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FOREWORD

Historically, agricultural science has grown through small advances and
incremental progress, and the application of research results have often been
limited by the time and geographic location. In contrast, the models
reported here permit reaching beyond restrictive time and geographic
constraints. The models represent major directional progress in ruminant
production through quantitative description of animal performance. The
models will be useful to other scientists as research tools to evaluate and
develop new hypotheses. Also, the models reach across several disciplines
and the integration of knowlege from these disciplines is of scientific
interest in understanding the dynamics of growth, maturing and reproduction
cycles.

Clearly, the models are not intended for direct field use by producers.
Their application value lies in use by experts to examine effects of varying
nutrition, breeding, and management on practical production or development
problems encountered in the field. These applications are especially useful
for addressing problems in areas where production research results are
lacking and cannot be obtained because of time, funding, facility and
personnel constraints or complexity of the problem. These capabilities also
provide the means for examining practical problems of individual enterprises;
i.e., extending research results directly to the unique set of production
resources of individual producers.

These models are reported for their scientific accomplishment and
interest and for their use to enhance the capability to make decisions about
sheep and goat production that are relevant and practical and in quantitative
terms. From a broader perspective, the application of systems science in
agricultural research is being employed by TAES to both extend the frontier
of knowledge and to make the knowledge more accessible for practical

application.

Dudley T. Smith, Associate Director

Texas Agricultural Experiment Station
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PREFACE

Animal scientists have become increasingly aware of the need for
systematic consolidation of component knowlege obtained through the
traditional scientific approaches. Systems analysis is an orderly method of
structuring and organizing knowledge and interaction relationships.

The development of models of complex systems, which include sheep and
goat production, requires substantitive knowledge of the components which
make up a system. The models summarized in this publication were constructed
so that any breed of sheep or goat can be simulated for a wide range of
nutritional enviromments and management practices. The simulations reflect
the response of sheep or goats to a specified set of inputs and therefore,
may be used to evaluate the performance of breeds considered for introduction
into an area or to examine the effect of nutritional regimes or management
practices as well as the interactions among these variables. Results from
simulations allow biological interpretation in quantitative terms and are in
a convenient form for economic analysis.

These models have been validated and put into active, continuing use in
less developed countries (LDCs) using micro or minicomputers to simulate
various versions. Although systems analysis represents a high technology use
of science, at the same time it is appropriate for use in LDCs; it is a
method by which scientific knowledge from developed countries can be
transferred for practical application in LDC settings. "Production
experiments” can be simulated as a substitute for much research for which
funds, facilities and personnel are limited.

Models are reported in this publication for their scientific
accomplishment and interest and for their use to enhance the capability to
make decisions about sheep and goat production in quantitative terms.

Appreciation is expresed to numerous coworkers in the United States and
host countries who participated in the development or validation of this
model. Additionally, graduate students, involved in this research made

valuable contributions.

T. C. Cartwright, Professor

Texas A&M University
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1. CONCEPTUAL OVERVIEW OF MODEL STRUCTURE AND FUNCTIONS

A major purpose of the sheep model is to simulate sheep performance for
a wide array of genotypes in a wide variety of environments with managerial
options implemented as desired. These capabilities make it possible to
evaluate performance of different genotypes in different areas employing
different production practices. The results from such simulations may be
used to develop packages of breeding strategies and feasible alterations in
management techniques that can be recommended to increase the productivity of
the system.

Two versions of the TAMU sheep model have been developed, the single
animal version (SAV) and the flock model (FM). Both models have the general
characteristics of a 15-day time increment for a period of simulation, with
conception and lambing occurring at the end of a period of simulation. The
length of the time increment was chosen because it closely matches the
reproductive biology of the sheep (150-day gestation and a 17-day estrus
cycle) and it makes a 360-day simulated year feasible. A shorter time frame
might add precision to the simulated results, however it would increase the
amount of memory, cost and time required for simulation. The SAV is capable
of simulating the biological response (maintenance, growth, work, gestation,
birth, lactation, fiber and death) of any portion of the life of a sheep.

For example, SAV is capable of simulating the biological response of one ewe,
her nursing offspring (until weaning) and any fetuses she may be carrying.
The FM incorporates the biological components of the SAV and adds to it the
accounting and flock management practices required to simulate flocks of
sheep. The FM has the capability to simulate six flocks of sheep with 12
classes of animals per flock. The classes in the FM represent differences in
age and sex of the simulated sheep. The flock may also be divided into
different management groups (e.g., supplemental feeding and pasture
assignments).

A conceptual overview of the sheep model is presented in figure 1 and
illustrates the interaction among the different biological processes modeled.
The physiological status of the sheep interacts with its nutritional intake,
partitioning the nutrients for various functions, which results in the final
output or sinks on the right hand side of the figure (milk and fiber produced

and protein and energy loss, etc.). In figure 1 it is possible to trace the
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Figure 1. A conceptual information and material flow diagram of the TAMU sheep model showing
inputs (left) and outputs (right) of the system.



division of nutrients for any type of sheep simulated. Sources and sinks are
illustrated by amorphous cloud shapes. The sources are parameters supplied
to the model. Sinks are losses or offtakes from the system.

The nomenclature used follows that described by Forrester (1968). All
rectangles represent state variables or physical products (e.g., kg of
protein or kg of body weight). The flow of material between levels is
denoted by a solid line. The flow of a material is regulated by the valve on
the solid line which is turned on or off by the auxiliary variables (circles)
or constants. Information flows are depicted by dashed lines and can pass to
and from a state variable. That is, information controlling the rate of
material flow is altered by an auxiliary or constant, but there is a feedback
from the state variable to the auxiliary which may increase or decrease the
material flow.

The logic flow of the M follows a hierarchical design, with the main
program calling subroutines in a top down manner. Figure 2 illustrates this
concept for the entire program. Due to the importance of the biology and
management subroutines in the flock model, their hierarchical structures have
been diagrammed in more detail (figures 3 and 4) to show subroutines that are
called from biology and management. These two figures demonstrate, in broad
outline, the simulation process, the options and the capabilities of the
model.

The information for an individual in the FM is kept in one dimensional
arrays, with each sheep being assigned a specific position in that array.

The records of an animal's traits are connected together by doubly-linked
lists (Knuth, 1968). A doubly-linked list has two pointers, one to the
previous position in the array, and the other to the next position in the
array. These pointers allow individuals to be deleted from any portion on
the list without having to reorder the entire list of animals. The
doubly-linked list procedure also allows the grouping of animals in the same
class and it reduces the computation time for a simulation. Mayfield (1979)
described this procedure in detail in his master's thesis at Texas A&M.

From the preceding discussion and flow charts, it can be perceived that
the sheep model is primarily a nutrition model. That is, the model is driven

by nutrients (just as the energy "driving" real sheep is derived from their
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nutrition), and the flow of nutrients can be followed from consumption to
their ultimate end point for a particular time step.

Any quesfions that might arise as to the rationale of the model
structure and functions may be more easily resolved if one over-riding point
is kept in mind; the simulated animal or flock is designed to respond to its
environment just as a real sheep or real flock would respond (not vice
versa). That is, the simulations are substitutes for real sheep.

The structure and biological processes of the model are described below;
first, in functional categories as an overview, where the effects of the
biological functions of the model are presented as mathematical expressions
along with the descriptions of the process functions, logic and structure.
The complete set of functions is presented as mathematical expressions in the
following section (Functions Of The Model), where order of presentation
follows a logical sequence of dependency progression rather than a
description by functional categories.

a. Genetic Potential

The production functions of an animal are growth and reproduction.
Growth includes all stages and all parts of the body (including hair or
wool); reproduction includes lactation, and maintenance as a necessary
overhead. These production functions and overhead are driven by or fueled by
nutrition. Growth and lactation patterns, including limits and rates, are
mediated by the genotype. The model functions are designed to simulate the
response of an animal to its nutritional environment in such a way that it
tends toward fulfilling its genetic potential for growth and reproduction
limited by both quality and quantity of nutrition, health impairments and
management restrictions. Since nutrition is usually limiting, the priority
of nutrient utilization is critical and the model functions promote survival
as an inherent mechanism. The genetic potential is set into the model for
the specific breed type being simulated. The key genetic potentials
specified are mature size (WMA or weight at the maturity asymptote of the
growth curve with specified body composition), milk production (GMLKL or
genetic potential for milk level at peak lactation, for an uninhibited
lactation curve of a mature ewe), ovulation rate (OVR), seasonality of estrus

(SEAEST), wool growth (GWOOL) and resistance to internal parasites (PRST).



These and other genetic parameters are discussed under appropriate headings
below.

The key parameters that must always be set in the model to specify the
genetic potential of a breed (e.g., WMA) are designed to represent each
specific breed and therefore reflect breed variability. Also, the
coefficients in many of the functions such as the ones above may be varied to
reflect any specific characteristic peculiar to a breed. For example,
research characterizing a breed may indicate that the male factor of 1.5
times WMA does not correctly reflect the sexual dimorphism characters for
that breed. Therefore, these coefficients would be appropriately "fine
tuned” in addition to the other breed parameters. The maturing rates of so
called "unimproved" indigenous breeds are usually different from "improved"
breeds on a relative as well as absolute basis.

b. Maintenance

The nutritional requirements of the simulated sheep are an accumulation
of minimal body maintenance costs (unavoidable losses), expenditures for
pregnancy, lactation, growth and fiber production. Maintenance (both protein
and energy) requirements, as used in this model are the sum of basal
metabolism (MB), endogenous urinary loss (UL) and work (WK). The work
component of the equation consists of, on a daily basis, the time spent
eating (EAT), distance travelled (DIST) and the time spent ruminating (RUM).
The maintenance requirements for protein (MTP) are first calculated as .0164
MTE. This first calculation provides a first estimate of the requirements so
that potential performance levels may be considered.

c. Growth

In order to simulate the growth of a sheep, a potential growth curve,
specified by a set of parameters describing the breed being simulated, is
placed in the model functions. This set of growth parameters specifies the
genotype or genetic potential for the growth of an individual. From birth to
50% of mature weight (WMP) potential growth rate is assumed to be linear;
after reaching WMP (the point of inflection), potential growth rate decreases
until the curve asymptotes at the simulated breed's average mature empty body
weight (WMA). This underlying growth curve represents animal growth with no

nutritional impediment, therefore an animal following this growth pattern is
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considered to be in good condition, but not excessively fat. The body
composition for such a sheep is assumed to be 3% fat at birth and 257 fat at
maturity; the deposition of fat from birth to maturity increases in
proportion to the degree of maturity (WM/WMA). The simulated individual has
two measures of body size. One is WM, which Sanders and Cartwright (1979a)
described as the structural size. The structural size attained at a given
age is a combination of the effects of the animal's genetic potential and the
enviromment (principally nutritional enviromment).

An animal's WM will increase at the rate set by its genotype if there is
adequate nutrition until it reaches maturity. The rate of change in WM may
be decreased in a growing animal if nutrition is limiting. However, once an
individual has obtained a given WM, it will never decrease from that value.
In the case of severe nutritional deprivation, stunting may occur and would
be reflected in zero increase in WM for that period. The second and more
dynamic measure of body size is EBW, which is the summation of the fat and
lean (lean includes bone) content of an individual and is a record of the
fluctuating empty body weight from period to period. Thus WMA is WM at
maturity (or at the asymptote) and when EBW (empty body weight) equals WMA,
fat composition is 25% of EBW.

d. Maturing Rate

The rate at which animals mature will influence the initiation and
cessation of their body functions. The influence of these factors was taken
into account in the development of functions to calculate maturing rates for
different breeds of sheep. Taylor (1965) showed that the time taken to reach
any particular degree of maturity tends to be directly proportional to an
animal's mature weight raised to the .3 power. In this model, rate of
maturing (RM), is considered to be inversely proportional to the .3 power of
WMA. Therefore, the time taken to reach the point of inflection (WMP(Ti)) on
the growth curve is proportional to the .3 power of WMA.

In the development of the model, the breed used as a base was patterned
after a fine wooled sheep (Rambouillet). It was assumed that this sheep had
a WMA of 60 kg and a Ti of 165 days (Ti = time of inflection) as base or
reference points. With this base and the WMA of the breed to be simulated,
the appropriate Ti and RM can be calculated for the breed. Males are



simulated as having a WMA 1.5 times that of females. Therefore, they also
have a larger WMP.
e. Body Composition

Both protein and energy are accounted for in the model; therefore, fat
and lean gains are calculated separately. These gains are subdivided into
essential and nonessential pools. The essential pool of an animal at one
period of time is used as the base for calculating gain in WM from that
period to the next period. The composition of this growth of WM must be at
least 3% fat and at least 65% of the lean growth expected for that period.
Growth in WM may range from these minima up to the full expected growth,
depending on the nutrition available. If nutrient requirements for these
minima can not be met, then zero growth occurs, representing stunting for the
period. It is possible to have greater growth of WM than of EBW; i.e.,
structural size may increase while condition is lost, a common occurrence,
because any portion of the nonessential fat or lean can be catabolized for
maintenance or production including growth in WM. Animals weighing less than
their structural size (EBW<WM, a thin condition) have an impulse to increase
intake striving to gain weight at a compensatory rate reflecting the
biological adaptation to tend toward a normal or surplus body composition
(EBW > WM).

f. Pregnancy

The sheep model simulates individuals from conception onward. A ewe may
have one to three lambs per pregnancy. The equation used to describe
expected growth in conceptus weight (DCW) was presented by Graham et al.
(1976). Conceptus weight change is calculated on a daily basis, and the
total of conceptus weights of all fetuses of a ewe are then accumulated over
each 15-day period.

The potential birth weight (BW) of a lamb is determined by the number of
fetuses, the potential mature size of the fetuses (WMA), and the structural
size of the ewe (WM). Birth weight is calculated by an equation similar to
one reported by Geisler and Jones (1979). Mammary gland growth is initiated

at 105 days of gestation and continues for 30 days after parturition.
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g. Feed Intake

The model uses three factors to determine feed intake. The minimum
value of either the physiological limit, physical limit, or feed availability
determines the feed intake.

Availability is specified externally to the model and is defined as
being that amount of feed, of a given quality, available for an animal to
consume during a day. The availability for immature sheep is adjusted
downward to represent differences which exist in foraging range.

Physiological limit (PSOL) is the animal satiety factor; that is, body
condition of the sheep, feed quality, and energy requirements interact to set
a limit on feed consumption.

Physical limit (R2) represents the gut capacity of the sheep. The
equation used describes the amount of feed the gut will hold and contains an
adjustment that varies with feed quality, and may be interpreted as the
passage rate of nutrients.

The physical limit of pregnant ewes is ad justed downward depending upon
a ewe's age, the number of fetuses she is carrying and the period of
gestation. For lactating ewes, intake is adjusted upward and is a function
of time (postpartum interval) and potential milk production.

h. Tissue Mobilization

The model has the capability to mobilize tissue when protein and energy
intake is insufficient to meet the animal's nutritional requirements. Lean
may be catabolized for use as protein or as energy. Fat may only be utilized
as a source of energy. Tissue is catabolized in the order of 1) lean for
protein, 2) lean and fat for energy, 3) fat for energy, and 4) lean for
energy.

i. Partitioning of Nutrients

When the nutrients consumed and the tissue mobilized are still lower
than the animal's requirements, the existing nutrients are divided between
the various uses. This partitioning is accomplished by dividing the protein
and energy available according to functions represented by geometric
containers as shown in figure 1l1. These containers are adjusted to hold the
calculated nutrient requirements for the simulated animal. The protein and
energy present (from the feed consumed and tissue catabolized) are then

“poured” into a separate set of containers for protein and energy. The
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nutrient which is most limiting or fills its respective containers to the
lowest levels is the limiting nutrient. Performance is then adjusted
downward to the level of the limiting nutrient.

The shape of the containers and their positions relative to one another
are based on interpolations and indications from relevant research and
general experience.
je. Lactation

Milk production potential is a function of units of available lactation
capacity (ALC) and secretion rate (SR) per unit in a manner similar to that
developed by Bywater (1976). Genetic differences in milk level (GMLKL) and
period of lactation (LACPP) set an upper limit on ALC. Either the intake
capacity of nursing young (MLKLIM) or nutrition may restrict the ALC actually
used below that available. In addition, the number of units of lactation
capacity used the previous 15-day period (LCU) sets a lower limit on ALC. SR
is a function of ewe age in periods (AGEP), genetic difference in persistency
(PRS) and LACPP.

k. Fiber

The genetic potential for clean wool growth (GWOOL) is the maximum
growth (g/day) which can occur for a breed. It is adjusted for photoperiodi-
city (SCR), age, and degree of maturity (UCR).

The nutritional requirements are based upon clean wool being 100%
protein, which is assumed to be deposited with an efficiency of BVP. The
gross energy content of wool is assumed equal to 6.0 Mcal/kg and to be
deposited with an efficiency of 20% (Graham and Searle, 1982).

1. Reproduction

The approach used in modeling reproduction was to identify the
components which had an influence upon reproduction and then to construct
mathematical functions to describe their responses. This method was
described and used by Sanders (1974) for beef cattle. A female has a
calculated probability of estrus cycling and conceiving if mated; if she
conceives, another probability determines the number of ova ovulated (1 to

3).
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2. FUNCTIONS OF THE MODEL

The more basic functions are presented initially in order to establish
definitions and based upon which to build the functions that follow in
sequence. Some expressions of overall structure and functions were presented
in the preceding section for illustration and are repeated below.

The order of presentation begins with life-sustaining maintenance
followed by the production functions of growth, milk, fiber, pregnancy, and
their summation. Next are controlling functions that mediate the flow of
nutrients for the above functions and relate to the two sources of nutrients:
feed intake and mobilized tissue. The next section describes the mechanism
of setting priorities for use of nutrients; it operates in the interface
between nutrient "supplies” and nutrient "consumers” directing flow or
partition of nutrients. The next updates the animal for changes due to
growth, etc., that have taken place during the period. The final section

integrates the ewe reproductive functions with other functions.
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a. Maintenance
Energy. Maintenance requirements for energy (MTE) are estimated as the
sum of basal metabolism (MB), endogenous urinary loss (UL), and work (WK) in
terms of net availability of metabolizable energy (ME) for maintenance.
MB = .0583(EBWHXWT)+/5 ¢~+00125 AGEP 4+ ,[046DME + .0446DEBW
UL = .08MB
WK = (.000526EAT + .000237RUM(DM) + .000598DIST) W

MB + UL + WK
KM

KM = .85 HE,(MILK) + (.546 + .3 (.81 DIG) HE, (FEED)
- *®? ME(TOTAL) : gt oy ) ME (TOTAL)

MTE

where
EBW = empty body weight; W less fill, conceptus, fleece and
mammary gland, kg
XWT = rumen fill after fasting; min. (2, .2 AGEP), kg
AGEP = age in periods; period = 15 days
DEBW = change in EBW from the previous period, kg
DME = daily feed ME intake during last period
EAT = hours per day spent eating
RUM = hours per kg DM spent ruminating
DM = daily dry matter intake during last period, kg
DIST = distance walked each day, km
W = body weight, kg
DIG = feed dry matter digestibility
KM = net availability of ME for maintenance
The estimates for MB, UL and WK are the same as used by Graham et al.
(1976), except that (1) feed intake is the average of the previous 15-day
period rather than the previous day, (2) time spent eating is expressed on a
daily basis rather than on a per-kg-intake basis, and (3) for use in
conjunction with KM as defined by ARC (1980), the growth rate term in the
original equation for MB was set to zero.
The ME content of milk is calculated as 1.08 Mcal per kg from the
assumptions of gross energy of 4.8 kJ/g liquid milk with 94% metabolizability
(Graham et al., 1976). The net availability of ME from milk of .85 is

14




modified only slightly (Graham, personal communication) from the .84 used by
Graham et al. (1976). The ME content of dry feed is estimated as .81 times

digestibility and has an assumed net availability for maintenance of .546 +

.3 ME (Graham et al., 1976). ‘

Protein. Approximate protein maintenance requirements (MTP) are first
estimated as .0164 MTE. After feed intake is estimated, MTP is recalculated
similar to the estimate used by Graham et al. (1976).

MTP = .44(EBW + FILL)2 + .01DM(1-DIG) + .0004MLKTK

where:

FILL = 2
MLKTK = intake of milk, kg.

b. Growth

Potential. Growth potential (WMG) in structural size (WM) is assumed
linear from birth (BW) until a constant fraction (WMP) of mature size (WMA)
is reached and to decline monotonically after that point. WMA is a parameter
set as part of breed specification; see the next section on composition. The
rate of maturing (RM) is inversely proportional to the .3 power of WMA
(Taylor, 1965); hence, time taken to reach WMP (t;) in females is
proportional to the .3 power of WMA. Parameters for potential growth of
females are as follows:

BW = C;WMA; C; = .06 as a base; set as part of breed

specification.

WMP = CZWMA; Cy = .50 as a base; set as part of breed

specification.
The constant C; is the percent of mature weight which is attained at birth
of a lamb. The base estimate of .06 was based upon summary of literature
values (Sidwell and Miller, 1971; Dickerson et al., 1972; Hodgeson and Bell,
1973; Hohenboken et al., 1976; Stobart, 1983; Mathenge, 1981). The constant
C, represents the degree of maturity attained by a sheep at the point of
inflection of its growth curve; Cy was set at .50 as a base. Most of the
data which were utilized to establish this base value were related to
attainment of puberty of ewe lambs and are cited in the section describing

the reproduction correction factors. The constants C; and C, may be
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varied to more closely resemble the breed being simulated. In general, the
literature, as a whole, substantiates the use of .06 and .50 for C; and

Cy, respectively.

t = (WMA/WMA') 3 t'i t'y = 165 days as a base
WMA' = 60 kg as a base
if WM < WMP,
WMP - BW
WMG =
 :
if WM > WMP,
Gy =.C
WMG = —2— 1

= E;_?T:EET-.
Potential growth of males is simulated by assuming an increase in WMA and WMP
with t; adjusted (t;') to provide a specified growth rate ratio (RSX).

WMA' and WMP' are the increased WMA and WMP,

WMA' = Q(WMA) Q = 1.5 as a base;
WMP' = C, WMA';
1
ti = Pti
(WMP'-BW) /Pt
RSX = J{Eks
(WMP-BW) /[t
_ €20-Cy
Cy - C] RSX RSX = 1.15

Differences between sexes for birth weights are simulated, but these birth
weight differences are ignored in estimating potential postnatal growth
rate.

Baseline Body Composition. An animal that is never stressed by disease,

treatment, or nutrition (quality and quantity) is expected to be in "good"
condition. The percent body fat of an animal that is always in "good"
condition is assumed to increase linearly from 3% at birth to 25% at maturity
(Sanders, 1977). The minimum amount of fat a sheep must have at any age is
3%. The lower limit of 3% fat and the average unstressed mature level of 257%
fat correspond with data of Farrell and Reardon (1972), who undernourished
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Merino ewes for 4 months and maintained them in that state for an additional
9 months at which time they were slaughtered. Two groups of undernourished
ewes had 9 and 5% body fat, respectively, compared to 27% for control ewes.
The 257% body fat for mature ewes in average "good" condition also corresponds
closely with data of Notter et al. (1984) who found body fat of Rambouillet,
Dorset and Finn to be 27.7, 24.4 and 21.6%, respectively. For an animal in
"good" condition, empty body weight (EBW) will equal structural size (WM);
hence, expected fat (XFAT) and expected lean (XLN) are functions of degree of

maturity (lean is defined as muscle).

(WM-C, WMA)
Zy = + =%y inimum fat
1 el e) (l—Cl A g% - .9%, minimum fa
XFAT = Z1 (WM)
XLN = WM - XFAT

Composition Of Gain. The fat (FG) and lean (LG) gain associated with a

gain in WM can be calculated from expected normal compositions.
WMX = WM + 15 WMG

“1x = €1 T 2 gy A
FG = Zj, WMX - Z; (WM)
LG

I
Z
(2}

I
=
@

Partition Of Gain. FG and LG are partitioned between that amount which

is essential (FGE and LGE) for a unit growth in WM and the remainder which is
normal (FGN and LGN) (figure 5). A unit of WM growth must be at least 3% fat
and at least 65% of the expected lean fraction must be met. The percentage
fat considered minimal for body functions is that suggested by Sanders (1977)
and substantiated by Farrell and Reardon (1972). The percentage lean is
approximately equal to that fraction of body protein that can not be depleted

during protein starvation (N. Graham, personal communication).

FGE = e (WMG)

FGN = FG - (FGE)

LGE = p; (LG); p = .65
LGN = LG - LGE
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Figure 5. Partition of WM gain.




Hence, a unit's growth of WM is made whenever FGE and LGE are met. The ratio
of FG to LG is linearly proportional to degree of maturity with FG increasing
from 3% at birth to 25% at maturity.

Composition Correction. A necessary component of grazing ruminant

production is the capability for compensatory gain. This ability is vital to
an animal which must survive in an environment where forage quality and
quantity constantly change with seasons of the year. The ratio in which
protein and energy are lost during nutritional stress is variable, depending
upon the maturity of the sheep (Thorton et al., 1979). However, when
realimentation occurs, a sheep's impetus is to reach the normative
proportions of protein and fat for its given degree of maturity. This
biological mechanism is embodied in the conceptual structure of the TAMU
model. That is, a simulated sheep will always strive to attain its normative
condition, and if the nutrient supply permits, the sheep will accumulate body
reserves. The compensating rates of gain during compensatory growth are
varied. Graham and Searle (1975) reported that a compensatory group of lambs
gained 280g/day while the control gained 160g/day. Thorton et al. (1979)
reported a 330g/day gain for lambs undergoing realimentation vs the 60g/day
of their control. Both of the articles cited state that greater feed intake
during rehabilitation was the cause of compensatory growth and not an
alteration in efficiency of nutrient utilization or lower basal metabolism.
The rationale for the model structure and functions for feed intake for
under-conditioned animals is described in the section on the physiological
limit to feed intake and incorporates the concept of animal condition
determining feed intake.

In the model, animals that have fat and protein levels below amounts
expected for their structural size (WM) have a compensatory impulse to gain
fat (FGC) and lean (LGC) to bring their composition back to baseline
(realimentation ). The difference between empty body weight (EBW) and actual
lean weight (WL) is actual fat (AFAT). The redeposition of expected fat is
set at 1%/day (Sanders, 1977). The requirement for this gain does not lower
the physiological limit on intake and does not necessarily compete with other
energy requirements. The rate of lean composition correction, which becomes
part of the upper limit on lean gain, is set at 2%, twice the rate for fat.

Further research may be required to obtain more precise estimates of the rate

19




for compensatory growth; however, lean deposited at a faster rate than fat
agrees with Drew and Reid (1975).

Animals that have fat and protein levels above WM have a compensatory
dampening.

AFAT = EBW - WL

FGC = .01 (XFAT - AFAT)
FGC = max (FGC,0.0)

Requirements. Energy requirements for gain are based upon ARC (1980)

requirements. The net availability of ME for gain (KG) is assumed equal for
both fat and lean and to be dependent upon physiological status (lactating vs
nonlactating) of the animal and upon source and digestability of nutrients.
The energy content of gain (Mcal/kg) is assumed equal to 9.4 for fat and 5.7
for protein. The percentage protein of lean (PPL) is currently set equal to
20%. That is, 20% of the weight of lean (WL) is protein. This was the
estimate reported by Searle and Graham (1975) and Searle et al. (1979). The
efficiency of depositing protein is assumed to equal the biological value of

absorbed amino acids (BVP) which is set to .72.

Nonlactating
ME (milk) ME(dry)
KG = .70 + (.03 + .81(.81(DIG
ME(total) ( ( - ME(total)
Lactating
KG = .95(.47 + .35(.81 DIG))
KF = 9.4/KG

KLN = 5.7PPL/KG

RGE = KF(FGE) + KLN(LGE)

RGEX = KF(FGN + FGC) + KP(LGN + LGC)

GL = PPL/BVP

RGP = GL(LGE)

RGPX = GL(LGN + LGC)
The separation of requirements into those for essential gain and those for
nonessential (normal plus compensatory) gain allows assigmment of different

priorities to these.
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c. Lactation

Potential. Milk production is simulated as an interactive process where
the amount of milk produced is dependent upon the ewe's genetic potential,
body condition, age, nutrition, period of lactation, and the number of lambs
nursing. The concept used for modeling milk production was suggested by
Bywater (1976). Bywater's approach assumes that milk production is comprised
of two components, lactation capacity available (ALC), which is determined by
the environment and the genetic capability of the female, and secretion rate
(SR) which defines the rate and pattern of milk production for a given unit
of time.

The TAMU sheep model uses the same concepts of SR and ALC. However,
several modifications to Bywater's approach have been made. Secretion rate
may be viewed as the output of milk per unit, where units are defined as ALC.
Therefore, as lactation proceeds over time the milk produced per unit (ALC)
decreases. Secretion rate not only varies within an individual's lactation,
(figure 6) but there are a family of SR curves determined by ewe age. As a
ewe grows older the SR curve is increased. The incremental changes occur at
one, two, and over three years of age (figure 7). Secretion rate is

described by the following equation:
SR= (ARC)e~+22(1-P) (LACPP-2)
10.0

where:

ARC=An age adjustment for the initial level of SR (figure 7).

ARC=. 6349+, 005636AGEP-.00002402AGEP2

P=Persistency currently set to zero.

LACPP=Period of lactation.
where:

AGEP=Age of the ewe in periods of 15 days.

Lactation capacity available describes the number of units available at
any one time to produce milk. Bywater (1976) states that these units are not
alveoli but, conceptually, may be looked upon as performing the same
function. Lactation capacity available is initially expressed in percentage
until it is multiplied by the genetic potential (GMLKL). Figure 8 represents
the ALC curve. For this model the development stage is the first 30 days of
lactation, with day 30 being the lactational peak provided there are no
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limiting factors on milk production. A peak lactation at day 30 would
closely agree with published values by Corbett (1968), Morag et al. (1970)
and Geentry and Jagusch (1974).

Breed specificity is introduced to the ALC equation via the genetic
potential for milk production (GMLKL). This term is defined as the peak
production of a ewe nursing twins with no nutritional impediment. If a ewe
is nursing a single lamb the product of ALC and GMLKL is adjusted downward by
25%.

The genetic potential for a breed is derived from previous research on
the breed being simulated, which meets the previously stated criteria.

Lactation capacity available is calculated by:

ALC=(1.0+.1(LACPP-1)~,0444(LACPP—-1)2) (GMLKL)
where:

LACPP=Period of lactation.

GMLKL=Genetic potential for milk production.

The curve for lactation capacity available describes the potential units of
milk production a ewe may utilize during her lactation. If a ewe does not
utilize her lactation capacity, she loses the ability to make these units
functional. During a simulation, if the ewe's ALC (referred to as lactation
capacity used, RCU) is equal to the calculated ALC, then the ewe's LCU is set
equal to the potential value for the duration of the lactation. Figure 8
demonstrates this concept. In figure 8 the dotted line represents lactation
of a ewe. Before intersecting the potential ALC curve, the LCU is allowed to
vary depending upon nutrition and lamb intake. Once the two lines intersect
at the idealized ALC (the solid line), it is fixed at that level for the
duration of the lactation. In other words the ewes ALC (which is equal to
LCU) can vary within the bounds of the ALC curve, however, after they
intersect, lactation capacity is set for the duration of the lactation. The
major emphasis of this concept is that after a period of time if the ewe has
not been able to utilize her ALC she loses the ability to make them
functional. The extreme of this case is in period 7; at this time, if LCU
has not intersected ALC, milk production will cease.

The preceding section describes the maximum potential of milk
production. Determining the units of LCU is a function of the amount of milk

the lamb or lambs can consume and the plane of nutrition of the ewe. Milk
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taken from a ewe by hand is treated in the same way as that consumed by a
lamb except, of course, the lamb does not receive the nutrition.

The steps which interface these variables are as follows: First, an
estimate of ALC is determined for a particular breed. At the start of
lactation the LCU is estimated from the intake capacity of the lamb or lambs.
If LCU is greater than ALC, LCU is set equal to ALC. Milk production
(MILKPR) is then calculated as:

MILKPR = ALC(SR)

Requirements. Lactation requirements (LACRQE, LACRQP) are calculated by

assuming that milk contains 5.6% protein and 1.1 Mcal/kg energy (Graham et
al., 1976) and that the efficiency of protein utilization for milk production
equals the BVP and the net availability of ME for milk equals .47 + .284DIG,
(ARC, 1980).

121

.47 + .284DIG
.056

BVP

KL

KPL

[

LACRQE
LACRQP

KL (MILKPR)
KPL(MILKPR)

If available nutrients are inadequate, milk production is prorated to
correspond with level of available nutrients.

Maintenance Correction. The amounts of energy and protein required for

maintenance are increased during lactation in proportion to the ratio of
actual milk yield to potential peak yield (PMILK) which is assumed to equal
3.7 kg per day (Graham et al., 1976).

PHLC. -0 it
PMILK
MTE = FMLC(MTE)
MTP = MTP + .44(EBW + 2)+2(FMLC)

d. Fiber Production

Potential. Genetic potential for clean wool growth (GWOOL, g/day) is
adjusted for photoperiodicity (SCR), age and degree of maturity (UCR). The
photoperiod effect is taken from Nagorcka (1979) and requires specification
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of amplitude (AMP) of seasonal differences (distance from equator effect),
frequency (FREQ) of pattern (once/year) and time of peak growth (PHAS,
mid-June in Northern Hemisphere). The adjustment for age and degree of

maturity is taken from a model by Christian et al. (1978).

UCR = (1 + e~165(AGEP-1)y (yne/uma) -67
SCR = AMP (cos(120 FREQ (DAY-PHAS)))
AMP = ,35GWOOL

FREQ = 27w /360 m=3.1416

PHAS = 165 FREQ
FGRTH = UCR(SCR + GWOOL)

Requirements. Clean wool is considered to be 100% protein that is

assumed deposited with an efficiency equal to BVP (Graham et al., 1976). The
gross energy content of grease wool is assumed to equal 6.0 Mcal/kg and to be

deposited with an efficiency of 20% (Graham and Searle, 1982).

KW = 6.0/.2
KPW = 1.0/BVP
R - FGRTH
YIELD
FIBRQP = KPW(FGRTH)

Yield is the fraction of the fleece which is 100% wool. This parameter will
change with local conditions and the breed of sheep being simulated.

e. Pregnancy

Birth Weight. Potential birth weight (BW) is determined from number of

fetuses (N), potential mature size of the fetuses (WMA') and size of the ewe
(WM) in an equation similar to the one reported by Geisler and Jones (1979).
BW = .158(WMA')+83 (1 - 107Y)
Y = (1.1/N)(wM/wmA" )83
BW is also adjusted for sex (+ .015) and for a random effect that can be
thought of as the effect of the number of cotyledons. This random effect is
necessary in order to simulate birth weight differences between twin—-born

lambs of the same sex.
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males,
BW, = 1.015BW
females,
BWg = .985BW
R, = N(1.0,.04)
BW' = Ry (BW, or BWg)
Conceptus Growth And Requirements. Expected conceptus growth rate (DCW)
is calculated based upon day (DAY) of gestation and total BW of all fetuses

(Graham et al., 1976) and accumulated by 15-day period.

d
DCW = 1° .oooo3se-§§§ N
4 '

Energy and protein requirements for conceptus maintenance (RME, RMP) are
based upon conceptus weight (CW) at the beginning of the period. Energy and
protein requirements for conceptus growth (RGE, RGP) are calculated daily and
averaged for the period. The net availability of ME for conceptus growth is
assumed to be 0.7. Protein is assumed to be deposited with an efficiency
equal to BVP.

RME = .079 CW

d LBW 2.66
RGE = :]I.-_S 22 .00107 4.9 DAY
d1 4184 KLNG
KLNG = .7
RMP = .0164RME
d LBW 2.79
RGP = %3_22 .000018375 %.9 DAY
d 1000 BVP

1
Mammary Gland Growth. Mammary gland weight (MGW) is assumed to increase
(DMGW) from .35 kg on day 105 of gestation through day 30 of lactation.
Growth rate is calculated separately for single and multiple births from

estimates provided by Rattray (1974).
MMGW - MGW

DMGW = Cy (MGW - MGWI)
MMGW
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where,

multiple single
C .095 .110 (coefficient)
MGWI .20 «25 (initial wt)
MMGW 3.0 253 (maximum wt)

Requirements for mammary gland growth are calculated assuming 3 kcal/g
gross energy density, 13% crude protein and the same efficiencies of

depositing fat and lean as for weight gain.

po 3.0 DMGW
-

e .13 DMGW
a BVP

Requirements for mammary gland growth are calculated only through parturition
based upon the assumption that the postpartum requirements would be offset by
tissue mobilized as the uterus regresses. No maintenance costs are made for
the regression of the mammary gland. MGW is added to body weight and is thus
included in the estimation of ewe maintenance requirements via the work
equation.

Conceptus And Mammary Gland Growth. Conceptus maintenance requirements

are added to ewe maintenance requirements and have equivalent priority of
nutrient use. The actual amount of conceptus and mammary gland growth is
dependent upon the fraction of their requirements (FRP) that is met after
nutrients are partitioned among all requirements.

MTE' MTE + RME

MTP' MTP + RMP

PRGRQE RGE + RMGE

PRGRQP RGP + RMGP

CW' = CW + FRP(DCW)

MGW' = MGW + FRP(DMGW)

f. Total Requirements

Total requirements for energy and protein are summed including the
nonessential component of growth (RQEX, RQPX).

REQE = MTE + RGE + FIBRQE + LACRQE + PRGRQE

REQP = MTP + RGP + FIBRQP + LACRQP + PRGRQP
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RQEX
RQPX

REQE + RGEX
REQP + RGPX.

g+ Feed Intake

The estimation of feed intake for sheep is at best difficult, especially
when they are free grazing on heterogenous pastures. Ellis (1978) stated
that "the inability to consistently predict voluntary intake of forage by
ruminants reflects an incomplete quantitative understanding of the dynamic
process”. Prediction of intake deals with a vast array of variables that
include forage selectivity, physiological status of the sheep, forage quality
and its seasonal changes, and the availability of forage. These variables
are in turn affected by stocking rate.

The TAMU model uses three factors to determine feed intake of a
simulated sheep. The physical capacity of the rumen is the first of these.
The volume of the reticulorumen and the rates of chemical and physical
processes which determine the turnover of the content of this volume (Ellis,
1978) are reflected in the physical limit equation. For sheep in extensive
production systems, volume and turnover rate are the influential factors
determining feed intake, except for when forage availability is limiting.

The second limiting factor is physiological limit which is expressed as a
representation of metabolic control taking into account diet quality and
animal condition. Both physical and physiological limits are calculated
within the model. The availability of forage for grazing is the third factor
determining intake. It is specified to the model on a 15-day (one period)
basis.

Physiological limit (PSOL). As digestibility of the diet increases,

voluntary intake is controlled less by physical factors and more by the
energy requirements of the animal (Freer, 1981). Ellis (1978) stated that
there is a transition point between gut fill control and metabolic control
which varies with the animal's physiological status. Physiological limit is
the metabolic control of feed intake. It is calculated as a function of the
sheep's body condition, nutritional requirements and the quality of the diet.
Physiological limits are expressed as:

PSOL = (REQE - RGE + MXEG/KG)/3.69

where
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REQE The total requirements for energy, and is calculated as the
summation of the requirements for maintenance, lactation,
gestation, fiber and growth.
RGE = The summation of essential fat and lean gains where each
component is multiplied by its respective efficiency factor to
determine the energy content of the gain. These values are 9.4
Mcal/kg for fat and 5.7 Mcal/kg for protein which is also
multiplied by 20%, the percent protein in lean.

KG = An efficiency factor representing the net availability of ME for
gain and is assumed to be equal for both fat and lean and to be
dependent upon physiological status (lactating vs nonlactating)
of the animal and upon the source and digestibility of
nutrients.

MXEG = The maximum possible daily energy gain.
The MXEG equation describes the maximum daily rate of energy gain in
mcal/kg/day when an animal's weight (EBW) equals its WM. This rate is
adjusted downward for mature animals and as condition increases:

MXEG = .O03EBW(WM/WMA)*10(1,6+.75714 (EBW/WM)-1.35714 (EBW/WM)2)
The quadratic portion of the MXEG equation sets the adjustment for condition.
Where EBW/WM = 1, this portion of the equation equals 1; when condition
(EBW/WM) > 1, this portion < 1; when EBW/WM < 1, this portion > l. For
nursing lambs, the amount of energy obtained from milk is deducted from PSOL
to estimate feed intake for the physiological limit (R;). Milk is assumed
to have a gross energy concentration of 1.15 Mcal/kg with 987% digestibility
(Graham et al., 1976). R; is set at a minimum of 1% of WM for nursing
young.

™ = alMILK/3.69; aj=l.12; 3.69 is a conversion factor, Mcal ME to kg

by, PSOL - TM
' DIG
R; = MAX(R;, 0.01WM)

Physical limit. The physical limit on feed intake (R2) corresponds to

gut capacity and rate of passage. It is calculated as:
R2 = TAU (WM-75) o-5-8(.85-DIG)?
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The equation allows intake to increase as the digestibility of the forage
increases up to a maximum digestibility of .85, a limit suggested by Egan
(1977). Intake will also increase as structural size increases. The form of
this equation is similar to that used by Graham et al. (1976).

The variable TAU allows younger animals to consume feed as a larger
portion of their metabolic size and is calculated as:

TAU = .09799 (WMA/WM) - 3964

TAU = MAX(TAU, .12)

This adjustment has the greatest effect on intake for sheep between weaning

and 2 years of age, which is consistent with Hadjipieris et al. (1965) report
that wethers from 4 to 5 mo age had greater intakes than 5 yr old wethers.

The estimate for Ry is not explicitly reduced for low protein diets,
however the high correlation between digestibility and protein will
indirectly result in adjustment for protein level for herbage. R, is
increased in lactating ewes by FLACT, a function of milk production (MILKPR)
and lactation period (LACPP) and PNCR, a derived correction factor for each
period (lactation curve).

Ry = FLACT (R2)

MILKPR
FLACT = PNCR ——
MILKP
MILKP = the potential peak milk production

where,

LACTATION PERIOD: 1 2 3 4 5 6 7 8 9 10
PNCR: 143°1.6511.6 1955 155 T4 08e3% 27711 77580

Feed intake of a ewe is reduced by the developing fetus in the latter

stages of pregnancy. Forbes (1969) found a negative relationship between the
volume of rumen contents and the volume of abdominal contents. His results
showed that after 120 days of pregnancy, intake is progressively reduced as
pregnancy advances.

After the seventh 15-day gestation period (PGEST), Ry is restricted
for all ewes except mature ewes carrying singles (NFET = 1).

RSTRC = a5 ((1-WM/WMA)/.4)+(NFET-1)) (PGEST-1)

ag = ,0333

Ry = (1-RSTRC)R,.
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Availability. The maximum amount of feed available to a mature ewe (AV,

kg/head/day) is set externally for each period (see section on Simulation
Parameters). It is adjusted downward in immature sheep.

Ry = AV(WM/WMA)26 ag = .15

Energy And Protein Intake. Total energy intake (DME, Mcal ME) equals

energy from dry matter intake (DM) plus energy from milk intake.

DM = MIN (R;, Ry, R3); R; = physiological limit,

Ro=physical limit, Rg=availability ad justed for immaturity

DME = DIG(DM) + T™
The amount of crude protein available for absorption in the small intestine
(DP, kg digestible protein) is estimated from ME and crude protein intake
(Hogan and Weston, 1981) of feed and added to that obtained from milk (CPM).
Milk is assumed to be 5.6% protein with 100% digestibility.

CPM . 056MILKPR

DP = .00494(28.3(CP)DM + 29DME -5.2) + CPM

It has been well documented that sheep are selective grazers utilizing
grass, forbs and browse. Grazing behavior has not been included in the model
as an interactive component, but instead is accounted for in the
specification of the crude protein and digestibility which are model inputs.
h. Tissue Mobilization

Basis. Body tissue, if available, is mobilized if either DME or DP are
inadequate to meet an animal's nutrient requirements for maintenance, fiber,
gestation, lactation and essential growth. Tissue is not mobilized to meet
requirements for the normal and compensatory (i.e., nonessential) components
of growth. The efficiency of using the energy stored in lean (KLNM) and fat
(KFM) is assumed to be 100% when used for maintenance. Hence, for accounting
purposes, the gross energy content of the tissue is divided by the net
availability of ME for maintenance (KM).

9.4

KM

5«./. PPL
KM
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Consequently, the efficiency of utilizing mobilized energy for requirements
other than maintenance is equal to the ratio of the efficiency of energy use
for production (KG, growth; KL, lactation; KW, fiber; KPG, gestation) to KM.

Mobilized lean is assumed to have the same percentage protein as lean
deposited during growth. The efficiency of utilizing protein from lean is
assumed to be 100% for all uses; hence, for accounting purposes, mobilized
protein is divided by BVP (biological value of protein) to convert it to the
units of dietary requirements.

The order of calculating the amount of tissue mobilized is (1) lean for
protein, (2) lean and fat for energy, (3) fat for energy and (4) lean for
energy. The amount mobilized in each step is subtracted from the maximum
amount available.

Tissue Availability. Catabolism of tissue is dependent upon the
availability of fat (AVFAT) and the availability of lean (AVLN). Both of

these variables calculate the amount of non—-essential tissue which can be

mobilized per day.

AVFAT = (AFAT-e;(WM))/15.0
where
AFAT = total fat
e; = .03
AVLN = (WL-(P1)XLN)/15.0
where
WL = weight of lean
Pl = the amount of essential lean a sheep must have, 1.0-(.35 WM/WMA)
XLN = the expected lean of a sheep, WM-XFAT.

The following series of equations depict how lean and fat tissue are
catabolized. Once available lean and fat are calculated and summed, the
fraction of available fat (FPC) is found.

FPC = AVFAT/(AVFAT + AVLN)

The total tissue that can be mobilized daily (WMBMAX) to meet a part of
maintenance energy requirements is calculated as

WMBMAX=F PC(MTE /KFM)+(1-FPC) (MTE/KLNM)

With WMBMAX known the maximum fat (FMBMAX) and lean (LMBMAX) that can be
mobilized daily in a fasting animal is:

FMBMAX = (FPC)WMBMAX

IMBMAX = (1-FPC)WMBMAX
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In a nonfasting animal, these maximum amounts are reduced in direct
proportion to the ratio of nutrient intake to the requirements for

maintenance, fiber, gestation, lactation and essential growth by the

equations:
ERATO = (1.0-RE/(REQE))2MOBXTR
LRATO = (1-RP/(REQP))2-MOBXTR

For nonlactating sheep, MOBXTR = 1 and will be explained in the next
paragraph. The ratio of energy intake to requirements is, of course, used
for adjusting fat mobilization; whereas, the lesser of the energy or protein
ratios is used for adjusting lean mobilization.

FMBMAX = ERATO (FMBMAX)

LMBMAX = MAX (ERATO(LMBMAX),LRATO(LMBMAX) )

The immobilizable portion of essential lean and fat (37%) components of WM
sets an additional upper limit on fat (AVFAT) and lean (AVLN) available for
mobilization.

AVFAT = MIN ((AFAT-el(WM))/IS, FMBMAX)

AVLN = MIN ((WL—PI(XLN))/15,LMBMAX)

Due to the increase of nutritional requirements during lactation, ewes
in poorer condition (EBW/WM) are not able to catabolize tissue at the same
rate or amount as those in better condition. This concept was incorporated
by the following equation:

e2(actual condition - expected condition)_;

MOBXIR =
e2(l-expected condition)_;

The effects of this equation are shown in figure 9. To completely understand
the influence of MOBXTR one must examine how lactating ewes of different
conditions (EBW/WM) will mobilize tissue when the ratio of intake to
requirements is varied (figure 10). Figure 9 demonstrates how mobilization
would be reduced for ewes with various conditions, figure 10 represents the

values calculated from either the LRATO or ERATO equations.

Lean For Protein. If REQP exceeds DP, lean is mobilized for protein and
dietary energy is increased by the energetic value of the mobilized lean
(MBLN) .

MBLN
AVLN'

MIN (REQP-RP)/GL, AVLN)
AVLN - MBLN
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Dp!
DME

DP + GL(MBLN)
KLNM(MBLN)

Lean And Fat For Energy. If both are available, lean and fat may be

mobilized simultaneously in the same proportion as they would be deposited in
a normally growing animal of the same degree of maturity. Fat percentage
(FPC) at any degree of maturity is calculated from the assumption of a linear
increase in fat percentage from 37% at birth to 257 at maturity for animals in
good condition. The weight of tissue available for simultaneous lean and fat
mobilization (AVW) is the lesser of the amounts calculated from available
lean (AVWL) or fat (AVWF).
FPC = .03 + .22((2WM—C;(WMA))/(1-C{)WMA)

P AVLN
~ '1-FPC

Saat AVFAT
" " FPC

AVW = MIN (AVWL, AWF)
The energy concentration (ECW) of the mobilized tissue and the energy deficit
of the animal set an additional limit on the weight actually mobilized
(MBW) .

ECW = KFM(FPC)+KLNM(1-FPC)
MBW = MIN (M, AVW)
ECW
MBFAT = FPC(MBW)
AVFAT' = AVFAT - MBFAT
MBLNF = (1-FPC)MBW
AVLN = AVLN - MBLNF
MBLN = MBLN + MBLNF
RE' = RE + KFM(MBFAT)+ KLNM(MBLNF)

Fat For Energy. If AVLN limits lean and fat mobilization below that

amount needed by the animal, extra AVFAT can be independently mobilized.

. REQE-RE
MBFX = MIN (———— , AVFAT)
KFM

MBFAT'
RE

MBFAT + MBFX
RE + KFM(MBFX)
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Protein For Energy. If AVFAT limits lean and fat mobilization below

that amount needed by the animal, extra AVLN can be independently mobilized.

MBLX = MIN (e ~ RE vy
KLNM

MBLN = MBLN + MBLX

RE' = RE + KLNM + MBLX

i, Partition of Nutrients

If intake plus tissue mobilization of energy and protein (DME, DP) fail
to meet an animal's requirements (REQE, REQP), the available nutrients are
partitioned among the various uses. Sanders and Cartwright (1979a)
partitioned energy between lactation and WM growth. They depicted this
partition as two tanks of different shapes and elevations that are
simultaneously filled with liquid. Their concept has been extended for the
sheep model to also include fiber, gestation and nonessential growth and to
partition protein as well as energy.

The relative shapes and positions of the geometric figures (containers)
representing each physiological function in figure 11 depict the relative
priorities assumed in the model. The shape of the front face of a container
is constant but the depth, front to back, is such that the volume equals the
requirement for the particular function and period. Containers may have zero
depth for certain ages or classes. The relative shapes and positions of the
different figures are based primarily upon general experience and intuition.
The model can easily accommodate changes in these relative priorities to
correspond to differences among breeds. For instance, the container for
lactation could be widened at the bottom to reflect characteristics of breeds
resulting from long term selection for milk production.

Essential to the joint accounting of protein and energy effects is the
assumption that the relative priorities are the same for both. Hence, the
model assumes two sets of identical, adjustable-depth containers with the
volume of one set equal to energy requirements for that period and the volume
of the other set equal to protein requirements. The total availability
(intake plus mobilized) of energy and of protein are "poured" into the
respective container sets. The set filled to the lowest level identifies the

limiting nutrient. The fraction of the volume filled for each container in
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this set determines the fraction of potential productivity attained for that
function. If protein is the limiting nutrient, the energy above the level
limited by protein is deposited as fat. The proportion of this extra energy
that came from mobilized fat is redeposited with the same efficiency with
which it had been mobilized (i.e., as if it had never been mobilized).
jo Update Phenotype

Protein and energy requirements are recalculated based upon actual
levels of production and amount of essential growth and subtracted from the
amounts available from intake and/or tissue mobilization. The remaining
amounts are used for nonessential growth and fat deposition. The ratio of
nonessential lean gain to nonessential fat gain can not be greater than the
expected ratio of the "normal” components of gain (LGN:FGN) based upon the
degree of maturity of the animal. Energy in excess of the amount required
for this proportional lean and fat gain, is stored as fat.

Net gain or loss equals essential plus nonessential gain minus mobilized
tissue. Weight, EBW, WM and WL are updated at the end of each l5-day

period.
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k. Reproduction

Research in the area of reproductive physiology has made it apparent
that the reproductive process of the ewe is influenced by many factors.
Numerous papers have been written on the effects of breed, nutrition,
management and envirommental stress on reproducti