Hahn & Furniss, 1988).

5.4.1 The effect of four constant energy levels on blood metabolite pools and the

partition of energy
The model was used to simulate the effect of four constant volatile fatty acid input
levels on the partition of energy in intermediary metabolism. The proportion of

volatile fatty acid used as input is given in Table 5.1.

Table 5.1: The input of volatile fatty acid at four different energy levels: Energy
Level 1 (25.15 MJ), Energy Level 2 (28.30 MJ), Energy Level 3 (42.44 MJ), Energy
Level 4 (56.58 MJ)

Energy level 1 | Energy level Z | Energy level 3 | Energy level 4
A, 14.01 15.76 23.64 31.52
A, 3.96 4.46 6.69 8.92
Ay, 1.54 1.73 2.59 3.46
A, 1.55 1.714 2.62 3.49

The model was run for twenty days with At = 1 day and the concentration of the
blood metabolite peols (C,, C,) and the size of body composition pools (Lipid, Liver)
were recorded. In addition, the partition of energy between particular tissues, the
utilization of C, from C, to Lipid (U, ), and the energy expenditure for

maintenance (TBM), was examined.

At energy level 1, the C, pool decreased (Figure 5.2a) due to the low input of
absorbed nutrients and due to the energy demand of the peripheral tissues. The
combined effect of the decreased size of the splanchnic tissues and the increased
utilization of lipid (Figure 5.2c¢) resulted in the decrease in the energy expenditure for
maintenance (Figure 5.3c) and the increase in the size of the C, concentration at
energy level 1 and 2 (Figure 5.2b). At higher energy input (Energy level 3 and 4) the
concentration of the blood metabolites remained relatively constant or increased,
respectively. Figure 5.4 shows the reactions (in bold) that increased the most at
maintenance (Energy level 2) and below maintenance (Energy level 1).
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PART III

EVALUATION AND APPLICATIONS
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become abundant, growth rates accelerate and exceed the growth rates of continuously
well fed animals. However, the response of an animal to a period of undernutrition is
variable, due partly to the complex processes of digestion and metabolism. The
response depends (among other factors, see Table 1.1) on the severity and length of
restriction, the age of the animal when the restriction was imposed and on the quality
of the food during undernutrition. Partial compensation is possible when restricted
animals increase their growth rate but do not attain the same weight for age as those
animals not restricted. In some cases there is no increase in growth rate of a restricted

animal once the restriction is removed, and hence there is no compensation.

Animals are able to adapt to undernutrition because the food needed to maintain a
constant body weight is not a function of weight but decreases with time in response
to low feed intake (Ledger and Sayers, 1977). One of the factors that contribute to
compensatory growth is a reduced maintenance requirement of animals during
undernutrition at the early stages of realimentation. This reduction in maintenance
increases the energy available for growth and the extent of this contribution depends
on the persistence of the reduced maintenance requirement during realimentation; the
longer the reduction in maintenance persists, the greater the contribution to
compensatory growth. When food intake is restricted, the metabolically active tissues,
such as the digestive tract and the liver, are likely to be reduced in size and activity
(Taylor and Murray, 1991; Burrin et al., 1990).

Over the past fifteen years there has been considerable progress in modelling of both
rumen and intermediary metabolism processes due to the increased availability of data
and computer power, and more importantly, to the new concepts that have been
formulated due to the increase in knowledge. However, two problems still occur
(Witten and Richardson, 2000):

1. Most mathematical models are developed to simulate continuous growth and
do not adequately predict animal responses to limited (sub-maintenance)
feeding.

2. Although suggested by France et al. (1987) that the modelling focus should
also be on the integration of components to increase adequate predictions, the
integration of models of whole digestive processes and metabolism have been

slow.
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For these reasons, two mechanistic models, the rumen model described in chapter 3,
and the intermediary metabolism model described in chapter 5, were linked: output
from the rumen is stochiometrically converted to their C, and C, equivalents and used
as input to the intermediary metabolism sub-model. The rumen model comprises 23
state variables and the intermediary metabolism model comprises 9 state variables.
Four zero pools are defined for the post ruminal gastrointestinal tract, which
represents nutrients available for absorption. Because the time scale of the rumen
model is in hours and the time scale of the intermediary metabolism model in days, all
the rate constants of the rumen model were multiplied by twenty four so that both
models could be integrated simultaneously. This could be done because the output
from the rumen model on the hourly and daily time scales gave similar output.

The aim of this chapter is to evaluate the linked rumen and metabolism model
(RUMET = RUmen + METabolism) by simulating the effects of undernutrition and
accounting for some of the factors that influence maintenance energy expenditure over
time. The framework of the model is shown in Figure 6.1 and the scheme of the
model is given in Figure 6.2. In this section the qualitative behaviour of the model
will be assessed by behavioural analysis, sensitivity analysis and testing the behaviour
of the model with input of different proportions of roughage and concentrate diets. In
section 6.3 a quantitative assessment of the model will be carried out by challenging
the model with the experimental data of Ryan et al. (1993), Foot and Tulloh (1977)
and Ledger and Sayers (1977). The model was run using DRIVER (Hahn & Furniss,
1988) to simulate the pattern of weight and body composition changes of growing

cattle.

Environment

P I -

Digestive tract

L o o
g

Blood

Tissue

Figure 6.1:  General framework for the RUMET Model
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Figure 6.2: The RUMET model, an integrated rumen and intermediary metabolism
model. The absorption of 1. Acetate, 2. Stearate, 3. Butyrate, 4. Propionate, 5.Glucose

and 6. Amino acids are shown.
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6.2.1 Simulation methodology
In order to test the qualitative behaviour of the model, the model was run to follow the

scheme (Figure 6.3) below.

B (d) E @ F

300

Empty Body Weight (kg)

2000 /A D

0 50 100 150 Days

Figure 6.3: Simulation Plan.

The initial body weight for the model animal was set at 100 kg. During the
preliminary stage, the model simulated the growth of an animal to 200 kg (point A) on
a mixed diet of 50 % autumn grass (mature grass harvested at the end of the rainy
season) and 50% concentrate (refer to estimated diet composition in Table 6.1). This
diet was used as input to the model for the full duration of the simulation exercise.
Point A was taken as the start of the simulation exercise. Growth path (@) shows the
growth of the model animal fed ad libitum till point B, that is, till the model animal
reached 300 kg. The model was then run to follow growth path (3) so that the model
animal lost body weight at a rate of about 0.6 kg/day to point C, and was then refed ad
libitum (growth path (c}) to reattain 300 kg empty body weight. The model was also
run to simulate the prelonged deprivation of food (growth path (e)). During this
pattern of weight change, the model animal continued to lose about 0.6 kg/day of its
liveweight till point D. At this point the model was run to simulate the ad libitum
feeding of the model animal until it reached 300 kg. The first restricted phase (from B
to C) and the second restricted phase (from C to D) lasted for 50 days each. The
model also simulated an animal fed to maintain a constant body weight (growth path

@)).
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6.2.2 Behavioural analysis

The simulated patterns of growth by the model are shown in Figure 6.4. The food
intake, body weight and body composition at each of the six points (A, B, C, D, E, F;
labelled in Figure 6.4) are shown in Table 6.2. Following growth path (5) to point C,
the model predicts a 10.27% weight loss due to a 39.2% decrease in food intake, that
is, the dry matter intake was reduced from 5.74 kg/day to 3.49 kg/day (Figure 6.5)
which corresponds to 79.0 g/kg W®73/day and 52.5 g/kg W0 7°/day, respectively.
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Figure 6.4: Simulated growth paths by the model.
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Figure 6.5: Simulation of dry matter intake (g/W%75/day) from B to D.
Following growth path (), ash continued to increase and muscle increased till day 10
of the 50 day weight loss path and then began to decrease. Therefore, the model
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predicts a lag in muscle protein response to the decrease in dry matter intake. The
visceral organs (liver and small intestine) responded immediately to the decrease in
food intake and lost 73.0% and 67.0% of its protein weight during the first 50 days of
weight loss, respectively. In the model equations, the basal metabolism is partly
dependent on the weights of the visceral organs and we would expect a decrease in the
maintenance energy expenditure during the weight loss period (Figure 6.6).
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Figure 6.6: Simulation of maintenance energy expenditure (MJ/W%75/day)
from B to D.

Weight loss path (e) shows the effect of prolonged nutritional deprivation, which
resulted in a further 28.04 kg loss of body weight. During the first 50 days of weight
loss (path (3)), the model simulates the adaptation to a prolonged decrease in food
intake by predicting that an animal eats less per day during the second 50 days of
restriction (3.0kg/day vs 3.3kg/day). The ash continued to grow but at a slower rate
(0.048kg/day) than during the initial 50 days of restriction (0.076kg/day). The visceral
organs also continued to decrease in weight but at a slower rate than during (b). The
model predicts a loss of muscle protein during the second 50 days of nutritional

deprivation (Table 6.2).

The model also predicts a decrease in the maintenance energy expenditure and dry
matter intake of an animal fed to maintain a constant body weight (growth path (d)).
During this phase, the amount of food needed to maintain a constant body weight
decreased from 8.5kg/day to 4.1kg/day and the maintenance energy expenditure
decreased from 0.48 MJ ME/W%75/day to 0.33 MJ ME/W%"5/day.
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Table 6.1: Estimated feed composition and hydrolysis rates of feed components of (a) a diet mixture of concentrate and roughage
(autumn grass) (b) the diet of Foot and Tulloh (1977) and (c) the diet of Ledger and Sayers (1977).

= -

@ L N ___Feed Composition (g/kg) Hydrolysis rate (/day)
Feed Fd  Fu Sc Si Ps Pd Pu  Am Ld  Ash | ¥d  Pd Si
Autumn grass 536 204 [160 O 7 25 10 0 g 5 095 [00 10.84
Concentrate 99 15 188 [462 |18 n |4 10 30 63 1224 [1.272 | 0.96

This diet composition was estimated relative to the diet in their experiment.

®) L B Feed Composition (g/kg) Hydrolysis rate (/day)
Fead Fd Fu Se Si Ps Pd Pu Am id Ash Fd Pd Si
Roughage 338 [222 [160 [0 43 112 |17 0 23 84 1.68 |240 [192
This diet composition was estimated relative to the diet in their experiment.
© .

- Feed Composition (g/kg) Hydrolysis rate (/day)
Feed Fd  Fu Sc St Ps Pd  Pu  Am  Ld  Ash | Fd  Pd Si
Cottonseed Meal 263|135 |47 13 57 359 |8 0 50 0 156 |30 1824
Maize Grain 99 i1 203|533 |16 62 3 0 134 38 1.224 [096 |0.84
This diet composition was estimated relative to the diet in their experiment.

Fd = Degradable fiber, Fu = Undegradable fiber, Sc = Soluble sugars and starch, Si = Insoluble starch and sugars, Ps = Soluble protein,
Pd = Degradable protein, Pu = Undegradable protein, Am = Ammonia, Ash, Ld = Fat.
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Table 6.2: Simulated data from the model at points A, B, C, D, E and F.

A

B

C D E F
General
Days 5 65 115 165 122 185
Weight (kg) 209 300 286 258 300 304
ME expenditure (MJ/day) 85.44 108.43 36.90 327 108.88 109.12
Total DM intake (kg) 6.70 8.49 3.30 3.00 8.50 8.55
Body composition:
Ash (kg) 6.5 9.8 13.7 16.0 14.2 17.0
Total protein weight (kg) 48.9 69.2 65.8 56.9 68.2 66.4
Liver protein weight (kg) 2.8 4.1 1.1 0.6 1.9 2.6
Small intestine protein weight (kg) 3.7 5.3 1.7 1.1 2.4 29
Muscle protein weight (kg) 25.9 39.5 46.8 45.2 47.7 47.6
Lipid (kg) 25.1 36.6 21.1 15.2 24.6 25.9
Energy:
Energy Retention (MJ) 18.18 12.89 -11.53 -6.15 31.91 30.99
Maintenance energy expenditure 0.481 0.479 0.337 0.300 0.372 0.399

(MJ ME/WA0.75/day)




6.2.3 Diet composition

The response of the model animal fed ad libitum while varying the proportions of
roughage and concentrate in the diet was examined and is shown in Figure 6.7. This
was done because changing the proportion of roughage and concentrate in the diet
affects the proportion of acetic and propionic acid absorbed from the rumen. The
simulated body weight and composition at 300kg empty body weight for each diet is
given in Table 6.3. For an animal fed a high roughage diet, intake is limited by the
rate of digestion and the capacity of the rumen and a greater weight gain is expected

on a diet with more concentrate (Figure 6.7).
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Figure 6.7: Model predicted empty body weight while varying the proportion of

roughage and concentrate in the diet.
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Table 6.3: Model predicted body composition at 300kg empty body weight for an
animal eating five different proportions of a mixed roughage and concentrate diet.

A B C D E
Days 48 55 65 78 99
Weight (kg) 300 3600 300 300 | 301
Maintenance energy expenditure (MJ/day) 129.89 | 118.18 | 108.43 | 99.09 | 89.63
Total DM intake (kg/day) 9.39 8.87 8.49 8.13 | 7.80
Body composition:
Ash (kg) 8.87 9.18 9.84 10.76 | 12.35
Total protein (kg) 70.25 | 69.12 | 69.2 69.05 | 68.33
Liver protein weight (kg) 5.11 4.54 4.06 3.58 | 3.04
Small intestine protein weight (kg) 647 5.81 5.26 471 | 4.09
Mauscle protein weight (kg) 37.26 | 37.85 |39.50 |41.16|42.94
Lipid (kg) 41.66 |38.84 | 3656 |34.10] 31.61
Maintenance energy expenditure (MJ ME/W%7/day) | 0.517 | 0.499 | 0479 | 0.458 | 0.432

6.2.4 Sensitivity Analysis
It is impractical to report tests of the sensitivity of the model to changes in all kinetic
parameters on all the variables in the model. Also, model parameters and variables are
interrelated and changing one parameter affects several variables which are influenced
by other parameters. Ten model parameters were chosen for the sensitivity analysis:
k,, (the maximum rate of liver protein synthesis), v, (the rate of breakdown of liver
protein) and v,, (the rate of gluconeogenesis from the blood amino acid pool to C, and
. C, pools), k,, (the maximum rate of muscle protein synthesis),v,, (the rate of
breakdown of muscle protein), v, (the rate of lipolysis), Rcz'm (the requirement of C,
for muscle protein synthesis), Rc,.nu (the requirement of C, for liver protein
synthesis), frLHB (fraction of equilibrium liver protein weight of the equilibrium
body weight), frSHB (fraction of equilibrium small intestine protein weight of the
equilibrium body weight). The parameters were increased by 50% of their estimated
values given in the text. The sensitivity analysis was done on two cases: for an animal
fed ad libitum on a 50% roughage and 50% concentrate diet (Above), and for an
animal fed a constant dry matter intake of 3.0 kg/day (Below). The metric used in
each case is the absolute difference between the initial values of the variables of
interest (at EBW = 200kg) and the values of these variables after 20 days of
simulation time. Table 6.4 gives the effects of changing the ten parameters on the
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maintenance energy expenditure (HBW, MJ ME/W%7/day), the lipid pool (Lipid,
kg), and weight (Weight, kg).

Table 6.4: Effect of sensitivity analysis on Weight, HBW and Lipid.
Weight HBW Lipid

Parameters Above | Below | Above | Below | Above | Below

No parameters changed | 31.8 2.13 0479 |0.105 | 4817 | 5.014

k,, 2971 | 3.85 0.048 | 0.081 | 4583 |4.971
vy, 30.51 | 2.19 0.059 |0.143 |4.820 | 5.018
Vy 2345 | 8.18 0.0067 | 0.106 | 4785 | 4.869
R, . 3089 | 2.59 0.003%9 | 0.106 |4.762 | 5.004
R o 31.16 | 3.07 0.0042 | 0.119 | 4779 | 4.992
k.. 37.05 | 1.91 0.0183 | 0.097 4821 | 5.118
Vaee 27.81 | 5.61 0.0174 | 0.081 | 4.797 | 4.925
frLHB 30.74 | 4.24 0.0471 | 0.094 | 4687 | 4959
frSHB 33.06 | 2.31 0.0174 | 0.101 | 4.803 | 5.005
v, 2643 | 5.49 0.0110 | 0.109 | 2.318 | 10.06

Table 6.4 shows that increasing k,, and v, had a greater effect on the maintenance
energy expenditure for animals fed the constant intake of 3kg/day than for an animal
fed ad libitum. In addition, changing v, had the greatest effect on HBW on both diets.
Increasing the rate of lipolysis (v,) had the greatest effect on the Lipid pool on the
constant diet but v,, had the greatest effect on the lipid pool on the ad lib diet.
Increasing k,, had the greatest effect on the weight on the ad lib diet but v,, had the
greatest effect on the constant diet. Figure 6.8 shows the effect of increasing the ten
parameters on the liver protein mass (kg) and blood amino acid concentration (N,
kg/m®). Changing most of the parameters had a greater effect on the liver protein mass
fed below maintenance (Figure 6.8a) than above maintenance. Also, Figure 6.8b

shows that the blood amino acid concentration is most sensitive to the rate of

gluconeogenesis.
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Table 6.5: Estimated food composition and hydrolysis rates for the diet of Ryan et al. (1993).

Feed Composition (g/kg) Hydrolysis rate (/day)
Feed Fd Fu Se Si Ps Pd Pu Am Ld Ash | Fd Pd Si
Roughage (0.49) 462 |176 |160 [0.0 |2 81 32 |0 8 50 10950(00 |0.84
Concentrate (0.5) 99 15 188 1462 |18 111 |4 10 30 63 1.224 1 1.272 | 0.96
Urea (0.01) 0 |0 0 [0 |0 [0 [0 (549 [0 |0 |00 (00 |00

Fd = Degradable fiber, Fu = Undegradable fiber, Sc = Soluble sugars and starch, Si = Insoluble starch and sugars, Ps = Soluble protein,
Pd = Degradable protein, Pu = Undegradable protein, Am = Ammonia, Ash, Ld = Fat.
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Table 6.6: Predicted body weight and composition at points A, B, B*, C and C* of the model and estimated body composition and

weight at the end of the experiment of Ryan et al. (1993) of the control (Control*) and restricted (R*) animals.

A B B* C C* Control* R*
Days 1 90 90 420 420 420 420
Weight (kg) 181 142 332 573 537 584 602
Roughage DM intake (g/day) 5668 1300 8490 7879 9374 8700 8300
Body composition: '
Ash (kg) 9.8 9.8 15.5 21.7 22.1 17.1 17.2
Total protein weight (kg) 34.9 27.8 68.9 75.9 73.8 75.4 77.2
Liver protein weight (kg) 0.7 0.1 4.1 0.9 0.9 e e —
Small intestine protein weight (kg) 0.9 0.3 5.4 0.9 1.0 e S
Muscle protein weight (kg) 72.5 21.7 38.5 46.9 523 e e o
Lipid (kg) 20.6 5.7 37.5 159.9 203.2 165.5 176.4
Energy:
Energy Retention (MJ) 22.29 -5.73 9.73 13.39 6.60 00 ceeeeme cemeee
Maintenance energy expenditure 0.317 0.249 0.449 0.325 0230 = e S—
(MJ ME/W"0.75/day)




6.3.2 Challenging the model with the data of Foot and Tulloh (1977)

The model was also challenged with the dietary regimes imposed by Foot and Tulloh
(1977). The estimated diet composition and hydrolysis rates are shown in Table 6.1.
The scheme of the experiment is shown in Figure 6.12 and the simulated empty body
weight is shown in Figure 6.13. The body weight and composition of the steers were
recorded for the weight-loss and rehabilitation phase, and for the constant weight
(CW) phase (Table 6.7). The model was run for a 82 kg animal to point A, where the
body composition values were set equal to the body composition values of the animals
in their experiment. The dry matter intake (kg/day) of the control group and weight

loss group was given in their paper as:

Control group: :
DMitot (kg/day) = [82.4 — 0.22 X Days] x Weight®™ (6.3)
Restricted group: 4

DMiItot(kg/day) = [81.6 — 0.86 x Days + 0.03 x Days?®] x Weight (6.4)

The model predicted a weight loss of 15% in 100 days and the 42 days of
realimentation as demonstrated by Foot and Tulloh (1977). Table 6.7 also shows the
body weight and composition predicted by the model and given in the experiment.

Liveweight
(ke

280

] 100 142 Days

Figure 6.12: Plan of the experiment of Foot and Tulloh (1977).
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Table 6.7: Model predicted body composition and weight of a steer during undernutrition and at a
constant weight at points A, B*, B, C and C* of Figure 6.13 for the diet of Foot and Tulloh (1977).

A B* B C C*
Days 10 100 100 144 142
Weight (kg) 279 281 228 278 272
Roughage DM intake (g/day) 7920 4147 1503 6745 3426
Ash (kg) 10.9 17.2 16.3 16.8 179
Total protein weight (kg) 66.6 62.4 50.1 61.2 59.8
Liver protein weight (kg) 2.4 1.3 0.2 19 0.8
Small intestine protein weight (kg) 34 1.9 0.5 2.5 1.4
Muscle protein weight (kg) 41.7 43.6 41.7 44.6 454
Lipid (kg) 22.9 15.8 7.5 185 13.3
Energy Retention (MJ) -5.93 -3.44 -12.20 13.08 -4.18
Maintenance energy expenditure 0.417 0.344 0.267 0.378 0.316
(MJ ME/W*0.75/day)
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Figure 6.13: Simulated empty body weight (kg) of the model during the weight-loss
phase and during realimentation using the dietary regime and diet of
Foot and Tulloh (1977) as model input.

6.3.3 Challenging the model with the data of Ledger and Sayers (1977)
Figure 6.14 shows the simulated empty body weight predicted by the models. The dry
matter intake (g/week) of the constant weight animal is given in their paper as:

DMiItot (g/week) = [0.8444 + 1.70830 x Weeks®™] x Weight x 10. (6.5)

The model was run for 12 weeks and the maintenance energy expenditure decreased
by 22.3%, which was close to the value (29.3) estimated by Ledger and Sayers (1977).
Figure 6.15 shows that the muscle protein weight (kg) and ash weight (kg) increased
and the maintenance energy expenditure decreased during the 12 week simulated

period.

131



250 - -+ 5000
240 - /’” 4 4500
230 4 N + 4000
220 - : Weight (kg) + 3500 ‘g
S 210 - 4 3000 B
~ 200 4 4 2500 ;"
§ 190 4 o 12000 &
180 = Dry matter intake (g/day) == 1500
1704 + 1000
160 - + 500
150 ' . ' ' 0
10 30 50 70 90 110

DAYS

Figure 6.14: Simulated empty body weight (kg) and dry matter intake for animals
subjected to the experimental diet of Ledger and Sayers (1977).
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Figure 6.15: Simulated muscle protein weight (kg), ash weight (kg) and maintenance
energy expenditure for animals subjected to the experimental diet of Ledger and
Sayers (1977).

6.4 Discussion and Conclusions

The only conclusions we can derive from the qualitative assessment is whether model

behaviour corresponds to the behaviour reported in the literature. Once the correct
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model behaviour is confirmed is then‘possible to continue the evaluation process by
comparing the model behaviour with experimental data and with the behaviour of
other models (see section 6.5). Decreasing the plane of nutrition had several effects on
the body composition and basal energy expenditure of the model animal. Firstly, the
visceral organs (liver and small intestine) decreased immediately (within one day) to
the decrease in feed intake and lost a substantial amount of its weight. A substantial
decrease in liver and small intestine weight with a decrease in the plane of nutrition
was demonstrated in cattle (Foot and Tulloh, 1977) and in sheep (Graham and Searle,
1976). The immediate response in liver weight was shown by Burrin et al. (1988).
They showed that the liver was most affected by the decrease in feed intake and lost a
quarter of its weight within 72 hours and that most of this loss occurred during the
first 24 hours.

Predicted basal metabolism also decreased during the restricted phase. High
correlations between visceral organ weights, food intake and fasting metabolism were
demonstrated by Koong et al. (1982), Ferrell (1984) and Pekas (1991). There is
therefore no question at this point about the correlations among feed intake, organ
weights and fasting heat production, and apparent maintenance requirements. The
question has now become what portion of the changes in fasting heat production and
apparent maintenance requirements are attributable to relative changes in organ
weight per se, and what portions are attributable to changes in tissue functions that
vary in a collinear fashion with feed intake, physiological and hormonal state, and
relative organ size (Baldwin, 1995). One of the factors considered to have a possible
influence on compensatory liveweight gains is an increased appetite resulting in an
increased food intake. The enhanced food intake following undernutrition is only
possible if the size of the digestive system relative to liveweight is larger in the
restricted animals than those fed ad libitum continuously. The intake of herbage by
grazing animals is also a function of bite size and the time the animal spends grazing,
Ferrer et al. (1995) suggested that the increased intake of herbage in relation to body
size in animals previously retarded in growth in winter periods are related not to bite
size but to the willingness to graze for longer periods of time and to increase the rate
of grazing. Another factor contributing to the large increase in body weight of
restricted animals at the beginning of the grazing period is the fact that the restricted
animal will be smaller in body size and will have smaller viscera. As a consequence of
the enhanced food intake after the restricted phase, there will be more food available

for growth purposes.
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The ash pool continued to increase during the restricted period. This was -
demonstrated by numerous investigators (Fowler, 1960; Foot and Tulloh, 1977) which
have shown that the head, tail and feet continue to gain during nutritional deprivation.
Lipid stores were mobilized during nutritional deprivation. Dawson et al. (1998)
showed that growth hormone increases the plasma palmitate flux during an
experiment when steers were fed at 0.8 x maintenance. The model, however, does not
predict the quantity of fat correctly unless the rate of lipolysis is adjusted. The model
does predict the breakdown of fat during the feed restriction phase. It was thought that

this effect was due to the catabolic hormone effect.

6.5 Comparing four simulation models

As mentioned in chapter 2, there has been a shift from empirical models to more
dynamic mechanistic models, such as the models of Gill et al. (1984) and France ef al.
(1987), to predict the body composition and growth of animals. Amold and Bennet
(1991) compared three empirical models (Notter, 1977; Loewer et al., 1986 and
Sanders and Cartwright, 1979) and a mechanistic model (Oltjen et al., 1986) and
showed that empirical models can result in a 25% error in estimates of body
composition and suggested that empirical models not be used to predict body growth
and composition outside the range of diet and animal genotype data on which they are
based. They also suggested that more detailed mechanistic models be developed but
that the level of aggregation be carefully considered. Most mathematical models of
growing cattle are designed to simulate the effects of food intake and diet composition
on the rate of growth and body composition in continuously growing animals. They
do not adequately predict the changes in the weights of the viscera in the chemical
composition of the growing bovine during and following a period of weight loss as a
result of undernutrition (Witten and Richardson, 1998).

The aim of this section is to compare four mechanistic mathematical models, three of
which are based on different assumptions of growth, when simulating different
feeding patterns and comparing their responses. The models based on different growth
assumptions are a modified model of Oltjen et al. (1986), the intermediary
metabolism model of France et al. (1987), and the model of Keele et al. (1991). The
fourth model is the linked rumen model and intermediary metabolism model, called
the RUMET model, described in section 6.2. For simplicity, the original model of
Oltjen et al. (1986) will be called the OLTJEN model and the modified model of
Oltjen et al. (1986) will be called the OLTBLAX model, the model of France ef al.
(1987) the FRANCE model, and the model of Keele et al. (1991) the KEELE model.
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The FRANCE and KEELE models were linked with the modified rumen model
described in chapter 3. The models were compared using the same logic and
parameter values as presented by the authors in their published papers. The models
were coded in Turbo Pascal and run using DRIVER (Hahn and Furniss, 1989). The
predictions of the four models will be compared and challenged with the data
presented by Foot and Tulloh (1977) and Ledger and Sayers (1977).

6.5.1 Description of model equations

OLTJEN model
Oltjen et al. (1986) based their mechanistic model on the premises of Baldwin and

Black (1979), which showed that the concepts accommodating DNA accumulation
(hyperplastic growth) and protein per unit of DNA (hypertrophic growth) is required
to simulate tissue growth. They integrated their model, which predicts growth and net
protein synthesis, into the Lofgreen and Garrett (1968) system to estimate gain of fat
and lean tissue. The model equations are shown in Table 6.8 with the coefficients for
a beef steer of mature body weight of 650kg. The terms NUT1 and NUT2 are
nutritional constants set to 1 for normal ad /ibitum intake. DN Amz is the content of
DNA at maturity and was calculated indirectly as 385g by Baldwin and Black (1979)
for a 750kg mature weight animal. Assuming a linear relation between mature DNA
content and mature weight, the mature DNA content of a 650 kg animal was estimated
as 334g. Parameters were estimated using a non-linear least squares fit of observed
body gains in 53 groups of feedlot steers (Oltjen et al., 1986). The rate constants
K1=K2=0.0462 and K3 = 0.143. Taylor's (1980) size-scaling rules and the
assumption of equal composition at equal degrees of maturity were used to adjust for
cattle of different mature weights. For animals of different mature size (4’), the rate
constants are adjusted by a scaling factor (equation 6.10). Hence,
K1 =0.00429(&; " but K2 and K3 was not changed. The effects of energy
intake on growth were added using the NUT1 and NUT2 terms. A ratio P was
defined as in equation 6.11 where M EINORM is the pattern of ME intake that
supports normal growth of a reference steer (equation 6.12) and MEJI is the
metabolizable energy intake per day (MJ/day). Rates of DN A accretion and PROT
synthesis are adjusted by the NUT terms (equations 6.13 and 6.14). Daily empty
body fat gain (DF AT) is calculated as the net energy available after daily feed intake
(FI, kg/day) is used for maintenance (M AINT) and protein gain (DPROT,
kg/day) as in equations 6.15 and 6.16, respectively, where a_ = 0.359 and the energy
content (MJ/day) of the protein and fat gains are 23.18 and 39.27, respectively
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(Garrett and Hinman, 1969). Empty body weight is the sum of fat and fat-free body
masses, where fat-free body mass is 5122200"; (Garrett and Hinman, 1969).

Table 6.8: Model equations of Oltjen et al. (1986) for a 650 kg steer.

4ol — K1 x (DNAMX — DNA) x NUT1 6.6
: geau?o_:r = SYNTHESIS — DEGRADATION 6.7
SYNTHESIS = K2 x DNA"™ x NUT? 6.8
DEGRADATION = K3 x PROT*™ 6.9
v = r(‘%’)o'73 6.10
P o MEL 6.11
MEINORM = (1.83 — 1.094 x £8%) EBW 0" 6.12
NUT1= —0.7+17P - 6.13
NUT2 = 0.83 + 5325 6.14
MAINT = a_ x EBWO™(4:) - 0.02 6.15
DFAT = (FI - ¥glMy « NE, - 23.18 x Bt 6.16
FRANCE model

Their model is based on the enzyme kinetic principles developed by Gill et al. (1984).
There are three basic principles: firstly, the kinetics apply to the entire system,
transactions are independent, secondly, the rate of a transaction is a function of the
state of the animal and the rates are determined by substrate concentrations, thirdly,
model accuracy is a function of the representation of the biochemical processes and
the estimation/assumption of parameters. The prediction accuracy of the model of
Oljen er al. (1986) is a function of the modification of the equations based on the
premises of Baldwin and Black (1979). The objective of the model was to simulate
over a period of many weeks, the effects of varying nutrient inputs on carcass
composition and they proposed a dynamic model of cattle growth based on carbon
and nitrogen metabolism. Inputs of absorbed rumen volatile fatty acids, stearate and
amino acid are stoichiometrically converted to their equivalent two or six carbon
metabolites in three blood metabolite pools: C, (acetyl-CoA equivalents), C, (glucose
equivalents) and N (amino acids concentration). All fluxes between body composition
and metabolite pools are based on nine principal transactions, six of them catabolic

and three biosynthetic.
Stoichiometry is used to define the yield and requirement factors for the transfer of

carbon, nitrogen and other elements between substrates and products, accounting for
the energy requirements or yields within the reaction. An additional modification in
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the FRANCE model is that the V., of synthesis reactions is a variable. The model
consists of first order ordinary differential equations which describe how the state
variables change with time. The model equations will not be given here because they
have been used in the development of the model described in chapter 5.

KEELE model
Keele et al. (1991) described how the average empty body composition of cattle
belonging to a breed or cross-breed group will respond to changes in nutrition. They
base their model on a blend of the assumptions of France et al. (1987) and Oltjen et
al. (1986): firstly, there is a greater proportion of fat in the empty body gain than in
the empty body for cattle growing at intermediate or higher growth rates, secondly,
differences in empty body composition caused by plane of nutrition (that are not
associated with empty body weight (EBW)) may be predicted from the rate of EBW
gain, thirdly, the full effects of a change in nutrition on empty body composition are
not exerted immediately nor are they permanent and, fourthly, if the EBW of an
animal is not changing, its empty body composition approaches an equilibrium value.
The objective of their study was to develop a dynamic model that uses dEch to
predict differences in empty body fat caused by plane of nutrition. The equations of
the model are given below and parameter values given in Table 6.9.

be[Bkexz—l—_—;-_%,—(—‘-; }

dE;ﬁW = Evgbar (Blaxter and Boyne, 1978) 6.17
where k(t) = kmaz+(1 — (FEL)A1) 6.19
and B(t) = fxe~LAG 6.20
dLAG = ou(4EEW — LAQ) 6.21

k(t) is the relative priority for nutrient use between lean and adipose tissue and
depends on the maturity of the animal which is modelled by F;f{ffmt k(t) increases
with the increasing priority for nutrient use by lean tissue. It is assumed that k(t) is at
its maximum value at conception (kmaz) and that it deereases to its minimum at
some point near maturity (kmin). G(t) affects the degree of concavity of the k(t)
graph but the effects of empty body composition cannot simply be accounted for by
making k(t) dependent on maturity and hence the chosen function for S, which
accounts for the plane of nutrition on FFM (free-fat mass). A function for ¢(t) was

chosen based on a corollary of assumption 4 and described in Keele et al. (1991):
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If $EBW —=( then the rate of FFM =0iff FFM = FFMeq, thus e(t)

= [FFMeq — FFM|. Also, FFMeq = EBW x (1— —}-3—1‘1——-3?1). Keele et al.

(1991) noted that their model was inappropriate when growth rate is limited by
protein intake because this would violate their second assumption. Modifications to
this model has been made with F. D. Richardson (personal communications) and

presented in Witten and Richardson (2001).

Table 6.9:  Estimated parameter values for the KEELE model (Keele et al., 1991)

Parameter Value

o 0.001
Kmax 0.95 .
Kmin 0.2

FFM 100 480

) 8.0

A 0.03

6.5.2 Comparing the models

The models were run to simulate the body weight and composition of a steer fed ad
libitum on a 50% roughage and 50% concentrate diet (Table 6.1a). The mature weight
in the KEELE, OLTJEN and OLTBLAX model was set at 650kg. The mature weight
of the FRANCE model is a function of the maximum weight of protein (200kg for a
1000kg animal), and was not modified. Because the protein pool in the FRANCE
model was divided into four in the RUMET model, the maximum weights of the
individual pools were estimated from Gibb et al. (1992) for an animal of 640kg.
When the model of Oltjen et al. (1986) was simulated on a diet of 3.0 kg/day, the
animal model gained weight for the first 90 days and then lost about 14% of its
maximum weight during the next 510 days. The model did not yield acceptable
estimates of fat gain (see Figure 6.16). The reason for this is because fat accretion is
computed after the energy requirements for maintenance and protein gain are satisfied
(Baldwin, 1995). Therefore, any errors in the estimates of maintenance or protein gain
results in biased fat gain predictions. To overcome this problem, the Blaxter and

Boyne (1978) equation was used to calculate the daily energy retention and used to
dFAT _ S8R _93 6y 4EROTEIN .
calculate the rate of change of fat as ¢~ = 93 (see Appendix 6.1 for
model equations of the OLTBLAX model). The model using the Blaxter and Boyne
(1978) equation predicted body lipid better than the original Oltjen et al. (1986)

model (Table 6.10).
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Table 6.10: Simulated results of the original Oltjen et al. (1986) (OLTJEN) model and the modified Oltjen et al. (1986) (OLTBLAX)

model.
OLTJEN MODEL
FEED =1 kg/day FEED = 2 kg/day FEED = 3 kg/day FEED = 4 kg/day FEED = 5 kg/day
Days |EBW |FAT |Protem | EBW |FAT | Protein | Protem | EBW | FAT | EBW |FAT | Protein | EBW FAT | Protein
(ke) |(kp) |(ke) |(kg) |(kg) |(kg) ((kg) j(kg) |(kg) [(kg) |(kg) ((kg) |(kg) |(kg) |(kg)
0 196 275|342 |196 |27.5 |342 |342 |196 |27.5 |196 |27.5 [342 |196 |27.5 |342
150 | 111 303|350 | 208 108 [41.0 |278 |162  |-103 | 243 247|461 | 274 36.0 | 36.0
300 |39 366 |268 |198 117 [384 |124 |120 [-163 |258 |30.8 |48.1 |310 |480 |562
450 |32 345 |21.9 | 190 137|362 |104 | 101 148|269 359 |494 |336 |577 |602
600 |32 327 [195 | 186 164|345 |99 9% 1.7 | 277|401 |50.3 |357 |653 |632
OLTBLAX MODEL
FEED = 1 kg/day FEED = 2 kg/day FEED = 3 kg/day FEED = 4 kg/day FEED =S kg/day
Days |EBW |FAT |Protein | EBW |FAT | Protein | EBW | FAT | Protein | EBW | FAT | Protein | EBW | FAT | Protein
(kg) |(kg) |(kg) |(kg) |(kg) [(hg) [(kg) |(kg) |(kg) j(kg) |(kg) |(kg) |(kg) |(kg) |(ke)
0 196|275 |342 |196 |27.5 |342 196 [275 |342 |196 |27.5 |342 |196 |27.5 |34.2
150 | 133 |56 |274 |178 |86 346 | 217|212 |40.0 |250 |32.6 |458 |280 |428 |504
300 |50 80 |82 133 52 248 [204  [221 [375 | 265 401 [475 |38 582 | 558
450 |33 41 |33 107 |76 182|195  [245 [349 {275 461 | 48.6 |346 702 (625
600 |33 16 [27 97 120 | 146 |190 [279 [327 |283 51.0 [493  [366 795|795




However, both models were unable to simulate body composition correctly when the
model was used to simulate lower feed intakes (1-5 kg/day) (Table 6.10). For this
reason, the original Oltjen et al. (1986) model and the modified Oltjen et al. (1986)
model are of little use for our modelling objective and, therefore, these models were

not used in further analysis.
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Figure 6.16: Simulated EBW (kg) and fat (kg) gain at a feed intake of 3.0 kg/day for
the original model of Oltjen et al. (1986).
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Figure 7.4: The RUMET model, an integrated rumen and intermediary metabolism
model, showing the nitrogen recycling components. 1. Acetate, 2. Stearate, 3.
Butyrate, 4. Propionate, 5. Glucose, and 6. Amino acids are shown.
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Plasma urea nitrogen pool, PUN (kg plasma urea nitrogen per m3)
There are two inputs to this pool: urea production as a product of amino acid
catabolism from the amino acid pool to glucose (P, : equation 7.1), and the transfer

of ammonia nitrogen across the rumen wall (P, ..: equation 7.2). Urea production
(kg urea) was described by France et al. (1987) as the yield of urea multiplied by the
utilization of nitrogen from the amino acid pool to glucose (U, )- It is assumed that

this also includes the urea-N from glycogenic amino acids. Urea production was
converted to kg urea nitrogen by multiplying P, by a yield factor,

Yyne, = 0.46/1000 = 0.00046. It has been shown that a high concentration of

ammonia in the rumen fluid favours the flux of nitrogen into the bloodsteam (Parker
et al., 1995). Free ammonia diffuses readily across biological membranes because of
its lipid solubility and lack of charge. Net ammonia flux across the rumen wall has
been shown to be proportional (linear) to the rumen ammonia concentration (Remond
et al., 1993), but this work has been controversial and there may be some stimulation
of ammonia uptake by VFA (Boderker et al., 1992), although the mechanism involved
is not clear. It is assumed here that the utilization of ammonia across the rumen wall is
a linear function of the ammonia pool (Appendix 3.1: equation 3.31g). The fractional
absorption rate (k, ,,) is assumed to be 12/day (Siddons et al., 1985).

There are three outputs from this pool: the excretion of urea nitrogen via the urine
(Uye.» €quation 7.3), the transfer of urea nitrogen across the rumen wall (U, ,,.:
equation 7.4), and the transfer of urea nitrogen to the rumen via the saliva (U, ,°
equation 7.6). There is experimental evidence (see for example, Thornton, 1970) that
shows an inverse relation between the amount of urea entering the rumen and that
excreted in the urine. However, Harrop and Phillipson (1974) suggested that the
inverse relation was due to a reduced plasma urea level when entry of urea into the
rumen was high (for example, during periods of feeding), rather than to special
conserving mechanisms in the renal tubules (Schmidt-Nielsen et al., 1957; 1958).
Urea excretion has also been found to be directly proportional to plasma urea
concentration (Richardson and Wright, 1984). Mclntire and Williams (1970) and
Harrop and Phillipson (1971) suggested that it was unlikely than the renal excretion of
urea played an important role because animals on different diets had plasma levels
above 20 mg urea N/100ml. Richardson and Wright (1984) showed that urinary urea
excretion and plasma urea nitrogen concentration increased with an increase in protein
content of the diet. They showed that urinary urea excretion (U, ) declines with an
increase in the amount eaten, but that the effect on plasma urea nitrogen was small.
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They found that urinary urea excretion was not a simple function of plasma urea .
nitrogen concentration (PUN) and that urinary urea excretion was a linear function of
nitrogen intake among animals given the same amount of food per unit of metabolic
size. The following equation was derived from data in Richardson and Wright (1984)

for the utilization of urinary urea nitrogen excretion (U, ):

U, = Uul x e(Us2xPUN) (7.3)
where Uul® = 8.1123, Uu2" = 12.114.

Cheng and Wallace (1979) proposed a conceptual model for the transport of urea from
the blood across the rumen wall which was essentially similar to that of Houpt (1970).
They proposed that bacterial urease activity associated with the epithelium serves to
maintain a localised concentration gradient of urea across the rumen wall. They
extended this model to include the control of urea flux by rumen ammonia
concentration. In addition, the results of Harrop and Phillipson (1974) suggested that
an upper limit exists to the transfer of urea from the blood to the rumen. The
following equation is proposed for the utilization of urea nitrogen from the PUN pool

to the rumen:
_ VuamX Can .
UU"-U'A"‘ - Kar,UrAl'n (7'4)
I+
where C,, = PUN - 0.82 x C_,. (7.5)

The parameters v, and K, .. were estimated using the given values for the
utilization of plasma urea (U, .., g N/day)into the rumen and the concentration of
rumen ammonia and concentration of plasma urea nitrogen, for an animal fed two
roughage diets (Australian pasture-hay) in the experiments of Kennedy (1980).
Having two sets of these values enabled solving the equations for the two unknown
parameters. The value of v, was estimated to be 0.644/day and the value of K, ,,,..

was estimated to be 5.702¢g/L.

Bailey and Balch (1961) showed that urea nitrogen constituted a high (but variable)
constituent of the total nitrogen in saliva (SalN). The non-urea nitrogen fraction was
found to be relatively constant at 1-2 mg/100ml, irrespective of the diet, but the saliva
urea nitrogen content varied from 1.3 to 14.4 mg/100ml. They showed that both the
quantity of total nitrogen in saliva and urea nitrogen in saliva depends on the nature of

*derived by nonlinear regression analysis
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the diet and that urea nitrogen constituted a large proportion of the total nitrogen in
saliva: the overall mean (for the diets in their experiments) being 77.2% of the total
nitrogen in saliva. Bailey and Balch (1961) found the following relation:

SalN = s1 x PUN* — s2 (1.7

where sl = 0.7083 and s2 = 0.8328 and where SalN is the concentration of urea
nitrogen in mixed saliva (mg/100ml) and PUN" is the concentration of urea nitrogen
in the blood (mg/100ml). PUN was multiplied by 100 to convert the units from kg/m3
to mg/100ml. To convert SalN (mg/100ml) to g/L, it is required to divide SalN by
100. What was ultimately required is the utilization of urea nitrogen from PUN to the
ammonia pool (U, ,..) and it was therefore necessary to multiply the concentration of
urea nitrogen in mixed saliva (SalN) by the rate of saliva secretion (Salday, L/day).
Because the units of ammonia in the rumen are in g/L and the units of the PUN pool
are in kg/m?, U, ... was divided by 1000.

Bailey (1961) found a mean salivary secretion of 229 ml saliva per minute, however,
the rate of secretion varied from 108 ml/min to 250 ml/min on their experimental
diets. They found that for most foods the rate of secretion is between 200-300 ml
saliva/min. The rate of saliva secretion was assumed a linear function of the sum of

the degradable fibre of the two components of the diet:
Salday = 0.332 x 1000 x (cFdl + cFd2) + 116.9 (7.8)
so that the rate of secretion varied predominantly between 200-300ml saliva/minute.

Ammonia pool, Q,_(g).
There are three inputs to this pool: input of Am with the diet (P, ... : equation 7.11),

the production of Am from urea transported across the rumen wall (P, .,.: equation
7.12) and the production of Am by fermentation to Ps and via the saliva (P,_,.,..:
equation 7.13). The amount of urea-N transferred across the rumen wall is calculated
as the yield of urea nitrogen from the PUN pool (Y, .,) multiplied by U, .
Because the units for the PUN pool is kg/m? and the units for the concentration of
rumen ammonia is g/L, Y, ... = 1000 gN/gAm. The amount of urea-N transferred
from the saliva is calculated as the yield of urea nitrogen from the PUN pool (Y, ....)
multiplied by U,,, ... Because the units for the PUN pool is kg/m> and the units for
the concentration of rumen ammonia is g/L, Y, ... = 1000 gN/gAm. The other
inputs to this pool have been described in chapter 3.
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There are four outputs from this pool: Am is used for microbial growth with Ps or Am
(Usmpi> Unmamwi)» the absorption of Am through the rumen wall (U,,,..,) and the
outflow of Am with the rumen fluid (U,_, ... ). These are described in chapter 3.

7.4  Simulation Protocol

The simulation modelling approach allowed for the evaluation of the recycling of
nitrogen to the rumen via the saliva and across the rumen wall. The extent to which
nitrogen metabolism adapts to changes in body condition and intake was also
examined. The extended RUMET model was used to simulate the growth of a steer
(initial values: EBW = 195kg, Protein = 45.6kg, Lipid = 20.3kg) fed a roughage diet
which was supplemented with increasing amount of protein as cotftonseed meal
(equivalent to Og, 10g, 25g, 50g, 75g, 100g, 125g urea). The objective was to examine
the effects of increasing the amount of nitrogen supplement on the recycling of
nitrogen to the rumen and on the body weight and composition of growing cattle. In
addition, a sensitivity analysis was done on some of the parameters of the nitrogen
recycling component to examine the possible mechanisms involved in the adaptation
of cattle of different breeds on arid and semi-arid rangeland. The composition of the

diet is given in Table 7.3.

7.5  Results and Discussion

Table 7.4 shows the model results of the effect of increasing the amount of urea on the
recycling of nitrogen to the rumen. The roughage intake increased as the urea
supplementation increased (Figure 7.5). This confirms experimental evidence that the
DMI intake increases with increasing urea supplementation and that the rate of DMI
intake decreases with increasing urea supplementation (Chase and Hibberd, 1987).
The plasma urea nitrogen and the urinary urea nitrogen excretion rate decreased with
the Og, 10g and 25g urea nitrogen supplementation and increased with the 50g, 75g,
100g and 125 g urea nitrogen supplement (Figure 7.6). However, the rumen ammonia
concentration decreased on the Og, 10g, 25g, 50g, 75g and 100g urea supplementation
quantities and increased on the 125g of urea supplement (Table 7.4). This is probably
because as the amount of nitrogen supplement was increased, more nitrogen was
required to support the exponential growth of the microbial population, which in turn,
used these nitrogen sources to provide the host with a greater molar quantity of VFA
(Table 7.4). The model also simulated the loss of empty body weight (initial empty
body weight = 200kg) on the Og, 10g and 25g urea nitrogen supplementation but the
empty body weight and body composition increased as the urea nitrogen increased.
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Table 7.3: Feed Composition and hydrolysis rates of roughage diet and urea supplement.

Feed Composition (g/kg) Hydrolysis rate (/day)
Feed FA Fu S¢ Si Ps Pd Pu Am Ld Ash| Fd Pd Si
Roughage 462 |176 {160 100 |2 81 32 0 8 50 0950100 0.84
Urea 0 0 0 0 0 0 0 549 |0 0 00 100 1|00

‘i
Fd = Degradable fiber, Fu = Undegradable fiber, Sc = Soluble sugars and starch, Si = Insoluble starch and sugars, Ps = Soluble pratein,
Pd = Degradable protein, Pu = Undegradable protein, Am = Ammonia, Ash, Ld = Fat.



Recycling of nitrogen has been shown to be inversely related to dietary nitrogen
content (Mugerwa and Conrad, 1971), although the data must be interpreted with
caution because these experiments have been done with animals at maintenance or in
positive energy balance. An animal losing weight (in negative energy balance)
catabolizes fat and protein, which increases the plasma concentration of urea, which
has been shown to be correlated with a decrease in the rate of urea recycling

(Mugerwa and Conrad, 1971).

Table 7.4: Effects of increasing the quantity of protein supplementation (equivalent to
Og, 10g, 25g, 50g, 75g, 100g, 125g) on the recycling of nitrogen to the rumen and on

body composition of growing cattle.

Deays 7 2 2 2 20 20 20 20
Roughage DM (gfdey) ' 45611 468046 48179 505521 528068 545515 5557
Supplement (gDMday) ] 169 338 so7 67 846
Starch and soluble sugsrs (g/day) 730.58 g 1022 1116%P 1198.1 128815 133184
NOF (g/day) WBR  ME874 IEES  W0S W|OTT 40881 41BN
Total N (gday) 066 803 4409 57.41 7064 8353 062
Recycling componsnt:

Flasma urea nitrogen (L) 0.1039 0.1001 0.0899 0.103 0.1083 0.1131 0.1181
Concentration of ruven ammonia (L) 000180 000133 000119 000102  OCO0B4 Q00033 000100
Rats of ritrogen transport o rumen (yday) 00012 0.0011 0.0011 0.0012 00013 00014 0.0015
Reaba of ritrogen recycing via saiva (ky'day) 00248 02® 0.023 0.0249 00261 0.0274 0288
Urinary wrea-N excretion rale (kgiday) 00219 00211 o2 0.2 00241 (1T ] 00278
Cufiff 0.1025 00280 0.0989 0.1028 0.1078 0.1123 01173
Saliva secretion rate (Lidsy) 317 217 38217 »217 »217 w217 w217
Rate of nitragen absorption from the rumen (giday) 1.13 088 084 073 068 068 0.74
Corgentration of microbal population In the rumen () 7.19 794 942 1214 1480 17.41 1007
Body Composition:

Enpty Body Weight (kg) 194.68 198.55 198.88 AR 20663 28.72 21167
Ash () 712 7.15 7.6 747 7.18 7.18 7.18
Total protein (g) ‘ 4557 807 48N 4765 4855 4840 5022
Lipid () 0nx 2090 M52 2073 2007 21.19 2.8
Meintenenos expenditure (MJ MEM0.75) 0370 0.367 0.354 0.360 0.355 0.351 0.348
Absorplion of VFA from the rumen (moles) 1627 1740 19.34 217 4.8 %598 2708

This has been shown in sheep (Ford and Milligan, 1970, Nolan and Leng, 1972),
cattle (Mugerwa and Conrad, 1971) and in deer (Robbins ef al., 1974). Model results
(Table 7.4) show that for an animal losing weight the rate of nitrogen recycling via the
saliva and transport across the rumen wall decreases and increases slightly for animals
above maintenance. Figure 7.7 shows that for animals losing weight the model
suggests that just below maintenance the nitrogen recycling rate will continue to
increase even when the rate of empty body weight change decreases and then
increases. The increase in the rate of nitrogen recycling as the rate of empty body
weight change increases may indicate the change in the utilization from fat to protein.
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For animals losing weight, fat and protein is catabolised and the urinary urea excretion
rate decreases, which in turn increases the plasma urea concentration. The model also
suggests that the nitrogen recycling rate (divided by dietary nitrogen) is inversely
related to the quantity of dietary nitrogen (Figure 7.8).
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Figure 7.5: The effect of increasing the urea nitrogen supplementation on the intake
of a basal roughage diet.
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Figure 7.6: The effect of increasing the urea nitrogen supplementation on the plasma

urea nitrogen concentration and the urinary urea excretion rate.
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Figure 7.7: The effect of the rate of change of empty body weight (kg/day) on the
urea-N recycling rate via the saliva and absorption across the rumen wall.
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Figure 7.8: The effect of increasing the nitrogen supplementation on the urea-N
recycle rate divided by the intake of N.
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7.5.1 Sensitivity Analysis

Eight parameters (Vy,,..,» Ky, yum> 1, 2, Uul, Uu2, k, ., v,,), which are described in
the text, were doubled and halved so that the effects on the concentration of ammonia
in the rumen (cAm, %), the concentration of plasma urea nitrogen (PUN, %), the rate

of urea-N salivary secretion (U, . a%) and the rate of urea-N transport across the

rumen wall (U kg) could be examined. The metric used for the sensitivity

wuram?®  day
analysis is the absolute difference of the variables after 20 days of simulation when no
parameters were changed with the values of the variables when the parameters were
changed after 20 days of simulation time. The model was run with two different urea-
N quantities of cottonseed meal (25g, 50g) for 20 days. Figure 7.9 below shows the
results of the sensitivity analysis: a positive sign (+) indicates the effect of doubling
the parameter values and a negative sign (-) indicates the effect of halving the

parameter values.

Hunter and Siebert (1985) reported in their experiments that rumen ammonia
concentration was higher in Brahman that in Hereford steers when each was offered a
low-N tropical hay in pens. The Brahman cattle represent a genotype with more
adaptive traits and required a lower supplement input for maintenance and production
when grazing low quality pastures. The aim of the sensitivity analysis is to examine
the possible mechanisms that give rise to these adaptive traits of cattle. Figure 7.9a
shows that increasing sl, v, and decreasing Uu2 increased the concentration of rumen
ammonia. These parameters are important because an increase in the concentration of
rumen ammonia has been shown to be a good indicator of an increased adaptive
animal fed low quality roughages (Hunter and Siebert, 1985; Hennessy e? al., 2000).
Increasing sl increased the concentration of nitrogen in mixed saliva and therefore the
recycling of nitrogen to the rumen via the saliva (Figure 7.9c). The effect of
increasing s1 was also seen to be greater with the 25g urea-N supplement than with
the 50g urea-N supplement. Increasing the rate of gluconeogenesis (v,) increased the
concentration of plasma urea nitrogen and, in turn, increased the concentration of
rumen ammonia. Decreasing Uu2 decreased the urinary urea excretion and therefore
would increase the concentration of plasma urea and rumen ammonia concentration.
An interesting result is that increasing k,,, one would expect an immediate increase
in the concentration of rumen ammonia, however, this only occurred on the low N
supplement. In addition, Figure 7.9d show that the rate of transport of nitrogen from
PUN to the rumen only increased on the low N supplement and decreased slightly on
the higher N supplement. This could be because of the sufficient supply of nitrogen

for microorganisms on the higher N supplement.
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APPENDIX 7.1
MODEL EQUATIONS
Plasma urea nitrogen pool, PUN (kg plasma urea nitrogen per m?)

Input: Pur,Ncﬁ = YN.NCS X UN.NCG

PUr,AmUr = kAmAb X QAm

Output: U,,, = 8.1123 x e(12114xPUN)
U _ Voram* Canr
Ur,UrAm 1+Ki;r,UrAm
Caifr

where C,, =PUN —0.82 x C_
Uy, usa = SalN x Salday

where SalN = 0.7083 x PUN" — 0.8328
Salday = 0.332 x 1000 x (cFdl + cFd2) + 116.9

Differential Equation:
dPUN
dt = PUI’.Ncs + PUr.AmUr
Sy o [ —
gluconeogensis diffusion of ammonia across rumen wall

- UUBx - UUr.UrAm
| S—
excretion of urea transport of urea across rumen wall
- UUr.UrSal

transport of urea via saliva

Ammonia pool, Q, . (g).

. Q
Concentration: Con = oci
Input: PAm.lnAm = DAml + DAm2 + DAm3
PAm,UrAm = YAm.UrAm X UUr,UrAm
PAm,PnAm = YAm,PIAm X UP:,P:Am
+ YAm,SalAm X UUr,UrSal

(7.1)
(7.2)

(7.3)
(7.4)

(7.5)

(7.6)

(7.7)
(7.8)

(7.9)

(7.10)
(7.11)
(7.12)

(7.13)
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Output: UAm.PlMi = RArn.PsMi X Uh,rsm v
Usnams = [Vama X Qua]/[1 + (F82%) +
M, ani My
() + (it o (e

UAm.AmAb = kAmAb X QA,..

UArn.AmEx = kﬂEx X QAm

Differential Equation:
dQArn
P PAm.UnAm + PAm.UrAm - PAm.PsAm
LS
diet input transport of urea fermentation of Ps
- UAm,PsMi - UAm,AmMi - UAm,AmAb
S —
microbial growth microbial growth absorption
- UAm,AmEx
L —

outflow with fluid

(7.14)

(7.15)

(7.16)
(7.17)

(7.18)
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Chapter 8

General Discussion

In ruminants, the profile of nutrients available for absorption generally differs
substantially from that present in the ingested feed. The type and amount of feed
nutrients absorbed can significantly affect the amount and composition of liveweight
change. Thus, there is an obvious need to understand the mechanisms responsible for
the transformation of ingested to absorbed nutrients (Gill and Oldham, 1993). Whilst
research on various aspects of this transformation has yielded valuable information,
the concentration of research on individual components, rather than on the integration
of knowledge, has resulted in insufficient information on many important mechanisms
which link the individual components, and thereby hampers adequate predictions of
the supply of nutrients to carcass components. France et al. (1987) concluded that
their intermediary metabolism model did not predict body composition in all
situations and suggested that the model be linked with a model of rumen digestion to
improve the estimation of nutrient inputs. This was successfully done (FRANCE
model) in chapter 6. The FRANCE model exhibits compensatory growth and predicts
the body weight and composition of a steer during and following a period of
nutritional restriction. However, a few modifications were made to the FRANCE
model to improve its behaviour and predictions of body weight and composition. This
resulted in the RUMET model which contributes to our understanding and improved
predictions of body weight and composition during and following a period of

undernutrition.

Briefly stated, several ideas have been proposed to model ruminant digestion and
metabolism in order to understand the mechanisms of adaptation. These include the
linking of a modified rumen and intermediary metabolism model, adding an intake
component to predict intake, including a delay in the digestion of forage due to the
attachment of microorganisms to food particles, and explicitly representing the effect
of the size of the small intestine and liver on total basal metabolism and representing
the dependence of liver and small intestine size on feeding level. In addition, a
mathematical model based on a chemostat-type model of competition between
functional groups of microbes in the rumen was developed and the extent of nitrogen
recycling via the saliva and the rumen wall was examined.
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During nutritional restriction, the RUMET model shows that tissues are differentially
mobilized and that the greatest losses occur in the liver and small intestine, which has
been shown in chapter 6 to agree with the results of many experiments. Model
predictions support the following two hypotheses: firstly, the amount of nutrients
processed by these tissues are decreased during nutritional restriction and, secondly,
these tissues are extremely active metabolically and have a high maintenance -
requirement. The visceral organs exhibit quick responses to changes in nutrition
whereas the peripheral tissues (for example the muscle) shows a lag in its response to
undernutrition. During nutritional restriction the rumen volume does not decrease. At
the end of the restricted period the animal has a large rumen relative to its body size.
At this point the highly active visceral tissues are small and therefore the maintenance
requirement is low. As a consequence, when more dry matter intake is available, the
feed intake relative to body size increases dramatically. Also, the enhanced food
intake in relation to size and the reduced maintenance requirements will imply that
proportionately more nutrients will be available for tissue synthesis. In practice,
however, this may not be the case, food intake will slowly increase and not as
suddenly as the model predicts. This sudden increase in the rate of growth may also
have an affect on the body composition at the end of the realimentation. The model
thus increases our understanding of the mechanisms involved in compensatory
growth. An important need for further investigation is whether the model can simulate
the body composition after different degrees of nutritional restriction and also to
examine the effects of different rates of weight-loss and weight-gain.

There is growing information on the co-ordination of nutrient use by the peripheral
tissues (Eisemann, 1994). The co-ordination has been shown to involve key metabolic
hormones and changes in tissue sensitivities and nutrient partitioning during growth
can be manipulated by altering homeostatic and homeoretic mechanisms. With the
increased focus on the mechanisms involved, there will be a need to assimilate the

data using mathematical models.

The models developed in this thesis have focused on ruminants (steers) on arid and
semi-arid rangeland. This thesis arose from the need to integrate the mechanisms of
adaptation within a quantitative framework. However, the models developed can be
modified to include, for example, animals of different breeds and stage of maturity.
This will require new data sets to parameterise and evaluate the models, which is still
one of the greatest constraints in model building. The models, in their present form,
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may be adapted to different situations, however, it may be best to develop simplified
models that attempt to incorporate the proposed mechanisms and their relatedness.

Applications of the models developed in this thesis may include examining the effects
of environmental changes (for example, changes in vegetation) on the survival of
different wild ruminants. Changes in diet composition at different times of the year
have different effects on animals of different sizes. A model examining these effects
may be combined with a routine that predicts the changes in outflow rate of digesta
with body size (Illius and Gordon, 1991).

177



Bibliography

Agricultural Research Council (1980). The Nutrient Requirements of
Ruminants Livestock. Commonwealth Agricultural Bureaux, Farnham

Royal, Surrey, Gersham.

Allan, M. S. and Mertens, D. R. (1988). Evaluating Constraints on fiber
digestion by rumen microbes. Journal of Nutrition, 118: 261-270.

Allden, W. G. (1970). The effects of nutritional deprivation on the subsequent
productivity of sheep and cattle. Nutrition Abstracts and Reviews,
40: 1167-1184.

Annison, E. F. (1960). Plasma non-esterified fatty acids in sheep. Australian
Journal of Agricultural Research, 11: 58-64.

Annison, E. F. (1991). Measurement of metabolism in whole animals and their
tissues - overview. Proceedings of the Nutrition Society of Australia,
16: 146-153.

Annison, E. F. and Bryden, W. L. (1998). Perspectives on ruminant nutrition
and metabolism 1. Metabolism in the rumen. Nutrition Research
Reviews, 11: 173-198.

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

Amold, R. N. and Bennet, G. L. (1991). Evaluation of Four Simulation
Models of Cattle Growth and Body Composition: Part I. Comparison
and Characterization of the Models. Agricultural Systems, 35: 401-432,

Bailey, C. B. and Baich, C. C. (1961). Saliva secretion and its relation to
feeding in cattle.2. The composition and rate of secretion of mixed
saliva in the cow during rest. British Journal of Nutrition, 15:
383-402.

178



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: 443-451.

Baldwin, R. L., Lucas, H. L. and Cabrera, R. (1970). Energetic relationships in
the formation and utilization of fermentation end-products. In: A. T.
Philipson, E. F. Annison, D. G. Armstrong, C. C. Balch, R. S.
Comline, R. S. Hardy, P. N. Hobson and R. S. (editors). Physiology of
Digestion and Metabolism in the Ruminant. Oriel Press, Newcastle
-upon-Tyne, UK, p319-334.

Baldwin, R. L. and Black, J. L. (1979). Simulation of the effects of nutritional
status on the growth of mammalian tissues: description and evaluations
of a computer program. Technical Paper, Animal Research
Laboratories, No. 6. Commonwealth Scientific and Industrial research
Organisation, Melbourne.

Baldwin, R. L., Smith, N. E., Taylor, J., Sharp, M. (1980). Manipulating
metabolism parameters to improve growth rate and milk secretion.
Journal of Animal Science, 51: 1416-1428.

Baldwin, R. L., France, J., Beever, D. E., Gill, M. and Thomnley, J. H. M.
(1987). Metabolism of the lactating cow 1. Animal elements of of a
mechanistic model. Journal of Diary Research, 54: 77-105.

Baldwin, R. L. (1995). Modeling Ruminant Digestion and Metabolism.
Chapman and Hall, London, UK.

Baldwin, R. L. and Sainz, R. D. (1995). Energy partitioning and modeling in
animal nutrition. Annual Review of Nutrition, 15: 191-211.

Behnke, R. H. and Scoones, I. (1993). Rethinking range ecology: implications
for rangeland management in Africa. In: R. H. Behnke, I. Scoones and
C. Kerven (editors). Range Ecology at Disequilibrium. Overseas
Development Institute, London. p1-30.

179



Bergen, W. G. and Merkel, R. A. (1991). Protein accretion. In: A. M. Pearson
and T. R. Dutson (editors). Advances in Meat Research, vol 7, Elsevier

Applied Science, New York.

Bird, S. H. and Leng, R. A. (1978). The effects of defaunation of the rumen on
the growth of cattle on low-protein high-energy diets. British Journal
of Nutrition, 40: 163-167.

Blaxter, K. L. and Boyne, A. W. (1978). The estimation of the nutritive value
of feeds as energy sources for ruminants and the derivation of feeding
systems. Journal of Agricultural Science, Cambridge, 90: 47-68.

Bodeker, D., Kemskowski, J. and Holler, H. (1992). Influence of short-chain
fatty acids on ammonia absorption across the rumen wall of sheep.
Experimental Physiology, 77: 369-376.

Bohman, V. R. (1955). Compensatory growth of beef cattle: the effect of hay
maturity. Journal of Animal Science, 14: 249-267.

Burrin, D. G., Britton, R. A.and Ferrell, C. L. (1988). Visceral organ size and
hepatocyte metabolic activity in fed and fasted rats. Journal of
Nutrition, 118: 1547-1552.

Burrin, D. G., Ferrell, C. L., Eisemann, J. H., Britton, R. A., Nienaber, J. A.
(1989). Effect of level of splanchnic blood flow and oxygen
consumption in sheep. British Journal of Nutrition, 62: 23-34.

Burrin, D. G,, Ferrell, C. L., Britton, R. A. and Bauer, M. (1990). Level of
Nutrition and visceral organ size and metabolic activity in sheep.

British Journal of Nutrition, 64: 439-448.

Butterfield, R. M. (1988). New Concepts in sheep growth. Sydney University
Press, Sydney.

180



Bywater, A. C. (1990). Exploitation of the systems approach in technical
design of agricultural enterprises. In: J. G. W. Jones and P. R. Street.
Systems Theory Applied to Agriculture and the Food Chain. Elsevier
Applied Science, London, p61-88.

Cant, J. P., Trout, D. R., Qiao, F. and McBride, B. W. (2001). Milk
composition responses to unilateral arterial infusion of complete and
histidine-lacking amino acid mixtures to the mammary glands of cows.
Journal of Dairy Science, 84(5):1192-1200.

Chalupa, W. (1977). Manipulating rumen fermentation. Journal of Animal
Science, 46(3): 585-599.

Chase, C. C. and C. A. Hibberd. 1987. Utilization of low-quality native grass
hay by beef cows fed increasing quantities of corn grain. Jowrnal of
Animal Science, 65: 557-566.

Cheng, K.-J and Wallace, R. J. (1979). The mechanism of passage of
endogenous urea through the rumen wall and the role of ureolytic
epithelial bacteria in the urea flux. British Journal of Nutrition, 42:
553-557.

Cheng, K.-J., Forsberg, C. W., Minato, H. and Costerton, J. W. (1991).
Microbial ecology and physiology of feed degradation within the
rumen. In: T. Tsuda, Y. Sasaki and R. Kawashima. Physiological
Aspects of Digestion and Metabolism in Ruminants (International
Symposium on Ruminant Physiology), 7, 1989), Academic Press, New
York, p595-624.

Clapperton, J. L. and Czerkawski, J. W. (1969). Methane 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.

Clark, J. H., Klusmeyer, T. H. and Cameron, M. R. (1992). Microbial protein

synthesis and flow of nitrogen fractions to the duodenum of dairy
cows. Journal of Dairy Science, 75: 2304-2323.

181



Cocimano, M. R. and Leng, R. A. (1967). Metabolism of urea in sheep. British
Journal of Nutrition, 21: 353-371.

Coleman, G. S. and 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.

Coleman, G. S. (1986). The metabolism of rumen ciliate protozoa. FEMS
Microbiological Reviews, 39: 321-344.

Coleman, G. S. (1989). Protozoal-bacterial interactions in the rumen. In: J. V.
Nolan, R. A. Leng and D.I. Demeyer, editors]. Roles of Protozoa and
Fungi in Ruminant Digestion, Penambul Books, Armidale, p13-27.

Craig, W. M., Boderick, G. A. and Ricker, D. B. (1987). Quantification of
microorganisms associated with the particulate phase of ruminal
ingesta. Journal of Nutrition, 117: 56-62.

Czerkawski, J. W. (1986). An introduction to rumen studies. Pergamon Press,
Oxford.

Dankwertz, J. E. (1984). The importance of a correct stocking rate. Dohne
Agriculturalist. 6(2): 4-7.

Dawson, J. M., Grearhead, H. M. R., Craigon, J., Hachey, D. L., Reeds, P.,
Pell, J. M. and Buttery, P. J. (1998). The interaction between
nutritional status and growth hormone, in young cattle: differential
responsiveness of fat and protein metabolism, British Journal of
Nutrition, 79: 275-286.

Dehority, B. A. (1991). Effects of microbial synergism on fibre digestion in
the rumen. Proceedings of the Nutrition Society, 50: 149-159.

Dijkstra J., Neal, H. D. St C., Beever, D. E. and France J. (1992). Simulation

of nutrient digestion, absorption and outflow in the rumen:model
description. Journal of Nutrition, 122: 2239-2256.

182



Dijkstra, J. (1993). Mathematical modelling and integration of rumen
fermentation processes, PhD Thesis, Wageningen: Agricultural

University.

Dijkstra, J. (1994). Simulation of the dynamics of protozoa in the rumen.
British Journal of Nutrition, 72: 679-699.

Dijkstra, J. and Tamminga, S. (1995). Simulations of the effects of diet on the
contribution of rumen protozoa to degradation of fibre in the rumen.
British Journal of Nutrition, 74: 617-634.

Dijkstra, J. and France, J. (1996). A comparative evaluation of models of
whole rumen function. Annales de Zootechnie, 45(Suppl. 1): 175-192.

Dijkstra, J., France, J.,, NEAL, H. D. St.C., Assis, A. G., Aroeira, L., J. M. and
Campos, O. F. (1996). Simulation of digestion in cattle fed
sugarcane:model development. Journal of Agricultural Science,
Cambridge, 127. 231-246.

Dijkstra, J., France, J. and Davies, D. R. (1998). Quantification of the
recycling of microbial nitrogen in the rumen using a mechanistic
model of rumen fermentation processes. Journal of Agricultural
Science, Cambridge, 130: 81-94.

Dunchea, F. R. and Bell, A. W. (1988). Relations between plasma esterified
fatty acid metabolism and body tissue mobilization during chronic
undernutrition in goats. British Journal of Nutrition, 60: 633-644.

Dye, P. J. and Spear, P. T. (1982). The effects of bush clearing and rainfall
variability on grass yield and composition in south-west Zimbabwe.
Zimbabwe Journal of Agricultural Research, 20: 103-118.

Dye, P. J. (1984). Prediction of variation in grass growth in a semij-arid

induced rangeland. PhD thesis, University of Witwatersrand,
Johannesburg, South Africa.

183



Eisemann, J. H. (1994). Coordination of nutrient use by peripheral tissues.
Journal of Nutrition, 124: 1393S-1398S.

Elliot, R. C. (1967). Voluntary intake of low protein diets by ruminants. 1.
Intake of food by cattle. Journal of Agricultural Science, Cambridge,

69: 375-382. '

Elliott, R. C., Reed, W. D. C., Cmelik, S. H. W. and Topps, J. H. (1965). The
effect of season and supplementary feeding on the rumen contents of
African cattle grazing subtropical herbage I. Distribution of nitrogen
and dry matter. Journal of Agricultural Science, 64: 387-396.

Ellis, J. and Swift, D. M. (1988). Stability of African pastoral ecosystems:
alternative paradigms and implications for development. Journal of
Range Management, 41(6): 458 459.

Faichney, G. J., Poncet, C. and Boston, R. C. (1989). Passage of internal and
external markers of particulate matter through the rumen of sheep.
Reproduction Nutrition Development, 29: 325-337.

Ferrell, C. L. (1984). Sources of variation in animal energy expenditure. In:
eds R. L. Baldwin and A. C. Bywater. Modeling Ruminant Digestion
and Metabolism. Proceedings of the Second International Workshop,
Department of Animal Science, University of California, Davis, CA,
p100.

Ferrell, C. L. and Jenkins, T. G. (1984). Relationships among various body
components of mature cows. Journal of Animal Science, 58: 222-233.

Ferrell, C. L. and Jenkins, T. G. (1985). Energy utilization by Hereford and
Simmental males and females. Animal Production, 41, 53-61.

Ferrell, C. L., Koong, J. L. and Nienaber, J. A. (1986). Effect of previous

nutrition on body composition and maintenacne energy costs of
growing lambs. British Journal of Nutrition, 56, 595-605.

184



Ferrell, C. L. and Koong, K. J. (1986). Influence of plane of nutrition on body
composition, organ size and energy utilization of Sprague-Dawley rats.
Journal of Nutrition, 116: 2525-2535.

Ferrer Cazcarra, R. and Petit, M. (1995). The effect of winter feeding level on
subsequent grazing behaviour and herbage intake of Charolais heifers,
Animal Science, 61: 211-217.

Firkins, J. L. (1996). Maximizing microbial protein synthesis in the rumen.
Journal of Nutrition, 126: 1347S-13548S.

Foot, J. Z and Tulloh, N. M. (1977). Effects of two paths of liveweight change
on the efficiency of feed use and on body composition of Angus steers.
Journal of Agricultural Science, Cambridge, 88: 135-142.

Ford, A. L. and Milligan, L. P. (1970) Tracer studies of urea recycling in
sheep. Canadian Journal of Animal Science, 50: 129-135.

Forsberg, C. W. and Lam, K. (1977). Use of adenosine 5'-triphosphate as an
indicator of the microbiota biomass in rumen contents. Applied and
Environmental Microbiology, 33: 528-537.

Fowler, V. R. (1968). Body development and some problems of its evaluation.
In: G. A. Lodge and G. E. Lamming (editors). Growth and
Development of Mammals. Butterworths, London. p195-211,

France, J., Thornley, J. H. M, and Beever, D. E. (1982). A mathematical model
of the rumen. Journal of Agricultural Science, Cambridge, 99: 343
-353.

France, J. and Thornley, J. H. M. (1984). Mathematical Models in Agriculture.
Butterworth, London.

France, J., Gill, M., Thornley, J. H. M. and England, P. (1987). A model of
nutrient utilization and body composition in beef cattle. Animal
Production, 44: 371-385.

185



Freetly, H. C., Knapp, J. R., Calvert, C. C. and Baldwin, R. L. (1993).
Development of a mechanistic model of liver metabolism in the

lactating cow. Agricultural Systems, 41: 157-195.

Frisch, J. E. and Vercoe, J. E. (1977). Food intake, eating rate, weight gains,
metabolic rate and efficiency of feed utilization in Bos taurus and Bos
indicus crossbred cattle. Animal Production, 25: 343-358.

Garoian, L., Mjelde, W., Conner, J., Richard, J. (1990). Optimal Strategies for
Marketing Calves and Yearlings from Rangeland. American Journal of
Agricultural Economics, T2: 604-613.

Garrett, W. N. and Hinman, N. (1969).Re-evaluation of the relationship
between carcass density and body composition of beef steers. Journal
of Animal Science, 28: 1-5.

Garton, G. A. (1959). Lipids in relation to rumen function. Proceedings of the
Nutrition Society, 18: 112-117. -

Gibb, M. J,, Ivings, W. E., Dhanoa, M. S. and Sutton, J. D. (1992). Changes in
body composition of autumn-calving Holstein-Friesian cows over the
first 29 weeks of lactation. Animal Production, 55: 339-360

Gill, M., Thornley, J. H. M., Black, J. L., Oldham, J. D. and Beever, D. E
(1984). Simulation of the metabolism of absorbed energy-yielding
nutrients in young sheep. British Journal of Nutrition, 52: 621-649.

Gill, M., Beever, D. E. and France, J. (1989). Biochemical bases needed for
the mathematical representation of whole animal metabolism. Nutrition
Research Reviews, 26: 181-200.

Gill, M. and Oldham, J. D. (1993). Growth. In: J. M. Forbes and J. France.
Quantitative Aspects of Ruminant Digestion and Metabolism. CAB
International, UK.

Godfrey, K. (1983). Compartmental Models and their Applications, Academic
Press, New York.

186



Gomes, M. J., Hovell, F. D. and Chen, X. B. (1994). The effect of starch
supplementation of straw on microbial protein supply in sheep. Animal
Feed Science and technology, 46: 227-235.

Graham, N. McC. and Searle, T. W. (1975). Studies of Weaned lambs before,
during and after a period of Weight stasis. II Energy and Nitrogen
Utilization. Australian Journal of Agricultural Research, 26: 343-353.

Hahn, B. D. and Furniss, P. R. (1988). A description of DRIVER: an
interactive modelling tool. South African Journal of Science, 84: 749
-753.

Harrop, C. J. F and Phillipson, A. T. (1971). The effects of diet and
pentagastrin on the influx of urea into the ramen of sheep. Proceedings
of the Nutrition Society, 30: 3A.

Harrop, C. J. F and Phillipson, A. T. (1974). Nitrogen metabolism in the ovine
stomach 1. The transfer of urea from the blood to the rumen. Journal
of Agricultural Science, Cambridge, 82: 399-408.

Hennessy, D. W., Williamson, P. J., Darnell, R. E. (2000). Feed intake and
liveweight responses to nitrogen and/or protein supplements by steers
of Bos taurus, Bos Indicus and Bos taurus X Bos Indicus breed types
offered a low quality grass hay. Journal of Agricultural Science,
Cambridge, 135: 35-45.

Hespell, R. B. and Bryant, M. P. (1979). Efficiency of rumen microbial
growth: influence of some theoretical and experimental factorson Y, _,.

Journal of Animal Science, 49: 1640-1659.

Hobson, P. N. (1988). The Rumen Microbial Ecosystem. Elsevier Applied

Science, London.

Holling, C. S. (1973). Resilience and stability of ecological systems. Annual
Review of Ecology and Systematics, 4: 1-23.

187



Holling, C. S. (1992). Cross-scale morphology, geometry, and dynamics of
Ecosystems, 62: 447-502.

Hoover, W. H. and Stokes, S. R. (1991). Balancing carbohydrates and proteins
for optimum rumen microbial yield. Journal of Dairy Science, 74:
3630-3645.

Houpt, T. R. (1970). Transfer of urea and ammonia to the rumen. In: A. T.
Phillipson (editors) Physiology of digestion and metabolism in the
ruminant. pp119-131. Oriel Press, Newcastle upon Tyne, UK..

Hume, 1. D., Moir, R. J., Somers, M. (1970). Synthesis of microbial protein in
the rumen. 1. Influence of the level of nitrogen intake. Australian
Journal of Agricultural Research, 25: 155-164.

Hunter, R A. and Siebert, B. D. (1985). Utilization of low quality roughage by
Bos taurus and Bos indicus cattle. 1. Rumen digestion. British Journal
of Nutrition, 53: 637-648.

Hungate, R. E. (1966). The Rumen and its Microbes. Academic Press, New
York.

Huntington, G. B. (1990). Energy metabolism in the digestive tract and liver
of cattle: influence of physiological state and nutrition. Reproduction
Nutrition Development, 30: 35-47.

Illius, A.W. and Gordon, I. J. (1991). Prediction of intake and digestion in
ruminants by a model of rumen kinetics integrating animal size and
plant characteristics. Journal of Agricultural Science, Cambridge,

116: 145-157.

Jacquez, J. A. (1972). Compartmental Analysis in Biology and Medicine, First
Edition, Elsevier, Amsterdam.

Jaros, G. G., Belonje, P. C. and Breuer, H. (1988). Biological systems: A
general approach. Control and Dynamic Systems, 27 73-115.

188



Jaros, G. G., Coleman, T, G. and Guyton, A. C. (1979). Model of short-term
regulation of calcium-ion concentration. Simulation, 32(6): 193-204.

Johnson, I. R. and Parsons, A. J. (1985) A theoretical analysis of grass growth
under grazing. Journal of Theoretical Biology 12: 345-367.

Jost, J. L., Drake, J. F., Fredrickson, A. G., Tsuchiya, H. H. (1973).
Interactions of Tetrhymena pyriformis, Escherichia coli, Azobacter
vinelandii and glucose in a minimal medium, Journal of Bacteriology,
113: 834-840.

Jones, R. J. and Sandland, R. L. (1974). The relation between gain and
stocking rate. Journal of Agricultural Science, Cambridge, 83: 335
-342,

Jouany, J. P., Demeyer, D. I. and Grain, J. (1988). Effects of Defaunating the
Rumen. Animal Feed Science and Technology, 21: 229-265.

Keele, J.W., Williams, C. B. and Bennet, G. L. (1991). A computer
model to predict the effects of level of Nutrition on composition of
empty body gain in beef cattle: I. Theory and Development. Journal of
Animal Science, 70: 841-857.

Kennedy, P. M. and Milligan, L. P. (1978). Transfer of urea from the blood to
the rumen of sheep. British Journal of Nutrition, 40: 149-154.

Kennedy, P. M. and Milligan, L. P. (1980). The degradation and utilization of
endogenous urea in the gastrointestinal tract of ruminants: a review.
Canadian Journal of Animal Science, 60: 205-221.

Kennedy, P. M., McSweeney, C. S., Foulkes, J. A., Schlink, A. C.,
LeFeuvre, R. P., Kerr, J. D. (1992). Intake and digestion in swamp
buffaloes and cattle. I. The digestion of rice straw. Journal of

Agricultural Science, Cambridge, 119: 227-242.

Kleiber, M. (1932). Body size and metabolism. Hilgardia, 6: 315-353.

189



Koong, L. J., Ferrell, C. L. and Nienaber, J. A. (1982). Effects of plane of
nutrition on organ size and fasting heat production in swine and sheep.
In: Energy metabolism of farm animals EAAP Publication 29.
Agriculture University of Norway, Institute of Animal Nutrition, 1432

As-NLH, p245.

Lawrence, T. L. J. and Fowler, V. R. (1997). Growth of farm animals. CAB
International, U.K..

Ledger, H. P. and Sayers, A. R. (1977). The utilization of dietary energy
by steers during periods of restricted food intake and subsequent
realimentation 1. The effect of time on the maintenance requirements
of steers held at constant live weights. Journal of Agricultural Science,
Cambridge, 88: 11-26.

Leng, R. A. and Preston, T. R. (1976). Sugarcane for cattle production:
present constraints, perspectives and research priorities. Topical
Animal Production, 1: 1-22.

Leon, J. A. and Thumpson, D. B. (1975). Competition between Two Species
for Two Complementary or Substitutable Resources. Journal of
Theoretical Biology, 50: 185-201.

Levin, S. A. (1999). Fragile Dominion: Complexity and the Commons. Helix
Books, Reading, Massachusetts.

Lobley, G. E., Reeds, P. J. and Pennie, K. (1978). Proceedings of the
Nutritional Society. 37: 96A.

Loewer, O.J., Smith, E. M., Benock, G., Gay, N., Bridges, T. and Wells, L.
(1986). Dynamic simulation of animal growth and reproduction.
Transactions of ASAE, 23: 131-138.

Lofgreen, G. P. and Garrett, W. N. (1968). A system for expressing net energy

requirements and feed values for growing and finishing beef cattle.
Journal of Animal Science, 27: 793-806.

190



Lonsdale, C. R. (1976). The effect of season of harvest on the utilization by
young cattle of dried grass given alone or as supplement to grass
silage. PhD Thesis, University of Reading.

Maeng, W. J., Van Nevel, C. ], Baldwin, R. L. and Morris, J. G. (1976).
Rumen microbial growth rates and yields: effect of amino acids and
protein. Journal of Dairy Science, 59: 68-79.

Mabhler, H. R. and Cordes, E. H. (1971). Biological Chemistry, 2nd edition,
Harper and Row, New York.

McAllen, A. B., Sutton, J. D. Beever, D. E., Napper, D. J. (1994). Rumen
fermentation characteristics and duodenal nutrient flow in lactating
dairy cows receiving two types of grass silage with two levels of
concentrate. Animal Feed Science and Technology, 46: 227-235.

McClymont, G. L. (1952). Specific dynamic actions of acetic acid and heat
increment of feeding in ruminants. Australian Journal of Scientific
Research, 5: 374-383.

McDonald, P., Edwards, R. A. and Greenhalgh, J. F. D. (1981). Animal
Nutrition. 3rd edition, Longman, New York.

McMeekan, C. P. (1940). Growth and development in the pig with special
reference to carcass quality characteristics. Part III. Effect of the plane
of nutrition on the form and composition of the bacon pig. Journal of"
Agricultural Science, Cambridge, 30: 511-569.

McNamara, J. P., France, J. and Beever, D [editors](2000). Modelling Nutrient
Utilization in Farm Animals. CAB International Publishing,
Wallingford, U.K.

Miller, J. G. (1978). Living Systems. McGraw-Hill, New York.
Milligan, L. P. and Summers, M. (1986). The biological basis of maintenance

and its relevance to assessing responses to nutrients. Proceedings of the
Nutritional Society, 45: 185-193.

191



Millward, D. J., Garlick, P. J. and Reeds, P. J. (1976). The energy cost of
growth. Proceedings of the Nutrition Society, 35: 339-349.

Millward, D.J. (1995). A protein-stat mechanism for regulation of growth
and maintenance of the lean body mass. Nutrition Research Reviews,

8: 93-120.

Mugerwa, J. S. and Conrad, H. R. (1971). Relationship of dietary nonprotein
nitrogen to urea kinetics in dairy cows. Journal of Nutrition, 101: 1331
-1342.

Neal, H. D. StC., Dijkstra, J. and Gill, M. (1992). Simulation of nutrient
digestion, absorption and outflow in the rumen:model evaluation.
Journal of Nutrition, 122: 2257-2272.

| Nolan, J. V. and Leng, R. A. (1972). Dynamic aspects of ammonia and urea
metabolism in sheep. British Journal Nutrition, 101: 1331-1342,

Notter, D.R. (1977). Simulated efficiency of beef production for a cow-calf
feedlot management system. I. Milk production. Journal of
Animal Science, 49(1): 92-102.

O'Donovan, P. B. (1984). Compensatory gain on cattle and sheep. Nutrition-
Abstracts and Review (Series B), 54: 389-410.

Oltjen, J. W., Bywater, A. C.; Baldwin, R. L. (1986). Development of a
dynamic model of beef cattle growth and composition. Journal of
Animal Science, 62: 86-97.

Oreskes, N., Shrader-Frechette, K. and Belitz, K. (1994). Verification,
validation and confirmation of numerical models in the earth sciences.
Science, 263: 641-646.

Ortigues 1. and Durand, D. (1995). Adaptation of energy metabolism to

undernutrition in ewes. Contribution of portal-drained viscera, liver
and hindquarters. British Journal of Nutrition, 73: 209-226.

192



@rskov, E. R. (1977). Capacity for digestion and effects of composition of
absorbed nutrients on animal metabolism, Journal of Animal Science,

46(3): 600-608.

Orskov, E. R., Grubb, D. A., Smith, J. S., Webster, A. J. F. and Corrigall, W.
(1979). Efficiency of utilization of volatile fatty acids for maintenance
and energy retention by sheep. British Journal of Nutrition, 41: 541
-551.

@rskov, E. R., MacLeod, N. A. and Nakashima, T. (1991). Effect of different
volatile fatty acid mixtures on energy metabolism in cattle. Journal of
Animal Science, 69: 3389-3397.

Orskov, E. R. and Ryle, M. (1990). Energy Nutrition in Ruminants. Elsevier
Applied Science Publishers, London and New York.

@rskov, E. R. and MacLeod, N. A. (1993). Effect of level of input of different
proportions of volatile fatty acids on energy utilization in growing
ruminants. British Journal of Nutrition, 70: 679-687.

Owens, F. N. and Goetsch, A. L. (1986). Digesta passage and microbial
protein synthesis. In: L. P. Milligan, W. L. Grovum and A. Dobson.
Control of Digestion and Metabolism in Ruminants. Engelwood Cliffs,
NJ, Prentice-Hall. p196-223.

Parker, D. S., Lomax, M. A,, Seal, C. J. and Wilton, J. C. (1995). Metabolic
implications of ammonia production in the ruminant. Proceedings of
the Nutrition Society, 54: 549-563.

Pekas, J. C. (1991). Specific heat output (SHO) of visceral organs/tissues.: the
hypothesis and first estimations. Growth, Development and Aging,

55: 67-80.

Pettigrew, J. E., Gill, M,, France, J. and Close, W. H. (1992). A Mathematical
Integration of energy and amino acid metabolismof lactation sows.
Journal of Animal Science, 70: 3742-3761.

193



Pienaar, J. P. and Roux, C. Z. (1989). Use of the gamma function in equations
which describe ruminal fermentation and outflow rates for the
prediction of voluntary intake and protein degradation. South African
Journal of Animal Science, 19: 99-106.

Pollott, G. E. (2000). A Biological approach to lactation curve analysis for
milk yield. Journal of Dairy Science, 83: 2448-2458.

Poppi, D. P., Gill, M. and France, J. (1994). Integration of theories of intake
regulation in growing ruminants. Journal of Theoretical Biology, 167:
129-145.

Reed, W. D. C,, Elliott, R. C. and Topps, J. H. (1968). Effects of level of
intake and roughage content of cattle diets on digestibility, urinary
energy and mineral losses, and certain aspects of rumen function.
Rhodesian Journal of Agricultural Research, 6: 81-91.

Reichl, J. R. and Baldwin, R. L. (1975). Rumen modelling: rumen input output
-balance models. Journal of Dairy Science, 58: 879-890.

Reichl, J. R. and Baldwin, R. L. (1976). A rumen linear programming model
for evaluation of concepts of rumen microbial function. Journal of

Dairy Science, 59: 439-454.

Remond, D., Chaise, J. P., Delval, E. and Poncet, C. (1993). Net Flux of
Metabolites across the rumenal wall of sheep fed twice a day with
orchardgrass Hay. Journal of Animal Science, T1: 2529-2538.

Richards, F. J. (1959). A flexible Growth function for empirical use. Journal
of Experimental Botany, 10(29): 290-300.

Richardson, F. D. and Wright, D. M. (1984). Growth and nitrogen metabolism
of pregnant and non-pregnant heifers. Annual Report: Division of
Livestock and Pastures, Department of Research and Specialist
Services, Harare, Zimbabwe. p59-62.

194



Richardson, F. D., Hahn, B. D. and Schoeman, S. J. (2000). Modelling
nutrient utilization by livestock grazing semi-arid rangeland. In: J. P.
McNamara, J. France and D. Beever (editors). Modelling nutrient
utilization in farm animals.CABI, Wallingford, Oxon.

Richardson, F. D. and Hahn, B. D. (1991). A model for the evaluation of
different production strategies for animal production from rangeland in
developing areas: An overview. Journal of the Grassland Society of
South Africa, 8(4): 153-159.

Richardson, F. D., Hahn, B. D. and Schoeman, S. J. (1997). Simulation
models for managing rangeland systems. Proceedings of the 36th
National Congress of SASAS: Animal Production in Harmony with the
Environment (Stellenbosch, April 5-8). 223-224.

Riggs, D. S (1963). The Mathematical Approach to Physiological Problems.
MIT press, Cambridge, MA.

Robbins, C. T., Prior, R. L., Moen, A. N. and Visek, W. J. (1974). Nitrogen
metabolism of white-tailed deer. Journal of Animal Science, 38: 871
-876.

Robinson, P. H., Tamminga, S. and van Vuuren, A. M. (1987). Influence of
declining level of feed intake and varying the proportion of starch in
the concentrate on rumen ingesta quantity, composition and kinetics of
ingesta turnover in dairy cows. Livestock Production Science, 17: 37
-62.

Russel, J. B. and Baldwin, R. L. (1979). Comparison of maintenance energy
expenditures and growth yields among several rumen bacteria grown
on continuous culture. Applied and Environmental Microbiology, 37:

537-543.

Russel, J. B., Sniffen, C. J. and 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.

195



Russell, J. B. and Rychlik, J. L. (2001). Factors that alter rumen microbial
ecology. Science, 292: 1119-1122.

Ryan, W. J., Williams, I. H. and Moir, R. J. (1993a). Compensatory Growth in
Sheep and Cattle. I. Growth pattern and Feed Intake. Australian
Journal of Agricultural Research, 44: 1609-21.

Ryan, W. J., Williams, 1. H. and Moir, R. J. (1993b). Compensatory Growth in
Sheep and Cattle. II.Changes in Body Composition and Tissue
Weights. Australian Journal of Agricultural Research, 44: 1623-1632.

Sanders, J. O. and Cartwright, T. C. (1979). A general cattle production ,
systems model. 1: Structure of the model. Agricultural Systems, 4: 217

-234.

Saudibet, C. L. and Verde, L. S. (1976). Relationship between live weight, age
and dry-matter intake for beef cattle after different levels of food
restriction. Animal Production, 22: 61-69.

Schmidt-Nielsen, B., Schmidt-Nielsen, K., Houpt, T. R., Jarnum, S. A. (1957).
Urea excretion in in the camel. American Journal of Physiology, 188:
477-484.

Schmidt-Nielsen, B., Osaki, H., Murdaugh, H. V. and O'Dell, R. (1958). Renal
regulation of urea excretion in sheep. American Journal of Physiology,
194: 221-228.

Scoones, I. (ed.) (1994). Living with Uncertainty: New Directions in Pastoral
Development in Africa. Intermediate Technology Publications,

London.

Searle, T. W. and Griffiths, D. A. (1983). Equation for postnatal chemical
composition of the fat-free empty body of sheep and cattle. Journal of
Agricultural Science, Cambridge, 100: 693-699.

196



Seebeck, R. M. and Tulloh, N. M. (1968). Developmental growth and body
weight loss of cattle. II. Dissected components of the commercially
and jointed carcass. Australian Journal of Agricultural Research, 19:
477-495.

Shannon, R. E. (1975). System Simulation: The Art and Science. Prentice
-Hall, Englewood, Cliffs, NJ.

Shetty, P. S. (1990). Physiological mechanisms in the adaptive response of
metabolic rates to energy restriction. Nutrition Research Reviews, 3:
49-74.

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

Steen, R. W. J. (1991). The effect of level of protein supplementation on the
performance and carcass composition of young bulls given raw grass
silage ad libitum. Animal Production, 52: 465-475.

Storm, E. and @rskov, E. R. (1983). The nutritive value of rumen micro-
organisms in ruminants. 1. Large-scale isolation and composition of
rumen micro-organisms. British Journal of Nutrition, 50: 463-470.

Taylor, St. C. S. (1980). Genetic size-scaling rules in animal growth. Animal
Production, 30: 161-165.

Taylor, StC. S., Turner, H. G. and Young, G. B. (1981). Genetic control of
equilibrium maintenance efficiency in cattle. Animal Production, 33:
179-194.

Taylor, St C. S., Murray, J. I. and Illius, A. W. (1987). Relative growth of

incisor arcade breadth and eating rate in cattle and sheep. Animal
Production, 45: 453-458.

197



Taylor, StC. S. and Murray, J. I. (1991). Effect of feeding level, breed and
milking potential on body tissues and organs of mature, non

-lactating cows. Animal Production, 53: 27-38.

Thornton, R. F. (1970). Urea excretion in ruminants: I. Studies in sheep and
cattle offered the same diet. Australian Journal of Agricultural
Research, 21: 323-326.

Turner, H. G. and Taylor, C. S. (1983). Dynamic factors in models of energy
utilization with particular reference to maintenance requirement of
cattle. World Review of Nutrition and Dietetics, 42: 135-190.

Van Gylwyk, N. O., Wejdeman, K. and Kulander, K., (1992). Comparative
growth rates of various rumen bacteria in clarified rumen fluid from
cows and sheep fed different diets. Applied and Environmental
Microbiology, 58: 99-105.

Van E. Nolte, J., Ferreira, A. V. and Koster, H. H. (2000). Effect of different
levels of supplemental N from urea on intake and utilization of wheat
straw by Dohne Merino wethers. South African Jounal of Animal
Science, 30(Supp 1): 143-144,

(http.//www .sasas.co.za/30(Supplement®201).html)

Van Soest, P. J. (1982). Nutritional Ecology of the Ruminant. O & B
Books, Corvallis.

Vayenas, D. V. and Pavlou, S. (1999). Chaotic dynamics of a food web in a
chemostat, Mathematical Biosciences, 162: 69-84.

Walker, B. (1993). Rangeland ecology: understanding and managing change.
AMBIO, 22(2-3): 80-87.

Ward, H. K. (1968). Phosphorus supplementation of beef cattle on veld.

Proceedings of the First Symposium on Animal Production. Rhodesian
Branch of the South African Society of Animal Production, p31 - 40.

198



Whitelaw, F. G, Milne, J. S. and Wright, S. A. (1991). Urease (EC 3.5.1.5)
inhibition in the sheep rumen and its effects on urea and nitrogen
metabolism. British Journal of Nutrition, 66: 209-225.

Williams, A. G. and Coleman, G. S. (1992). The Rumen Protozoa. Springer
-Verlag, New York.

Witten, G. Q. and Richardson, F. D. (1998). A simulation model of the short-
and long-term effects of undernutrition on body weight and
composition of growing cattle: model development and sensitivity
analysis. Proceedings of the 36th National Congress of SASAS: Animal
Production in Harmony with the Environment (Stellenbosch, April 5-

8), p227-228.

Witten, G. Q and Richardson, F. D. (2000). Modelling nutrient utilization in
growing cattle subjected to short or long periods of moderate to severe
undernutrition. In: J. P. McNamara, J. France and D. Beever (editors).
Modelling Nutrient Utilization in Farm Animals. CABI Publishing,

Wallingford, UK..

Wolin, M. J. and Miller, T. L. (1988). Microbe-microbe interactions. In: P. N.
Hobson. The rumen microbial ecosystem. Elsevier Applied Science,
London, p343-359.

Wright, D E. and Hungate R. E. (1967). Amino acid concentrations in rumen
fluid. Applied Microbiology, 15: 148-151.

Young, B. A. (1975). Some physiological Costs of Cold Climates. Missourt
Agricultural Experiment Station Special Report 175.

Yeargers, E. K., Shonkwiler, R. W and Herod, J. V. (1996). An Introduction
to the mathematics of biology: with computer algebra model.

Birchauser, Boston.

199





